
IGAKU-SHOIN/SAUNDERS INTERNATIONAL EDITION

TEXTBOOK OF

MEDICAL
PHYSIOLOGY
SEVENTH EDITION

Arthur C. Guyton, M.D.
Cheirrmin und Professor

DepATtment ofPhysiologyAndBiophysics
University ofMississippi SchoolofMedicine

1986

W.B. SAUNDERS COMPANY
IGAKU-SHOlN/ SAUNDERS
Philadelphia London Toronto Mexico City

Rlode/anelro Sydney Tokyo HongKons



\v B Saunders Company: West Washington Square

Philadelphia. PA 19105

IJbran of Congress Cafflloging*ln-PubIicalion Data

Gu){on. Arthur C.

''Tcx(6ook of medical physiology.

Iii^tfjiSfjbibliographies and index

I Human physiology. 1. Title. 11. Title; Medical physiol-

ogy. (DNLM. 1. Physiology. OT 104 09921]

7 QP54^.C9 1986 612 85-18294

15^ 1̂^21^60-1
- I'm

Ijsletl here U the lalest Iranstflted edition of this book together with the language of

the translation end the publisher

Japanese {4th tViOont-Kirokawa Publishing Company, Tokyo. Japan

SerWCroaltan (jrh tVirioni—Medicmska Kiyiga. Belgrade. Yugoalsvu

Italian tJlh Edilionh—Piccm Editore, Padova, Italy

Spanish tfiih Ediiion)—Nuevo Editorial Inleramericana SA de C.V„ Mexico City.

Mexico
Persian (5fA Ediiioni—Sherkat Sahami "TCHEHR.'* Tehran. Iran

PortugucBc (d/A Ei/wion)—Edilom Intenunencana J-lda ,

Rio de Janeiro, Dratil

Eifi/or Dana Dreibelbis

Designer Karen O'Keefe

Production Manafjer Bob Butter

Monujeripf Editor Wynette Kommer

lllutlrator Karen McCarty

tlluilratian Coordinator Peg Shaw

Textbook of Medical Pliysiology

/I
' < Vllllr

,VCSIP„»

t.L.

l!
ISDN 0 7J16-12G0 1 lUS F^iuon)
ISBN 4 “Vi? 6113 9(lgnku Shorn/ Saunders Inicmaiional Edition)

C I9S6 by W D S.iunders Company Copynght 1956, 1961, 1966. 1971, 1976 and
ISHI by W B Saunders CorapJny Copyright under the Uniform Copyright Conven-
tion Simultahetiusly published in Canada. All rights reserved This book is pro-
tected by copyright. No part of it may be reproduce, stored in a retrieval system, or
tran^itted in any form or by »ny means, ejecinmic, mechaoicaf, photocopying,
recording, or otherwise, without wriltm permission from the publisher. Ubrary of
Congir*s catalog card numlier

Thn Inicm.itiiin,il [^itinn is not for >ale in ihf Unitc-d Stales of Amenc.i, its

<?( vafxlt'ncif^ or Can.idi

1‘nntrd m lapan. 19*6

l.Ast digit IS the pnnt number: G8765432I



Dedicated to

MY FATHER
for the uacoRipromising principles that guided his life

MY MOTHER
for leading her children into intellectual pursuits

MY WIFE
for her magnificent devotion to her family

MV CHILDREN
for making everything worthwhile



Preface

When I wrote the first edition of this textbook, I had the naive belief

that once the book was completed, subsequent revisions would require

only simple changes. However, with each new edition I find that progress

in the field of physiology is so rapid that large portions of the text must
be completely recast and rewritten, and even tHe emphasis of the subject

matter must ofien be changed as our knowledge becomes more penetrat-

ing. Therefore, the reader will find hardly a chapter in this edition that

has not been significantly altered. Also, most of the figures have been
cither changed in at least some feature or replaced, and new ones have
been added. Especially important, many of the figures have been redrawn
simply to increase their clanty.

As has been true of most of the past revisions, the major change in

this edition reflects a striking trend toward more fundamental physiology.

The reason for this is mainly the greater success of the research physiol-

ogist in probing deeper into basic mechanisms of function, especially

cellular and molecular mechanisms, than was true a few years ago. Yet I

have attempted still to present physiology as an integrated study of the

body’s functional systems, utilizing the new fundamental knowledge to

build a better understanding of the mechanisms upon which life depends.

Also a serious attempt has been made to devise and achieve tech-

niques of expression that will help bring the physical and chemical

principles of the body’s complexities into the medical student’s realm of

understanding. In pursuit of this goal, 1 have kept records of those types

of material with which the student has difficulty; 1 have quizzed students

in detail to determine their levels ofcomprehension; and I have attempted

to note inconsistencies in logic that might appear in student discussions.

All these data have been used to help choose the material and methods

ofpresentation. Thus, it has been my desire to make this book a “teaching”

text as well as one that covers essentially all the basic physiology required

of a student of medicine.

A special emphasis of the book is a more detailed attention than

given in most other textbooks of physiology to the body’s many control

systems. These are the basis of what physiologists call homeostasis. The
reason for this special emphasis is t^t most disease conditions of the

body result from abnormal function of one or more of the control systems.

Therefore, the student’s comprehension of “medical” physiology depends

perhaps more on a knowledge of these systems than on any other facet of

physiology.

Another goal has been to make the text as accurate as possible. To

help attain this, suggestions and critiques from many physiologists,

students, and clinicians throughout Uie United States and other parts of

the world have been received and utilized in checking the factual accuracy

of the text. Yet, even so, because of the likelihood of error in sorting

through many thousands of bits of information, I wish to issue an
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invitation—-in fact, much more than merely an invitation, actually s

request—to all readers to send along notices of error or inaccuracy,

Indeed, physiologists understand how important feedback is to proper

function of the human body; so, too. is feedback equally important for

progressive development ofa textbook of medical physiology. 1 hope also

that those many persons who have helped already will accept my sincerest

appreciation for their efforts

A word ofexplanation is needed about two features of the text—first,

the references, and, second, the two print sizes The references have been

chosen primarily for their up-to-dateness and for the quality of their own

bibliographies. Use of these references as well as of cross-references from

them can give the student almost complete coverage of the entire field of

physiology

The print is set in two sizes. ITie m&leria\ presented m small print is

of several different kinds; first, anatomical, phemical, and other informa-

tion that IS needed for the immediate discussion but that most students

will learn in more detail in other courses, second, information that is of

special importance to certain clinical fields of medicine but that is not

necessary to fundamental understanding of the body’s basic physiologic

mechanisms; and, thinl, information that will be ofvalue to those students

who wish to pursue a subject more deeply than the average medical

student In contrast, the material in large print constitutes the major

bulk of physiological information that students will require in their

medical studies and that they will not obtain m other courses. Those

teachers who would like to present a limited course of physiology can

direct students’ study primarily to the large type

Again, I wish to express my deepest appreciation to many others who

have helped in the preparation of this book. I am particularly grateful to

Ivadelle Osberg Heidke, Gwendolyn Robbins, and Blame Steed-Davis for

their excellent secretarial services, to Tomiko Mita for her superb work

on new illustrations, and to Dana Dreibelbis, Wyftette Kommer, Robert

Butler, Margaret Shaw, and the staff of the W. B. Saunders Company f”'

continued editorial and production excellence.

Arthur C. Gum
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Functional
Organization of the

Human Body and
Control of the

“Internal

Environment"

Physiology is the study of function in living

matter Especially, it attempts to explain the phys-

ical and chemical factors that are responsible for

the origin, development, and progression of life.

Each type of life, from the very simple virus up to

the largest tree or to the complicated human being,

has its own functional characteristics. Therefore,

the vast field of physiology can be divided into

viral physiology, bacterial physiology, cellular

physiology, plant physiology, human physiology.

and many more subdivisions

Human Physiology. In human physiology we
attempt to explain the specific characteristics and
mechanisms of the human body that make it a
frvrng’ demg" The vCTy fict thsC tfv rvmam alrw
is almost beyond our own control, for hunger
makes us seek food and fear makes us seek refuge.

Sensations of cold make us provide warmth, and
other forces cause us to seek fellowship and to

reproduce Thus, the human being is actually an
automaton, and the fact that we are sensing, feel-

ing, and knowledgeable beings is part of this au-
“ sequence of life; these special attnbutes

. us to exist under widely varying conditions
otherwise would make life impossible.

CEL15 AS THE LIVING UNITS
OF THE BODY

The basic living unit of the body is the cell, and
each organ is an aggregate of many dilTerent cells

held together by intercellular supporting struc-

tures Each type of cell is specially adapted to

perform one particular function. For instance, the

red blood cells, 25 trillion in all, transport oxygi

from the lungs to the tissues. Though this type

cell is perhaps the most abundant, there are a;

proximately another 50 trillion cells. The entii

body, then, contains about 75 trillion cells

Though the many cells of the body often difl<

markedly from each other, all ofthem havecertai

basic characteristics that are alike For instano

m all cells oxygen combines with carbohydrat

fat, or protein to release the energy required fc

cell function. Furthermore, the general mechi
nisms for changing nutrients into energy are
ically the same in all cells, and all the cells ah
deliver the end-products of their chemical reat

tfoas inter the sanvuniiing- datds.
Almost all cells also have the ability to repre

duce, and whenever cells of a particular type ar

destroyed from one cause or another, the remaio
ing cells of this type usually divide ^gain aw
again until the appropriate number is replenished

THE EXTRACEUUUR FLUID—
THE INTERNAL ENVIRONMENT

About 56 per cent of the adult human body h

fluid. Though most of this fluid is inside the cells

and is called intracellular fluid, about on(> third h
in the spaces outside the cells and is called extra-

cellular fluid. This extracellular fluid is in constant

motion throughout the body. It is rapidly trans-

ported throughout the body by the blood, circula-

tion and then mixed between the blood and the

tissue fluids by difl'usion through the capillary

walls. In the extracellular fluid are the ions and
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lutrients needed by the cells for maintenanco of
cellular life. Therefbre, all cells live in essentially

;he same environment, that is, the extracellular

fluid, for which reason the extracellular fluid is

called the internal environment of the body, or the
milieu intdrieur, a term introduced a hundred
years ago by the great 19th century French phys-

iologist Claude Bernard.

Cells are capable of living, growing, and provid-

ing their special functions so long as the proper
concentrations of oxygen, glucose, the different

ions, amino acids, and fatty substances are avail-

able in this internal environment.
Differences Between Extracellular and In-

tracellular Fluids. The extracellular fluid con-

tains large amounts of sodium, chloride, and bi-

carbonate ions, plus nutrients for the cells, such
as oxygen, glucose, fatty acids, and amino acids. It

also contains carbon dioxide that is being trans-

ported from the cells to the lungs to be excreted

and other cellular products that are being trans-

ported to the kidneys for excretion.

The intracellular huid differs significantly from
the extracellular flui^ particularly, it contains
large amounts ofpota^um, magriesium, and phtJs-

phato ions instead of the sodium and chloride ions
>1 found in the extracellular fluid. Special mecha-
nisms for transporting ions through the cell mem-
branes maintain these dinerences. These mecha-

ft nisms will be discussed in Chapter 9.

“HOMEOSTATIC MECHANISMS OF
THE MAJOR FUNCTIONAL SYSTEMS

i/OAl£OSri45/5

The term homeostasis is used by physiologists to

mean maintenance ofstatic, or consfonf, conditions

in the internal environment. Essentially all the
organs and tissues of the body perform functions

that help to maintain these constant conditions.

^
For instance, the lungs provide oxygen to the

r' extracellular fluid th replenish continually the

^ oxygen that is being used by the cells, the kidneys
maintain constant ion concentrations, and the gas-

^ trointestinal system provides nutrients. A large

segment of this text is concerned with the manner
in which each organ or tissue contributes to home-
ostasis. To begin this discussion, the different func-

tional systems of the body and their homeostatic
mechanisms will be outlined briefly; then the basic

(ij theory of the control systems that cause the func-

‘f tional systems to operate in harmony with each
other will be discussed.

t THE EXTRACULUIAR FLUID

12
TRANSPORTSYSTEM^

J
THE CIRCULATORY SYSTEM

Extracellular fluid is transported through all

5 < parts of the body in two different stages. The first

stage entails movement of blood around and
around the circulatory system, and the second,

movement of fluid between the blood capillaries

and the cells. Figure 1-1 illustrates the overall

circulation of blood, showing that the heart is

actually two separate pumps, one of which propels

blood through the lungs and the other through the

systemic circulation. All the blood in the circula-

tion traverses the entire circuit of the circulation

an average of once each minute at rest and as

many as six times each minute when a person

becomes extremely active.

As blood passes through the capillaries, contin-

ual fluid exchange occurs between the plasma

portion of the blood and the interstitial fluid that

fills the spaces between the cells, the intercellular

spaces. This process is illustrated in Figure 1-2.

Note that the capillaries are porous so that large

amounts of fluid and its dissolved constituents can

diffuse back and forth between the blood and the

tissue spaces, as illustrated by the arrows. This

process of diffusion is caused by kinetic motion of

the molecules in both the plasma and the intersti-

tial fluid. That IS, the fluid and dissolved molecules

are continually moving and bouncing in all direc-

tions within the fluid itself and also through the

pores and through the tissue spaces. Almost no

cell is located more than 25 to 50 microns from a

capillary, which insures diffusion of olmost any
substance from the capillary to the cell within a

few seconds. Thus, the extracellular fluid every-

where in the body, both that of the plasma and
that in interstitial spaces, is continually being

|



4 IniroductSon 1o Phystorogys The C<ff *n<f Cenera/ Phystoiosy

rtgun 1-2. Diffusion of fluids chrous*^ ff'C capnisty waRs and
through thr Interstitial spaces

mixed, thereby maintaining almost complete homo-

geneity.

ORIGIN OF NUTRllNTS

IN THE EXTRACEaUlAR FlUIO

The Respiratory System. Figure 1-1 shows
that each time the bloai passes through the body

it also flows through the lungs. The blood picks up
oxygen in the alveoli, thus acquiring the oxygen
needed by the cells. The membrane between the

alveoli and the lumen of the pulmonary capillaries

Is only 0.4 to 2.0 microns in thickness, and oxygen
diffuses through this membrane into the blood in

exactly the same manner that water and the ions

diffuse through the tissue capillaries

The Gastrointestinal Tract. A large portion of

the blood pumped by the heart passes also through
the walls qC the ©isUolntestloal otgacia. Here dif-

ferent dissolved nutrients, including carbohy-
drates, fatty acids, amino acids, and others, are
absorbed into the extracellular fluid.

The Liver and Other Organs That Perform
Primarily Metabolic Functions. Not all sub-
_8tance3 absorbed from the gastrointestinal tract

,

*'

» be used m their absorb^ form by the cells,

liver changes the chemical compositions of
of these to more usable forms, and other

..issues of the body—the fat cells, the gastrointes-
tinal mucosa, the kidneys, and the endocrine
gland.<i—help to modify the absorbed substances or
store them until they^ire needed at a later time.
Musculoskeletal System. Sometimes the ques-

tion is asked. How-di^s the musculoskeletal sys-

tem fit into the homeostatic functions of the body?
The answer to this is obvious and simple: Were it

not for this system, the body could not move to the
appropriate place at the appropnate time to obtain
the fowls required for nutrition. The musculoskel-

etal system also provides motility for protectiot

against adverse surroundings, without which tin

entire body, and along with it all the homfostatii

mechanisms, could be destroyed instantaneously.

REMOVAL OFMETABOUC END-PRODUCTS

Removal of Carbon Dioxide by the

At the same time that blood picks up oxj’gen ii

the lungs, carbon dioxide is released from th® hlo®

Into the alveoli, and the respiratory movernent o

air into and out of the alveoli carries the carboi

dioxide to the atmosphere. Carbon dioxide is th

most abundant of all the end-products of rf’etabc

lism.

The Kidneys. Passage of the blood throi*6n th

kidneys removes most substances from the plasm

that are not needed by the cells. These substance

include especially different end-products of

metabolism and excesses of ions and wat^*" tl^

might have accumulated in the extracellular

The kidneys perform their function by, first* ^it*’

ing large quantities of plasma through t^a gl‘

meruH into the tubules and then reab8orbi*^& iaj

the blood those substances needed by th®

such as glucose, amino acids, appropriate

of water, and many of the ions. However,
the substances not needed by the body,
the metabolic end-products such as urea, nc

reabsorbed but. instead, pass on through th® reni

tubules into the urine.

RECUIA710N OF BODY FUNCHONS

The Nervous System. The nervous sy^l®™ '

composed of three major parts: the sensory
the central nervous system (or integrative jjorttan)

and the motor portion. Sensory receptors detert

the state of the body or the state of the sui^^®'
ings For instance, receptors present everywhere

in the iklu. erve e-ci.
ohiect

touches that person at any point. The ej’®® ^
sensory organs that give one a visual image of the

surrounding area. The ears also are senso^®^'
gans. The central nervous system is corapo®®®

the brain and spinal cord. The brain caA 8^^
information, generate thoughts, create anibition,

and detennine reactions the body perform^
sponse to the sensations. Appropriate signais

then transmitted through the motor portion of the

nervous system to carry out the person’s dcSJ^®*-

A large segment of the nervous system i0
called

the oulonomte system. It operates at a subconscious

level and controls many functions of the ijitemal

organs, including the action of the heart, th^ move-

ments of the gastrointestinal tract, and thn secre-

tion by different glands.

The Hormonal System of Regulation, lyocated

In the body are eight major endocrine glanda that

secrete chemical substances, the hormone^.
menes are transported in the extracellular finid to
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I parts of the body to help regulate cellular

nction. For instance, thyroid hormone increases

e rates of most chemical reactions in all cells. In

is way thyroid hormone helps to set the tempo
bodily activity. Likewise, insulin controls glu-

se metabolism; adrenocortical hormones control

n and protein metabolism; and parathormone
ntrols bone metabolism. Thus, the hormones are

system of regulation that complements the ner-

»us system. The nervous system, in general, reg-

ates mainly muscular and secretory activities of

le body, whereas the hormonal system regulates

ainly the metabolic functions.

EPRODUCnON

Reproduction sometimes is not considered to be
homeostatic function. But it does help to main*
lin static conditions by generating new beings to

ike the place of ones that are dying. This perhaps
lunds like a farfetched usage of the term homeo-
^asis, but it does illustrate that, in the Anal
nalysis, essentially all structures of the body are
3 organized that they help maintain the automa-
icity and the continuity of life.

>
.

HE CONTROL SYSTEMS
)F THE BODY

The human body has literally thousands of con*

rol systems in it. The most intricate of all these

re the genetic control systems that operate within
II cells to control intracellular function, and also

3 control all life processes, a subject that will be
iscussed in detail in Chapter 3. Many other con*

rol systems operate within the organs to control

Lmctions of the individual parts of the organs;
thers operate throughout the entire body to con*
rol the interrelationships between the organs. For
nstance, the respiratory system, operating in as*

ociation with the nervous system, regulates the
oncentration ofcarbon dioxide in the extracellular

luid. The liver and the pancreas regulate the
oncentration of glucose in the extracellular fluid,

^nd the kidneys regulate the concentrations of
lydrogen, sodium, potassium, phosphate, and
)ther ions in the extracellular fluid.

EXAMPLES OF CONTROL MECHANISMS

Regulation of Oxygen and Carbon Dioxide
Concentrations in the Extracellular Fluid,
since oxygen is one of the major substances re-

luired for chemical reactions in the cells, it is

brtunate that the body has a special control mech*
rnism to maintain an almost exact and constant
oxygen concentration in the extracellular fluid.

rWs mechanism depends principally on the chem-
ical characteristics oihemoglobin, which is present
in all the red blood cells. Hemoglobin combines
with oxygen as the blood passes through the lungs.

Then, as the blood passes through the tissue cap-

illaries the hemoglobin will not release oxygen
into the tissue fluid if too much oxygen is already

there, but if the oxygen concentration is too little,

suflicicnt oxygen will be released to re-establish

an adequate tissue oxygen concentration. Thus,
the regulation of oxygen concentration in the tis-

sues is vested principally in the chemical charac-

teristics of hemoglobin itself. This regulation is

called the oxygea-buffenng function, ofhemoglobin.
Carbon dioxide concentration in the extracellu-

lar fluid is regulated in quite a different way.
Carbon dioxide is one of the major end-products of

the oxidative reactions in cells. If all the carbon
dioxide formed in the cells should continue to

accumulate in the tissue fluids, the mass action of

the carbon dioxide itself would soon halt all the

energy-giving reactions of the cells. Fortunately,

a nervous mechanism controls the expiration of

carbon dioxide through the lungs and in this way
maintains a constant and reasonable concentration

of carbon dioxide in the extracellular fluid. That
is. a high carbon dioxide concentration excites the

respiratory center, causing the person to breathe

rapidly and deeply. This increases the expiration

of carbon dioxide and therefore increases its re-

moval from the blood and extracellular fluid, and
the process continues until the concentration re-

turns to normal.

Regulation of Arterial Pressure. Several dif-

ferent systems contribute to the regulation of ar-

terial pressure. One of these, the baroreceptor sys-

tern, is a very simple and excellent exampl6~bl' a
control mechanism. In the walls of most of the

great arteries of the upper body, especially the

bifurcation region of the caf^ids and the arch~6f

the aorta, are many nerve receptors, called baro-

receptors, which are stimulated by stretch of the

arterial wall. When the arterial pressure becomes
great, these baroreceptors are stimulated exces-

sively, and impulses are transmitted to the me-
dulla of the brain. Here the impulses inhibit the

vasomotor center, which in turn decreases the num-
ber of impulses transmitted through the sympa-
thetic nervous system to the heart and blood ves-

sels. Lack of these impulses causes diminished
pumping activity by the heart and increased ease
of blood flow through the peripheral vessels, both
of which lower the arterial pressure back toward
normal. Conversely, a fall in arterial pressure
relaxes the stretch receptors, allowing the vaso-

motor center to become more active than usual
and thereby causing the arterial pressure to rise

back toward normal.

CHARACTERISTICS OF CONTROL SYSTEMS

'Die above examples of homeostatic control

mechanisms are only a few of the many hundreds
in the body, all of which have certain characteris-

tics in common. These are explained in the follow-

ing pages.
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Negative Feedback Nature of Control Sys-

tems. Most control systems of the body act by a

process of negative feedback, which can be ex-

plained best by reviewing some of the homeostatic

control systems mentioned earlier. In the regula-

tion of carbon dioxide concentration, B high con-

centration of carbon dioxide in the extracellular

fluid causes increased pulmonary ventilation, and

this in turn causes decreased carbon dioxide con-

centration In other words, the high concentration

causes a decreased concentration, which is negation

to the initiating stimulus Conversely, if the cfir*

bon dioxide concentration falls too low, this causes

a feedback increase in the concentration. This

response also is negative to the initiating stimulus-

In the arterial pressure-regulating mechanlsrps,

a high pressure causes a series of reactions that

promote a lowered pressure, or a low pressure

causes a series of reactions that promote an ele-

vated pressure In both instances these effects ure

negative with respect to the initiating stimulus

Therefore, in general, if some factor becontes

excessive or too little, a control system initiates

negative feedback, which consists of a series of

changes that return the factor toward a certn>n

mean value, thus maintaining homeostasis.

*'Gain” of a Control System. The degree of

effectiveness wth which a control system main-
tains constant conditions is determined by the gtun
of the negative feedback. For instance, let us as-

sume that a large volume of blood is transfu^
into a person whose baroreceptor pressure control

system is not functioning, and the arterial pressure
rises from the normal level of 100 mm Hg up to

175 mm Hg. Then, assume the same volume of

blood 13 injected into the same person when his

baroreceptor system is functioning and this time
the pressure rises only 25 mm Hg Thus, the

feedback control system has caused a “correction”
of -50 mm Hg—that is, from 175 mm Hg to J25
ram Hg. Yet, there still remains an increase in

pressure of + 25 mm Hg, called the “error.” which
means that the control system is not 100 per cent
effective in preventing change The gain of the
system is then calculated by the following formula:

f Thus, in the above example, the correction is

-50 mm Hg, and the error still persisting is -i-25
mm Hg. Therefore, the gain of the person's ban>-
receptor system for control of arterial pressure is

-50 divided by +25, or -2. That is, an extraneous
factor that tends to increase or decrease the arte-
rial pressure does so only one third as much as
would occur if this control system were not present.
The gains of some other physiological control

systems are much greater than that of the baro-
receptor system For instance, the gain of the
system controlling body temperature is approxi-

mately - 33. Therefore, one can see that the

'

perature control system is much more effect!

than the baroreceptor pressure control system

Positive Feedback—^Vicious Circles and

Death Caused by Positive Feedback. Oci

might ask the question: why do essentially a!

control systems of the body operate by negatin

feedback rather than positive feedback? However

ifyou will consider the nature of positive feedback

you will immediately see that positive feedbad

does not lead to stability but to instability am
often to death

Figure 1-3 illustrates an instance in whld

death can ensue from positive feedback. This figun

depicts the pumping effectiveness of the heart

showing that the heart of the normal human bein]

pumps about 5 liters of blood per minute. However

if the person is suddenly bled 2 liters, the amouE
of blood in the body is decreased to such a. Iflu

level that not enough is available for the heart ti

pump effectively. As a result, the arterial pressup

falls, and the flow of blood to the heart muscli

through the coronary vessels also diminishes. Tht

results in weakening of the heart, further dimin

ished pumping, further decrease in coronary bloa

flow, and still more w-eakness of the heart; tbi

cycle repeats itself again and again until deal!

Note that each cycle in the fe^back results ii

further weakening of the heart. In other words

the initiating stimulus causes more of the same

which is positive feedback.
Positive feedback is better known as a “vicioB

circle,” but actually a mild degree of positive feed

back can be overcome by the negative feedbac)

control mechanisms of the body, and a vfeiou

circle will fail to develop. For instance, if th<

person in the above example were bled only 1 lita

instead of 2 liters, the normal negative feedbacl

mechanisms for controlling cardiac output am
arterial pressure would overbalance the positivi

feedback, and the person would recover, as show
by the dashed curve of Figure 1-3.

ngure 1—3. Death uused by positive feedback when 2 IIK'i

oftHood are removed from the drculatlon
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• OF THE BODY

The purpose of this chapter has been to point

it, first, the overall organization of the body and,

cond, the means by which the different parts of

e body operate in harmony. To summarize, the

idy is actually a social order of about 75 trillion

Us organized into different functional structures,

me of which are called organs. Each functional

ructure provides its share in the maintenance of

}meostatic conditions in the extracellular fluid,

hich is called the internal environment. As long

i normal conditions are maintained in the inter*

al environment, the cells ofthe body will continue

t live and function properly. Thus, each cell ben-

\ts from homeostasis, and in turn each cell con-

ibutes its share toward the maintenance of

omeostasis. This reciprocal interplay provides

mtinuous automaticity of the body until one or

lore functional systems lose their ability to con*

ibute their share of function. When this happens,

11 the cells ofthe body suffer. Extreme dysfunction

‘ads to death, while moderate dysfunction leads

) sickness.

PPENDIX

ASIC PHYSICAL PRISOPLES
)F CONTROL SYSTEMS

Until recently the principles of control systems as

pplied to the human body have been taught only

ualitatively rather than quantitatively. For instance,

1 the case of baroreceptor regulation of artenal pres*

ure, physiologists have simply stated that an increase

s pressure causes a reflex decrease in pressure toward
onnal, However, this means very little unless we know
J3W much effect occurs But within the past 30 years,

.pplication of much more quantitative physical princi*

lies of control systems has begun to make physiology a
nuch more exact science than it has been in the past.

Basic Symbols Used in Control System An^ysis.
figure 1-4 illustrates common basic symbols used in

ontrol system analysis. They are the following:

The Addition-Subtraction Symbol. This symbol is

ihown in Figure 1-4A. For instance, let x represent the
'ate of intake of salt in the solid food eaten each day, y
he intake of salt in liquids drunk each day. and z the
'ate of loss of salt in the urine each day. Then the net
•ate of change of salt in the body will be x + y - z, as
ndicated by the arrow.

The Muit/ph'catioA Symbol. Figure 1-4B illustrates

multiplication of three quantities, x, y, and z, to give

nyz. For instance, let us assume that three separate
factors are affecting artenal pressure and that these
factors multiply each other. Thus, the baroreceptor sys-

tem might be causing x effect to elevate arterial pres-

sure; a hormone secreted by one of the endocrine glands
might be causing y effect to elevate arterial pressure;
and hemorrhage might be causing z effect to decrease
arterial pressure. The net effect would be xyz.

Multiplication by a Constant Factor. Figure 1-4C
illustrates multiplication by a constant factor. Let us
assume that x is the concentration of sodium in the
extracellular fluids and K is the volume of extracellular

Ad<i>tan/Sublroclian
|

(Aecumjlolhn

)

Mult^pheolion Transfer fitKhort

(Graphical}

C G

Multiplicolion by
eonslont toelor K

Oiritlon

Transfer function

(Algebraic)

TTjy42x^-»

j jTransfer function

(Multiple variables)

figure 1-4. Standard symbols used In control system diagrams

fluid; the total quantity of sodium in the extracellular

fluid would then be Kx
The DivisioD Symbol. Figure 1-4D shows the value

X divided by the value y to give x/y. For example, if x is

the total quantity of sodium m the extracellular fluid

and y is the extracellular fluid volume, then the output

of this block, x/y, is the concentration of sodium in the

extracellular fluid.

The Integration (or Accumulation) Symbol. Many
functions of the body depend upon slow accumulation of

some factor Thus, in Figure 1-4E, if the rate ofchange

of aldosterone in the body is represented by the differ-

ential term, dA/dt, the output of the block is the quantity

of aldosterone that has accumulated in the body at any
given time, t. The symbol m this block is c^Ied the

mtegralion symbol, or, in other words, the rate dA/dt is

integrated to give A. If dA/dt is positive, the quantity

of aldosterone m the body will be increasing, whereas if

dA/dt IS negative, the quantity of aldosterone m the

body will be decreasing.

Other Types of Mathematical Functions. Figures

1-4F. G, and H illustrate other types of mathematical
functions in which x is shown in each example to enter
a block and y to exit from the block. Each block means
that y is related to x in accordance with the function
inside the box In Figure 1-4F this function is repre-

sented graphically. In Figure 1-4G It is represented by
an algebraic equation. Figure 1-4H illustrates four
inputs and one output, showing that three of the inputs
add to each other and the other multiplies the first

three.

As an example. Figure 1-4F might represent the
relationship between glucose concentration, x, in the
extracellular fluids and the rate of insulin secretion, y,
by the pancreas. This function shows that at low glucose
concentrations essentially no insulin is secreted, but at
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ngurc 1-5. Static analyib of a control systetn. tH**

presenting an analysis of the connol of body temperahj'*-

^

values lor different variables In the system under two

condiaofts (1) noimal, and (2) when there Is an f’cre"® "

lemperanire of 34* F, thereby creating a disturbance that

lo raise die body temperature (NET. normal body rempe(*^
actual body temperature. £. error, C, compensation. D. dlsf^'

high concentrations very large quantities of insulin are

secreted

Cenerai Anai.vsis ofa Control System. Figure 1-5

illustrates a general anab'sis that can be applied to

almost any negative feedback control systemm the body
Tlie goal of most control systems is to keep some con-

trolled t'ortable at an almost constant value In Figure

1-5 the controlled variable is the body temperature

tBTl, and this ta Tepresented by the quantitative values

on the arrow projecting to the nght The three mathe-
matical components of the control system are the follow-

ing-

Block I illustrates the summation of the three differ-

ent factors that determine the value of the controlled

variable The three inputs to this block are (1) the
norma/ tolue for the controlled I’anaWe. that is, the

mean level at which the control system attempts to

maintain the variable; |2| any dirfurbance that is acting

on the body to cause the variable to deviate from its

normal value, and 13) any co/npensahon that Is caused
by the control system to counteract the disturbance.

Block 11 calculates the difference between the actual
value of the controlled variable and the normal value
The output of this block is called the error

Block 111 IS the feedback portion of the control system
that responds lo the error and determines the degree of

-wth wsrui \t> tmwsssvmi

S

v^\n-
bance

Application of the Genera/ Analysis ofControl of
Body Temperature. Now let us apply this general
analysis of a control system to an actual example, the
control of body temperature At each point in the system
two different sets of values are shown The first value
in each instance represents the normal when there is

. . disturbance and no compensation by the control
^jstem Thus, the normal values are as follows

Normal value for the controlled vanabic .. 98*<F)
Disturbance

. . 0*

Actual value of the controlled variable 98*
Error
Compensation . . . .. . (T

Next, let us add a disturbance that attempts to change
the body temperature In this instance, we will assume
that the air temperature increases by 34' If the body
temperature control system were not functioning, this
would increase the bodv temperature also by 34*. How-
ever. as the body temperature begins to nsc, this be-

comes greater than the normal value of 98*,

error develops Then the error activates the

system, which in turn provides enough compen^
overcome most of the disturbing effect of the

air temperature. This compensation results
,

creased blood flow to the skin, decreased ratr.^

production in the body, increased evaporation

and several other effects, all ofwhich tend to rc“^^
body temperature back toward normal There”| ’

.

second set ofvalues showTi m Figure 1-5 is the

Normal value of the controlled variable ...

Disturbance ‘’’gg.

Actual value of the controlled variable ”?•

Error

Compensation . .

Thus, one sees that after the control *y8**5^l
become activated, the actual value of the

variable becomes equal to the sum of three .

values (1) the normal value for the controlled

(98*), (2> the disturbance (•l•34•), and (3) the

Uon (-33)*), giving an actual value of the

variable of 99* That is, the abnormal distur“®

+ 34’ causes a rise in body temperature of only * •

One can then calculate the gam of this

hwbvrig >{11® tompensa-viOTi'tiy tne ermr \-'SS
by 1*), yielding a feedback gam of —33) .

Figure 1-6 illustrates the effect of this 34’
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rigure 1-7. Analysis of (tie Insulin control system for

maintaining a constant glucose concentration In the ex-

iracellular fluid By this artalysls It Is possible to predict

lansient as welt as steady-state changes in variables of

iie system, such as the readjustments of the system after

ludden changes b the rate of glucose Intake

in air temperature under tuo conditions. (1) when the
,* control system is not functional, and (2)

when it is functional. ^Vhcn the system is functioning,

the compensation increases at the same time that the
body temperature rises- Therefore, by the timo the body
temperature has risen from 98° to 99* the control system
will have already initiated -33* of compensation The
body temperature, therefore, will nsc only to 99* rather

.than to 13^, an increase that would occur if the control

system did not exist.

I More Complex Analysis of a Control System—The
.Glucose Control System. Figure 1-7 illustrates an
[analysis of the insulin control system for regulating
glucose concentration in the extracellular fluid. The
[basic system is tho following: When a person cats in-

creased quantities of glucose, tho rising glucose concen-
jtration in the extracellular fluid causes the pancreas to

jsecrete increased quantities of insulin. The msulm. m
stum, causes increased transport of glucose through the
(Cell membranes to the interior of the cells m most porta
jof the body. The glucose is then used for energy. This,

.obviously, returns the extracellular glucose concentra-
jtion back toward normal. A quantitative mathematical
r analysis is illustrated by the nine blocks of Figure 1-7;

jthese blocks can be explained as follows:

Block 1 calculates the rate ofchange of glucose (dG/dt)

in the extracellular fluids by subtracting rate of glucose
^transport into the cells from the rate of intake of glucose.

Block 2 integrates the rate of change of glucose to
give the total extracellular glucose at any given time.
Block 3 calculates the extracellular glucose concentra-

tion by dividing the total extracellular glucose by the
extracellular fluid volume.
Block 4 illustrates the ciTect of extracellular glucose

concentration on rate of insulin secretion

Block 5 sums the rate of insulin secretion and the
rate of insulin destruction to give the rate of insulin
change (dl/dt).

Block 6 integrates the rate of insulin change to give
the total insulin in the body at any given time.

. Block 7 calculates rate of insulin destruction by tnul-

S'tiplying the total insulin by the constant K.
Block 8 calculates the extracellular insulin concentra-

jition by dividing total insulin by extracellular fluid

volume.

^
Block 9 gives the effect of extracellular insulin at

cMifTerent concentrations on the rate of glucose transport
li'mto the body cells.

Function of the Glucose Control System When
Glucose Is Infused into a Person, Figure 1-8 illus-

trates the effect on extracellular glucose concentration

and also on insulin concentration when an infusion of

glucose solution is suddenly started and maintained at

a constant rate for many hours The effect is shown for

two different conditions, without function of the control

system (dashed lines) and with function of the control

system (solid line). Note that without the control system
the glucose concentration rises to approximately 170 mg
per cent and stabilises at this level. Note, too, that there

IS also no increase in secretion of msulm.
On the other hand, when the control system is oper-

ative the glucose concentration begins to nse just as

rapidly as before, but it soon stops nsmg and returns to

a value not far from the normal glucose concentration

level This is caused by the effect of tho glucose on the

pancreas to cause insulin secretion, followed by buildup

of insulin in the body fluids, until glucose transport

through the cell membranes rises to equal the rate of

glucose infusion Into the blood. Note that the insulin

concentration remains elevated as long as glucose con-

tinues to be infused, a condition that is necessary if the

glucose concentration in the body fluids is to remain

near normal Note also that at first the glucose concen-

tration slightly overshoots the final level at which it

stabilires. This is caused by the initial buildup of glucose

in the extracellular fluid before the msulm has had time

to become fully active

Figure 1-8. Transient changes in extracellular glucose and
Insulin concentradons following sudden changes in glucose In-

take. as predicted from the analysis of figure 1—7 under two
dIHerent conditions. ( t ) when the control system is not function-

ing. and (2} when it is functioning.
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To the right in Figure 1-8 the degree of correction

caused by the glucose control system is iilustrat^ iy

the downward-directed arrow. The final error ts illus-

trated by the upward-directed arrow The ratio of the

lengths of these two arrows represents the gain of the

system Since the correction arrow is approximately six

times as long as the error arrow, the gain is approxi-

mately -8.

Steady-State Versus Transient Analyses of Con-

trol Systems. The analysis of the system for body

temperature regulation shown in Figure 1-5 was a

steady-state analysis. That is, it simply showed the

initial conditions and the final conditions but did not

characterize the transient events occurring in the con-

trol system during its activation On the other hand,

the analysis of glucose control in Figures 1-7 and 1-8

gives the transients through which the different ele-

ments of the system pass in developing the final steady-

state condition In o^er words, the control system does

not act instantly, but instead requires a certain amount
of lime to develop its compensation. Furthermore, the

controlled variable often overshoots the final steady-

state value before it stabilizes
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2
The Cell and
Its Function

Each of the 75 trillion cells in the human being
s a living structure that can survive indefinitely

ind, in most instances, can even reproduce itself.

>rovided its surrounding fluids contain appropriate

mtrients. To understand the function of organs
ind other structures of the body, it is essential

hat we first understand the basic organi2ation of

he cell and the functions of its component parts.

3RGANIZATION OF THE CELL

A typical cell, as seen by the light microscope,

s illustrated in Figure 2^1. Its two m^or parts

ire the nucleus and the cytoplasm. The nucleus is

separated from the cytoplasm by a nuclear mem-
!>rane, and the cytoplasm Is separated from the
lurrounding fluids by a cell membrane.
The dififerent substances that make up the cell

are collectively called protoplasm. Protoplasm is

:omposed mainly of five basic substances: water,

electrolytes, proteins, lipids, and carbohydrates.
Water. The principal fluid medium of the cell is

water, which is present in a concentration of be-

tween 70 and 85 per cent. Many cellular chemicals
are dissolved in the water, while others are sus-

pended in small particulate form. Chemical reac-

tions take place among the dissolved chemicals or
at the surface boundaries between the suspended
particles and the water. The fluid nature of water
allows both the dissolved and suspended sub-

icope.

stances to diffuse or flow to different parts of the

cell, thereby providing transport of the substances

from one part of the cell to another.

Electrolytes. The most important electrolytes

in the cell are potassium, magnesium, phosphate,

sulfate, bicarbonate, and small quantities of so-

dium, chloride, and calcium. These will be dis-

cussed in much greater detail in Chapter 9, which
will consider the interrelationships between the

intracellular and extracellular fluids.

The electrolytes are dissolved in the cell water,

and they provide inorganic chemicals for cellular

reactions. Also, they are necessary for operation of

some of the cellular control mechanisms. For in-

stance, electrolytes acting at the coll membrane
allow transmission of electrochemical impulses in

nerve and muscle fibers, and the intracellular

electrolytes determine the activity of different en-

zymatically catalyzed reactions that are necessary

for cellular metabolism.
Proteins. Next to water, the most abundant

substance in most cells is proteins, which normally
constitute 10 to 20 per cent of the cell mass. These

can be divided into two different types, structural

proteins and globular proteins that are mainly
enzymes.
To get an idea of what is meant by structural

proteins, one needs only to note that leather is

composed pnncipally of structural proteins, and
that hair is almost entirely a structural protein.

Proteins of this type are present in the cell in the

form of long thin filaments that themselves are

polymers of many protein molecules. The most
prominent use of such intracellular filaments is to

provide the contractile mechanism of all muscles.
How'ever, filaments arc also organized into micro-
tubules that provide the structures of such organ-
elles as cilia and the mitotic spindles of mitosing
cells. And, extraccllularly, fibrillar proteins are
found especially in the collagen and clastin fibers

of connective tissue, blood vessels, tendons, liga-

ments, and so forth.

The globular proteins, on the other hand, are an
entirely different type of protein, composed usually
of individual protein molecules or at most aggre-

//
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gates of a few molecules in a globular form rather

than a fibrillar form. These proteins are mainly

the enzymes of the cell and, in contrast to the

fibrillar proteins, are often soluble in the fluid of

the cell or are integral parts of or adherent to the

membranous structures inside the cell. The en-

zymes come into direct contact with other sub-

stances inside the cell and catalyze chemical re-

actions. For instance, the chemical reactions that

split glucose into its component parts and then

combine these with oxygen to form carbon dioxide

and water while at the same time providing energy

for cellular function are catalyzed by a senes of

protein enzymes Thus, enzyme proteins control

the metabolic functions of the cell.

Special types of proteins are present in different

parts of the cell. Of particular importance are the

nucleoproteins, present both m the nucleus and
the cytoplasm The nucleoproteins of the nucleus

contain deoxynbonucleic acid fDNA), which con-

stitutes the genes, and these control the overall

function of the cell as well as the transmission of

hereditary characteristics from cell to cell. These
substances will be considered in detail m Chapter
3. In addition, the chemical nature of proteins will

be considered in Chapter 69, and the different

structural and enzymatic functions ofproteins will

be subjects of discussion at numerous points

throughout this text.

Lipids. Lipids are several different types of

substances that are grouped together because of

their common properly of being soluble in fat

solvents. The most important lipids m most cells

are phospholipids and cholesterol, which constitute

about 2 per cent of the total cell mass. These are
msyor constituents of the different membranes
such as the cell membrane, the nuclear membrane,
and the membranes lining intracytoplasmic organ-
elles, e.g., the endoplasmic reticulum and the mi-
tochondria The special importance of phosphb-
'i^pihs anil ^?nu^Bs^ero^ in 'fne ce^^ is 'fna'i fney are
either insoluble or only very slightly soluble in

water
In addition to phospholipids and cholesterol,

some cells contain large quantities of tnglycendes.
also called neutral fat. In the so-called “fat cells,”

triglycerides often account for as much as 95 per
. cent of the cell mass And this fat stored in these
Yells represents the body's mam storehouse of en-
/ergy-giving nutnent that can later be dissoluted
and used for energy wherever in the body it is

needed
The chemical natures of the different types of

lipids and their functions in the b^y will be
discussed in Chapter 68
Carbohydrates. In general, carbohydrates have

very little structural function in the cell except as
part of glycoprotein molecules, but they play a
major role in nutrition of the cell. Most human
cells do not maintain large stores of carbohydrates,
usually averaging about 1 per cent of their total

mass. However, carbohydrate, in the fom'

cose, is always present in the surrounding

cellular fluid so that it is readily available to 11

cell. A small amount of carbohydrate is

stored in the cells in the form of glycogei^' "I'*'

is an insoluble polymer of glucose and can^
rapidly to supply the cells’ energy needs.

PHYSICAL STRUCTURE
or THE CELL

The cell is not merely a bag of fluid,

and chemicals; it also contains highly

physical structures, many of which are

ganelles, and the physical nature of each of

is equally as important to the function of the

as the cell’s chemical constituents. For
without one of the organelles, the
more than 95 per cent of the energy supply t

cell would cease immediately. Some prinf‘P®^'

ganelles of the cell are illustrated in Figi*f®

Including the cell membrane, nuclear

endoplasmic reticulum, mitochondria, v'

somes. Others not shown in the figure

Golgi apparatus, centrioles. and cilia.

THE MEMBRANOUS STRUCTURES
or THE CELL

Essentially all physical structures of the
®

lined by membranes composed primarily Pt hp*

and proteins. These membranes include th® ®

membmne, the nuclear membrane, the

of the endoplasmic reticulum, and the

of the mifocbondria, lysosomes, Golgi apP^'^
as well as still others. The lipids ofthe merr>hra|!

provide a barrier that prevents free move^®"^
water and watftc-«ibi.hle. Cmm.
compartment to the other. The protein
in the membrane, on the other hand, oft^*' P®/

trate all the way through the raembral'f’

interrupting the continuity of the lipid

therefore provide pathways for passage o(

substances through the membrane. Also,

the membrane proteins are enzymes that

a multitude of different chemical reaction®,"'^

will be the subj’ects of further discussion^

and future chapters. /

The Cell Membrane ~

The cell membrane, which complet^_^S^
the cell, is a very thin , elastic stni^ure
tO—liL nanometers thick. It is rnmpo.sM
entirely of proteins anrl lipids; the 8ppr®*l^.
composition is proteins. per cent; phospJlfiL®!

25 per cent; cholesterol. 13 per cent: othc^ “P’'

4 nencent; and carbohydrates. 3 per cent.
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Flsure 2-2. Reconstruction of a cypic^l cell,

10^3 Che intemel organelles In the eyto-

Usm And In the nucleus.

The Lipid Barrier of the Cell JVIembrane.
'igure 2-3 illustrates the cell membrane. Its basic

tructure is a lipid bitover. which is a thin film of
ipids only 2 mblecules thick that is continuous
iver the entire cell surface. Interspersed in this

ipid film are large globular protein molecules.

The lipid bilayer is composed almost entirely of
ihospholipids and cholesterol. One part of the
ihospholipid and the cholesterol molecules is sol-

ible in water, that is, hydrophilic, whereas the
>ther part is soluble only in fats, that is, hydro-
phobic. The phosphate radical of the phospholipid
s hydrophilic, and the fatty acid radicals are fat*

soluble. The cholesterol has a hydroxyl radical

hat is water soluble and a steroid nucleus that is

fat soluble. Because the hydrophobic portions of
both these molecules are repelled by water but are
mutually attracted to each other, they have a
natural tendency to line up, as illustrated in Fig-
ure 2-3, the fatty portions occupying the center of
the membrane and the hydrophilic portions pro-

jecting to the two surfaces in contact with the
surrounding water.
The membrane lipid bilayer is a major barrier

jtmpermeable to the usual water-soluble substances
such-aTTons, glucose, urea, and others. On the

mJber Jban4 iat-solnhle sukstances such as oxygen
and alcohols can penetrate this portiijn of the
membrane with ease.

A special feature of the lipid bilayer is that it

IS a lipid fluid and not a solid. Therefore, portions
ofthe membrane can literally flow from one point
to another in the membrane. Proteins or other
substances dissolved in or floating in the lipid

bilayer tend to diffuse to all areas of the cell

membrane.
The Cell Membrane Proteins. Figure 2-3 il-

lustrates globular masses floating in the lipid bi-

layer. These are membrane proteins, most ofwhich
are glycoproteins. Two types of proteins occur: the
integralproteins that protrude all the way through
the membrane and the peripheralproteins that are
attached only to the surface of the membrane and
do not penetrate.

The integral proteins provide structural chan-
nels (or pores) through which water-soluble sub-
stances, especially the ions, can diffuse between
the extracellular and intracellular fluid. However
these proteins have selective properties that cause
preferential diffusion of some substances more
than others. Some of them also act carrier
proteins for transporting substances th^t are too
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njure 2-3. Structure of the cell membrane, showing that It b composed mainly from a llpid bIlayer but with large number*

of piotelr\ molecules ptoitudlng through the layer Also, carbohydrate moieties are attached to the protein molecules on th#

outside of the membrane ar>d additional protein molecules on the Irt^de (from Lodlsh and Rothman Scl. Am. 240-iS, 197?

C1979 by Scientific American. Inc- All rights reserved)

large to diH'use through the channels; still others

act as eiuymes

The peripheral proteins occur either entirely or

almost entirely on the inside of the membrane,
and they are normally attached to one of the

integral proteins. These peripheral proteins func*

tion almost entirely os enzymes
The Membrane Carbohydrates—The Cell

“Glycocalyx." The membrane carbohydrates oc-

cur almost invariably in combination with proteins

and lipids in the form ot glycoproteins and glyco-

lipids. In fact, most of the integral proteins are

glycoproteins, and about one tenth of the lipid

molecules are glycolipids The “glyco" portions of

outside of the cell, dangling outward from the cell

surface Many other carbohydrate compounds,
called proteoglycans, which are mainly carbohy-
drate substances bound together by small protein
cores, are often loosely attached to the outer sur-

face of the cell as well Thus, the entire surface of
the cell often has a loose carbohydrate coat called

'..the glycocafyx.

• 1 These carbohydrate moieties attached to the
/outer surface of the cell have several Important
functions- <a) Many of them are negatively
charged, which gives most cells an overall negalive
surface charge that repels other negative objects,

lb) The glycocalyx of some cells attaches to the
glycocalj'x of other cells, thus attaching the cells

to each other as well (c) Some carbohydrates act
as receptor substances for binding hormones like

insulin that stimulate specific types of activity in

the cells And (d) some enter into immune reac-

tions, as we shall discuss in Chapter 6.

THE CnOPlASM AND ITS ORCANEIUS

The cytoplasm is filled with both min^^®

large dispersed particles and organelles f®"?"

in size from a few nanometers to many
The clear fluid portion of the cytoplasm Itt

the particles ere'^iipersed is called-cyf®*®*'! V
contains mainly dfssolved proteins, elec^jJ?

glucose, and small quantities of phosph^^hP^

cholesterol, and estenfied fatty acids. .

The portion of the cytoplasm immediBt®ly t

neath the cell membrane frequently

numbers of microfilaments composed of

proteins. These provide a semisolid support

cell membrane. This zone of the cytoplasm >5

the cortex, or ectoplasm. The cytoplasm
the cortex and the nuclear membrane is

and is called the endoplasm.
Among the large dispersed particles ii*

'

toplasm are neutral fat globules, glycog^J} ^
ules, ribosomes, secretory granules, and
pecially important organelles—the endPP^^^J

reticulum, the Golgi apparatus, the

and the lysosomes.

The EndoplAsmIc ReHculam

Figure 2-2 illustrates in the cytoplasi’* ® ?

work of tubular and flat vesicular structures ®®'

the enc/op/asni/c reticulum. The tubules a*'®

cles all interconnect with each other. Also,

walls are constructed of lipid bilayer me™®'"®’
containing large amounts of proteins, siiTuls®,

the cell membrane. The total surface are® 0‘ *

structure in some cells—the liver cells, f®''
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Figure 2-4. Structure oF the endoplasmic reticulum. (Modified
rom De Robertis. Saez. and De Robertls Cell Biology 6ch ed.

’hlladelphia, W. B Saunders Company. 1975)
Figure 2—5. A typical Golgi apparatus and relationship to

the endoplasmic reticulum and the nucleus.

stance—can be as much as 30 to 40 times as great

is the cell membrane area.

The detailed structure of a small portion of
mdoplasmic reticulum is illustrated in Figure 2-4.

rhe space inside the tubules and vesicles is fiHed

with endoplasmic matrix, a fluid medium that is

different from the fluid outside the endoplasmic
reticulum. Electron micrographs show that the

space inside the endoplasmic reticulum is con-

nected with the space between the two membranes
of the double nuclear membrane.
Substances formed in different parts of the cell

enter the space of the endoplasmic reticulum and
are then conducted to other parts of the cell. Also,

the vast surface area of the reticulum, as well as
the many enzyme systems along the surfaces of its

membranes, provides the machinery for a major
share of the metabolic functions of the cell.

Ribosomes and the Granular Endoplasmic
Reticulum. Attached to the outer surfaces ofmany
parts of the endoplasmic reticulum are large num-
bers of small granular particles called ribosomes.
Where these are present, the reticulum is fre-

quently called the granular endoplasmic reticu-

lum. The ribosomes are composed mainly of ribo-

nucleic acid, which functions in the synthesis of
protein in. the cells, as discussed later in this and
the following chapter.
The Agranular Endoplasmic Reticulum.

. Part of the endoplasmic reticulum has no attached
ribosomes. This part is called the agranular, or
smooth, endoplasmic reticulum. The agranular re-

ticulum functions in the synthesis of lipid sub-_
stances and in many other enzymatic processes of
the cell.

^

Colgl Apparatus

' The Golgi apparatus, illustrated in Figure 2-5,
1 is closely related to the endoplasmic reticulum. It

i has membranes similar to those of the agranular
i endoplasmic reticulum. It is usually composed of
f four or more stacked layers of thin, flat vesicles

f lying near the nucleus. This apparatus is very

prominent in secretory cells; in thes^ it is located

on the side of the cell from which the secretory

substances will be extruded.

The Golgi apparatus functions iii association

with the endoplasmic reticulum. As illustrated in

Figure 2-5, small “transport vesicles" continually

pinch off from the endoplasmic reticulum and

shortly thereafter fuse with the Gol^i apparatus.

In this way substances are transported from the

endoplasmic reticulum to the Golgi apparatus, '^he

transported substances are then progessed in the

Golgi apparatus to form Ivsosomes. ssciytory vest -

ctes, or other cytoplasmic

’

components to be dis-

cussed later in the chapter.

The Lysosomes

Another organelle, formed by the Golgi appara-

tus and dispersed throughout the cxtoplasm, is the

lysosQine. The lysosomes provide an intracellular

digestive system that allows the cell to digest and

thereby _remove unwanted substances anCstruc-

tures,~especially damaged or /oreign structures,

sudi as bacteria. The lysosome, illustrated in Fig-

ure 2-2. is quite different from one cell to another,

but it is usually 250 to 750 nanometers in diame-

ter. It is surrounded by a typical lipid bilaver

membrane and is filled with large numbers of

small CTanuIes 5 to 8 nanometers in diarne.ter,

which are protein aggregates of hydrolytic (diges-

tive) enzymes. A hydrolytic enzyme is capable of

splitting an organic compound into two or more
parts ^ combining^hydrogen from a water mole-

cule with part ofthe compound an ti by-Combining

the hydroxyl portion-oL^e-w^r njplecule_j>vith

the other part of ths—compound. J*Qr instance,

protein is hvdrolvzed to form_aminO.'acid3. and

40 different acid hydrolases have b^en found in

lyso^mes, and thepTmcipaT substances that they

digest jire proteins, nucleic acids
,
mucopolysac-

charides. lipids, and glycogen.
Ordinarily, the membrane surroupding the ly-

sosome_preyents_^e enclosed hydrolytic enzymes
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from coming in contact with otheji^substanws in

tho c^U. However, many difTerent conditions of the

cell_wiU.break_Uie_jnembranes.of some of the

lysosomes, allowing release of the enzymes. These

enzymes then_Rplit the. organic substances-with

which they c^me in contact into small, highly

d'lffasible substances, such as amino-acida^and

glucose. Some of the more specific ./unctions of

lysosomes are discussed later in the_chapter.

The feroxisomes

Peroxisomes arc similar physiwlly tojysosomes,

but they are different in two importantwaya* Eitst,-

theyjre formed by budding-off fromjhe smooth
endoplasmic reticulum rather than from-the Golgi

apparatus Second, they contain rather

than hydrola.^§. Several of the oxidasesare capa-

ble of combining oxygen with hydrogen ionsJrom
differenrintraccllular chemicals. to form hydrogen

Peroxide (H,Q .). The hydxogen peroxide in turn is

Itselfa highly oxidizing substance, and this is used
in association with calalase, another oxidase ep-

zvme present in large quantities irLperosisomcs,

to oxidize many substances that might otherwise

be poisonous to t^ie cell. For instance, most alcohol

that a person 3rinkajs_dctQxificd.by_lhe.peroxi-

somos of the liver cells in this manner And the

hydrogen pcroxldo-catalase-oxidizing mechanism
is also used fiTrjSpecific functional purposcajn the

cell, such aa cataK-zing th&-breakdqwp fatty

acids into acetyl-CoA-lhat isjhcn to be used for

energy by the cfilh

Secretoi^esldes

One of the important functions of many cells is

secretion of special substance's Almost all such
secretory substances are fotined by the endo-
plasmicjTliqulum-GolgL-fipparaJua^systeni. and

Ihe.cy'lnplasm inside storage vesicles called secre-

lor^f itficleb or secretory eraniiles. Figure 2-^^il -

lustratcs tymical secretory vesicles inside pan-
creatic acinar c^s thaT store protean enzymes; the

flfurc 2—6. S^retivy srjnulM In ^cln^r cells ol ihe pMXieas.

enzymes willjbe-SEcretedJater through the niits

cell memtrane-inta-the-pancreaticjiuct.

Ofher Cytoplasmic SMctures
and OrgAjielles .

~

Aside from the membranous organelles gf-tb

cytoplasn^the endoplasmic.reticulum, thef^'?

appara.£ug, the lysosomes, and the pegg

sooie^the cytoplasmAlsQ_CQntains sevfitaL#^

structures or organelles. For instance, usi^
equally as many rihn^amp^ flnnt frppVv_in -tVn

cytoplasm as attach to the granular ppHnpl.gSClii

reticulum ^ese function for tha formaliotij’

cytoplasmic proteins^ in,

endoplasmic
the ri^somes-atta
lum and paM t^t _

chamb^. most of tne^her rvtoplasmip atnicti^

ore constructed of microfilaments, or microtuh^^
as fol^ws;

Microfilaments, and Micrntuhnlnr Str^i

tures in the CelllThp fibjjllar »fth^
cytoplasm are usually organizea^rUUJnicn>^'*
menLs or tnicrot^|bulp.s These^originate as

that float freely in_the cytoplasm. At first theit^

present in dissolved form inJhfijiytaplasm. TflW

they polvmEEiza to fomi m'lcrofilnmejits. \ye_pa^

already pointed out thuT lnTpe nnmKc'-g
>

filaments-frequently occur inihfijQUlttlMl®-®?'"

cytoplasm.-the zone called the ectoplasm. toJSS

an elastic support f^ the cell membrane. AjjSJ
muscle ceils microTiTarnents >nta

s^iaF contractile machTrie th^ is the

muwle contractiop throupbiwt the hody-AS-Will*

discussed In detail in’ClTBptpr 1 1.

Microfilarnents are also

into tubular structures, ihejnicrvtubules. Ali”^

invarioWy_these ponlaui 13 micrnfi]amen5.Iy^”
pntaVl^anh in a circle to lorm a \onEJitP^^
cylinder about 25 nanometer-^ in (iiai]ieier-a>’“

to many micron.g m length These are ofted-^

ranged in bundles that gives them, en mA”
considerable structural strength _However, m'^*^

tubules are stiff structures that break if ben^ ^
sei'crely. Figu re 2-7 illustrates typical_siicf°^‘
bules that were teasetLJfom th~>^nppllum 0‘

sperm^
’

Ano^r.£xajnB]c..of microtubules is the tubU'^

mechanical structure nf cilin thnt gives (honisi*^'

tural stxength, radiating_upward-from the ^
cytoplasm to the tip of the cilium. Also, the

trtole^a^thc^ltottc.spindle of the mltosing ^
are IrotlTconmosed of stiff microtubules.
Thus, a primary function of microtubules I* ’

act 03 a cyloskcletqn, providing rigidjhvsical
tures for certaTn^paiis of cells. Aho, ^
noted that the cytoplasm often streams in

vicinity of microtubules, which might result

movement^of arms that project outward from ^
micnjtubulea.



The basic structure of the mitochondrion.is il-

lustrated in Figure 2-8, which shows it to be
composed mainly oftwodipidhijaver-protpir

^
mem-

branea: an outer membrane and an_ittti££_Bi««-

hcaac—Many infoldings of the inner membrane

addition, the inner cavitv of the mi

tochondrion is filled with a gel matru containini

large quantities of dis^lved enzvmea that an

ituents of thecell. It has

been demonstrated that this substance plavs

a similar role in the but not en-

tirffly sn hprnusp in the mitochondrion reoh eation

proegss, many proteins and lipids that_haye.aL-

Ouler membuins

\ Inner^embrane \
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ready been formed in the cytaglasm are incorpo-

rated_into th^mitochondria, as they enlarge and
then bud ofT to fonn new mitochondriS£_^,„—

-

THESUCLEUS

The nucleus is the control •center of the cell. It

controls both the chemical reactions that occur in

the cell and reproductum-of thP cell. Briefly, the

nucleus contains large quantities of deoxyabonU'

cletc acid, which we have called genesJar many
years The genes determine the characteristics of

the protein enzx*^®^ of the cj*toplasm, and in this

way control cytoplasmic actmties. To controLre-

proditttuav-the genes first reproduce,themselves,

and after this is accomohahea the cell splits by a
rocess to foryn two

thousand nuclear yores. These are, very lar^?,

most lUU nanometers in d iameter. However, I 3 ]

complexes of protein molecules ^are attarl

amunfi fh p pdgfia nOKe^porcs SO that the_cen{

area of the pore Is only about 9 nanometers

diamfitS^ven this size is large enough to all

protein moIecuTes as large as 44.000 -tnolwii

weight to p^^^hrough with relative ease j

proteins with molecular,weight less thaiLl^i

to pass extremelyFapT^^.

The nuclei of many cells contain on^.or g
lightly staining structures caUed nucleoHr^

nucleolus, unlike most of the organelles that

have discussed, does not have a lirniting in‘

brane. Instead, it is simply a structure t

tains a large amount of ribonucleic

ifers
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n ^noftTi virus, a large virus, a nckeltsia, a baclerium,

i^nd a nucleated cell, showing that the cell has a diam*
';ter about 1000 times that of the smallest virus, and,

^Jierefore, a \'oIume about 1 billion times that of the

-Smallest virus. Correspondingly, the functions and an-
-*'

organization of the cell are also far more
i^mplex than those of the virus.
" * The essential hfe-givmg constituent of the very small

-is^irus is a nucleic acid embedded in a coat of protein,

•^^is nucleic acid is similar to that of the cell, and it is

:apable of reproducing itself if appropriate surrounding
xnditions arc available. Thus, the virus Is capable of

propagating its lineage from generation to generation,

and, therefore, is a living structure m the same way
that the cell and the human being are living structures.

As life evolved, other chemicals besides nucleic acid

simple proteins became integral parts of the organ-

ijism, and specialized functions began to de%‘elop in dif-

-ttferent parts of the virus. A membrane formed around
^the \'inis, and inside the membrane a fluid matrix
jT^ppeared. Specialized chemicals developed inside the

^^matrix to perform special functions; many protein en-
^zjTnes appeared which were capable of catalyzing chem-

'
' reactions, and, therefore, of controlling the organ-

li^iism’s activities.

^ In still later stages, particularly m the nckettsial and
j^bactenal stages, organelles developed inside the organ-

I
^ Ism. representing physical structures of chemical aggre-

.
^gates that perform functions in a more efficient manner
^ ,than can be achieved by dispersed chemicals throughout
.,the fluid matrix. And, Anally, in the nucleated cell, still

more complex organelles developed, the most important
^of which is the nucleus itself. The nucleus distinguishes

this tjpe ofcell from all lower forms of life, this structure

[^provides a control center for all cellular activities, and
-<«’ It also provides for very exact reproduction of new cells

^ generation after generation, each new cell having essen-
tially the same structure os its progenitor.

El

FUNCTIONAL SYSTEMS OF THE CELL

In the remainder of this chapter we will discuss

<1 several representative functional sys^tems of the

jrf cell that make it a living organism. -

'

'jJ
ISCESnON BY THE CEEI^ENDOCYTOSIS

If a cell is to live and grow, it must obtain
nutrients and other substances from the surround-
ing fluids. Substances can pass through a cell

membrane in three separate ways: (1) bv diffusion

thi^gh the pores in the membrane or through the
memBrane matrix itselli (2) bv aettve transport

through the membran^ a mechanism in which
enzyme systems and special carrier proteins trans-

port the substances through the mpmhrflnp.; and
(3) by endocytosis. a mechanism bv which, the
membrane actually engulfs partiailate matter or
extHcellular fluid and its contents. The important

“I subject of transport of substances by diffusion and
il

active transport, the meanshv vvhlch most nu-
trients and othe^substances enter the celli.win be
CQiTSidered^ detajLin Chapter 9. Endocytosis_is a

specialized cellular function that merits mention

here.
* —

Endocytosis begins by the_formation of small

vesicles at the cell memBrane: these vesicles then

pinch off to the interior of the cell and float freely

in. the cytoplasm. The two principal forms of en-

docytosis' are calledjKnocyfosts and phagocytosis .

Pinocytosis means ihe iormation of extremely
small Nicies containing extracellular fluid. P.6ag-

ocvtdsis means ingestion~oriarge particles, such

as bactyia. cells, or portions of degenerating tis-

sue. , ,

Pinnnytnsis . Pinocytosis occurs continually at

th e, cell membranes of most cells. but~especially

rapidly in some cells. For instance, it occurs so

rapidly in macrophages that about 3 per_ceilt.of

the total macrophage membrane is engulfed in the

foim of vesicles each minute. Even so. the pmocytic

vesi^es are so small, usually only lOO to 200

nanometers in diameter, that most of their_char-

aclcristics_can be discerned only with the-glectron

microscope.

Pinocytosis is the only means by which-^ome
very large macramolecules. suc^ as most protein

molecules, can enteiLceUs. InJact, |he rate^at.which

pinocytJc-vesicles form usually is enhanced when
such macromolecules attach-taiha. cell membrane.

Figure 2-lLjllysirates the successi^ steps of

pinogdtiais, gbnwinpr thr»g mnlowilps of protein

attaching to thsjaeuihEanfi. These molecules usu-

ally attflckJn receptors in the_membrane_that are

specific ^.the types of proteins

.

thaLare to be

absorbed, and , these receptors generally_are con-

cen^ated in small pitsm the cell membrane, called

coetied pits. The inside surfaces- of these-pits. in

tuni._aj[:^aledjwith a dense_material containing

contractile filaments. Once the_jproteLnjnolecuIe3

have bound with the receptors, the s^ace prop-

ertie.s of the membrane_ehange in_such a way that

the entire pit invaginates inward and itsJjorders

close over the attached proteins. asJKfill as ovejia

smal l amount of extracellular fluid. Immediately

Coated pit

Figure 2-M. MechafiismxiLpinocytosiS.
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thereafter, the invaginated portion of the mctn-

hrane breahs away_from surface of tho ceU<

forming a pinocytic.t’cside.

What cax^ses the^U^cmbraneJLo.gojthrougb
the jjecessaiy- contortifins. for^nTiins_P>no<!3^*<f

vesicles.remaiua-inainly a mystery* However, thljf

process requires ener^ from wjlhin tho cell; thi^

is hv adenosine triphOiphatcvaJiigh.W

ergv substance tbntjwill be discussed later

clispter. Also.iLreqwrea the presenco-of calciun#

ions in the_£xtracellular_fluid, whicL-probabiy

rea^j?^ the contractile_microfilamcnta beneath

the coatcd _pits to provide tho force for, pinching

the vesicles, awayjrom the celLmcmbrnnc,
Ehagocylosia^Phagocytosis occurs m much th^

same way a5_pinQcytoaia. except tbat_itinvolve?

large particulate matter rather than macromole*
culfia* Only_certain .cells have the capability of

tfnagocytos'is^Jnos't notaViy'fncyjssue macrop'nanc?*
apd some of the white blood .cells. A_po3tulatc^

cause oflihagocytgSiaJs tbe-prescnco of positive

electricaj ehfl^ca on thfijurfaccs of the.pbagocy*

tv^ijiaSlcIea. Most.normalDartidcs in tluj cxiro'

cellular

J

luidLare negaUyfily.chargcd. thojameas
thejiutsideajrflhc macrophages and white blood

ceUs. Therefore, thesg^partlclcs are repelled fron*

the cell surfaces. On th6_other hand^d^tmaged
tissues aridlbactenalFiat have been attackediy
antibodies (a process colled..ops<2flKahon, which
will be discus^ in Chapters 5 and 6) will ofteh

acqairejiositlve charges or other Lurfacc properties

that wilLnllow them to be phagoc>'tizedv

Phagocytosi s occurs In thefollowing stepsiFirst*

.the cell membrane n'ttflehea iQjhe.aurfacC_of th©
obie<A ^oona, the edges of the memhranc-ttTQund
the_i:ioint of_attachmenL6uddenly evaginate out*

ward_ and complef^'y engul£.the.objcct within «
fraction of a second. Third, the membrane coU*

tractfl^jind pulls thejhjcct lo the interior..And.
fou^. the phagocytic yeaicle pinches' off to ih®
interior of the cell in the same way that pinocytl®

vesicIeaJXTfi.fonned,/'

'

DIGESTION or rOREICN SUBSTANCES IN
THE CELL—EUNCTJON Of THE LYS050MES

Almost immediately after a pinocytic or phag(^
cytic vesicle appears inside a cell, one or mor®
lysosomes become attached to the vesicle and

. j their hydrolases into the vesicle, as illu^
,ited in Figure 2-12. Thus, a (bKeslive ivsicle fs

’in which the hydrolases begiiThydrolyiinS
* proteins, glycogen, nucleic acids, mucopolysa*^*
charides, and other substances in the vesicle. Tb®
products of digestion are small molecules ofamipo
acids, glucose, phosphates, and so fbrth that ca"
then diffuse through the membrane of the vesief®
into the c3^oplasm. What is left of the di^stiV®
vesicle, called the residual borfv. ^ represents th®
undigestible substances. In most mstances_this 1®

nsorc 2-12. Dlaniton of lubiuncet bi pfraxytlc vnUntsI
efttynw dertveU Ifom lywwoex l

ymaA'vs vilMi rxnt^^ftntvs . ‘vftinht *a ‘vm/vtlinliii

opposite^ofindocytosisv./.

Thus, the lysosomeajnflX.be.jnllcdJihejlISflL^

o/yona ofJ hc_cejb
^‘^negresflon of Tissues and Autolys!* of Celh

Often, tissues ol tnc body regres.s to smaller sta.

For instance, this occurs in the uterus followis^

pregnancy, in muscles during long periods ofb-

activity, and in mammary glands at theendofti*

period of lactation. Lysosomes are responsible C*

much of this regreMion. However, the mechama
by which lack of activity m a tissue eauici 0>»

lysosomes to increase their activity l.s still oo-

known.
Another very special role of tho lysosomes Is tl<

removal of damaged cells or damaged portions c

cells from tissues—cells damaged by heat, coli

trauma, chemicals, or any other fbetor. Damage to

the cell causes lysosomes to rupture, and the m
lea.sed hydrolases begin immediately to digest

surrounding organic substances. If the damag^
slight, only a portion of the cell will be remow
followed by repair of the cell. However, if

damage is severe the entire cell will be digested

a proces-i called aulolysts. In this way, the cell

«

completely removed and a new cell of the saw
type ordinarily is formed by mitotic reproductiffl!

ofan adjacent cell to take the place of the old one

The lyso>!Qmes olso c^jain_bactcricidalJi€e“^
that can kill phacocytired bacteria bcforeJhcy
cause cellular damage. These Bgcntsjoclude lys®

gy/nf-that dissolves the bacterial celjjnern^^'j

j
/yso/errm/that binds iron and other metols thu'

are essential for ftactenal growth, andacidJtL*
pfl 01 about S.XTIhat activates the hydrolase ŝr*-

also inactivates some of the bacferiB].metaboIn

sysJfimsT

Also in lysosomes are stored enzyme3_thflt

diasolute'^md Idrpplgts and glycogen granule^
making th^ipid and glycogen available for

elsewhere in the cell or elsewhere in the body, h
the absence of these'enzymesj which.D?sults fro®

occasional genetic disorder, extreme quantities cl
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s^ids or of glycogen o^n accumulate in the cells

r many organs, esp.ecrally the liver, and lead to
arly death. ‘

YNTHESIS AND FORMATION OF CELLULAR
TRUCTURES BY THE ENDOPLASMIC
ETICULUM AND THE COLCI APPARATUS

The extensiveness of the endoplasmic reticulum
nd the Golgi apparatus, especially in secretory

ells, has already been emphasized. These two
tructures are made primarily of lipid bilayer

lembranes, and their walls are literally loaded
//ith protein enzymes that catalyze the synthesis
F many of the substances required by the cell.

In general, most of the synthesis begins in the
ndoplasmic reticulum, but the products formed in

he endoplasmic reticulum are then passed on to

..he Golgi apparatus where they are further proc-

•"sse4 prior to release into the cell. But, first, let

note the specific products that are synthesized

n the specific portions of the endoplasmic reticu*

,.um and the Golgi apparatus.

Formation of Proteins by the Granular En*
^loplasmic Reticulum. The granular endoplasmic
^eticulum is characterized by the presence of large

plumbers of ribosomes attached to the outer sur*

..aces of the reticulum membrane. As we shall

^iscuss in the following chapter, protein molecules
^ue synthesized within the structures of the ribo-

somes. Furthermore, the ribosomes extrude many
the synthesized protein molecules not into the

.^.ytosol but instead through the endoplasmic retie-

;^ilum wall into the endoplasmic matrix.
'' Almost as rapidly as the protein molecules enter
^he endoplasmic matrix, enzymes in the endo-
ilasmic reticulum wall cause rapid changes in

^^.hese molecules. First, almost all of them are
immediately glycosylated, that is, conjugated with
^arbohydrate moieties, to form glycoproteins.
-rherefore, essentially all the ej^glasrnic-pcoteins

glycoproteins, in contrast to the proteins that
».ire formed~bv the rioosomes m the cytosolf whidi
^^e mainly free proteins. Second, the proteins are
.ross-linked and folded to form more compact mol-

f^Jcules.

Synthesis of Lipids by the Endoplasmic Re-
i^ticulum, Especially by the Smooth Endo-
i^plasmic Reticulum. The endoplasmic reticulum
l.ialso synthesizes lipids, especially phospholipids
^and cholesterol. These are rapidly incorporated
^mto the lipid bilayer of the endoplasmic reticulum
^tself, thus causing the endoplasmic reticulum to

)Jgrow continually. This occurs mainly in the smooth
c^portion of the endoplasmic reticulum.

To keep the endoplasmic reticulum from growing
^beyond the limits of the cell, however, small vesi-

l^^cles called endoplasmic reticulum vesicles, or trans-
{Import vesicles, continually break away from the
>h!^smooth reticulum; we shall see later that roost of
jji!‘these vesicles migrate rapidly to the Golgi appa-
jj^-Cratus.

Other Functions of the Endoplasmic Retic-

ulum. Other significant functions of the endo-

plasmic reticulum, again especially the smooth
reticulum, are:

(1) It contains the enzymes that control glycogen

breakdown when glycogen is to be used for energy.

(2) It contains a vast niunber of enzymes that

are capable of detoxifying substances that are

damaging to the cell, such as drugs. It achieves

this by coagulation, oxidation, hydrolysis, conju-

gation with glycuronic acid, and in other ways.

S3mthetic Functions of the Golgi Apparatus.
Though the major function of the Golgi apparatus

is to process substances already formed in the

endoplasmic reticulum, it also has the capability

of synthesizing certain carbohydrates that cannot

be formed in the Ndoplasmic reticulum. This is

especially true of sialic acid and galactose. In
addition, it can cause the formation of very large

saccharide polymers bound with only small

amounts of protein; the most important of these

are hyaluronic acid and chondroitm sulfate. A few

of the many functions of hyaluronic acid and chon-

droitin sulfate in the body are: (1) They are the

major components of proteoglycans secreted in mu-
cus and other glandular secretions. (2) They are

the major components of the ground substance in

the interstitial spaces, acting as ff~fiirer between
collagen fibers and cells. (3) They are pnncipal

components of the organic matrix in both cartilage

and bone.

Processing of Endoplasmic Secretions by
the Golgi Apparatus—Formation of Intracel-

lular Vesicles. Figure 2-13 summarizes the major

functions of the endoplasmic reticulum and Golgi

apparatus. As substances are formed in the endo-

plasmic reticulum, especially the proteins, they

are transported through the tubules toward the

portions of the smooth endoplasmic reticulum that

lie nearest the Golgi apparatus. At this point small

"transport” vesicles of smooth endoplasmic reticu-

lum continually break away and diffuse to the

proximal layers of the Golgi apparatus. Inside

these vesicles are the synthesized proteins and

figure 2- 13. Formation of proteins, lipids, and cellular veslcJes
the ei^optasmlc reticulum and Golgi apparatus.
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other products. These vesicles instantly fuse with

the Golgi apparatus and empty their contained

substances into the vesicular spaces of the Golgi

apparatus Here, additional carbohydrate moieties

are added to the secretions Also, a most important

function of the Golgi apparatus is to compact the

endoplasmic reticular secretions into highly con-

centrated packets. As the secretions pass toward

the distal layers of the Golgi apparatus, the com-

paction and processing proceed; finally, at the

distal layer both small and large vesicles contin-

ually break away from the Golgi apparatus, car-

rying with them the compacted secretory sub-

stances, and they then di0'use throughout the cell.

To give one an idea of the timing of these

processes: when a glandular cell is bathed in ra-

dioactive amino acids, newly formed radioactive

protein molecules can be detected in the granular

endoplasmic reticulum within 3 to 6 minutes
Within 20 minutes the newly formed proteins are

present m the Golgi apparatus, and within 1 to 2

hours radioactive proteins are secreted from the

surface of the cell.

Types of Vesicles Formed by the Golgi Ap-
paratus—Secretory Vesicles and Lysosomes.
In a highly secretory cell, the vesicles that are
formed by the Golgi apparatus are mainly seerefory

vesicles, containing especially the protein sut^

stances that are to be secreted through the surface

of the cell These vesicles diffuse to the cell mem-
brane. then fuse with it and empty their sub-

stances to the e.xterior by a mechanism called

cxocytosts, which is essentially the opposite of en-
docytosis. Exocytosis, in most cases, is stimulated
by entry of calcium ions into the cell, the calcium
ions interact with the vesicular membrane, in

some way not understood, to cause its fusion with
the cell membrane.
On the other hand, some of the vesicles are

destined for intracellular use. For instance, spe-

cialized portions of ihe Golgi apparatus form the
lysosomes that have already been discussed It is

believed that the membranes of these specialized
portions contain chemical receptors that cause aad
hydrolases to attach. In this way these enzymes
are concentrated and then released from the Golgi
apparatus in the form of the lysosomal vesicles.

Another type of vesicle formed in the same way
as the lysosomes are the peroxisomes However, it

'•IS believed that these are formed by the smooth
^.‘oplasmic reticulum, along with formation of
lie transport vesicles, rather than by the Golgi
apparatus Here again, special receptors m the
endoplasmic reticulum membrane probably attract
and attach the oxidative enzymes that are to be
released in concentrated form in the peroxisomes.
Use of Intracellular Vesicles to Replenish

Cellular Membranes. Many of the vesicles finally

fuse with the cell membrane or with the mem-
branes of other intracellular structures such as
the mitochondria and even the endoplasmic retic-

ulum itself. This obviously increases ’
,

of these membranes and thereby replenL’ - _
membranes as they themselves are destroyed

''

instance, the cell membrane loses much of

substance every time it forms a phagocytic t

pinocj'tic vesicle, and it is vesicles from the Go!?

apparatus that continually replenish the cell me;

brane
Thus, m summary, the membranous system

the endoplasmic reticulum and the Golgi
.

.

tus represents a highly metabolic organ capable

forming both new cellular structures and

substances to be extruded from the cell.

EXTRACTJOS OF ENERGY FROM
NUTRIENTS—FUNCTION OF THE
MITOCHONDRIA

The principal substances from which cells i

tract energy are oxygen and one or mote of i

foodstuffs—carbohydrates, fats, and proteins

the human body essentially all carbohydrates i

converted into glucose before they reach thee

the proteins are converted into amino acids, i

the fats are converted into fatty acids. Figure 2-

shows oxygen and the foodstuffs—glucose, fa

acids, and amino acid&—all entering the cell,

side the cell, the foodstuffs react chemically w

the oxygen under the influence of various enzyt

that control their rates of reactions and chan

the energy that is released in the proper dirMli

Almost all these oxidative reactions occur iiu

the mitochondria, and the energy that is relea

IS used to form adenosine triphosphate. Then,

adenosine triphosphate, not the original foodsti

themselves, is used throughout the cell to eners

almost all the intracellular metabolic reactio

Thus, the adenosine triphosphate is an intra

lular storehouse of energy.
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Functional Characteristics of Adenosine
Siiphosphate (ATP). The formula for adenosine
iphosphate, generally called simply ATP, is:

NH,
(

N C
^ \ / \

C N
II I

c c
\ / \ /•

CHf—O—P—0~P—0~P—O-

\ H H y

c—

c

[ I

OH OH
Ribosc

Phosphate

ADENOSINE TRIPHOSPHATE

ATP is a nucleotide composed of the nitrogenous
base odenme, the pentose sugar nbose, and three
phosphate radicals. The last two phosphate radi-

:al8 are connected with the remainder of the mol*
’ by so-called high-energy phosphate bonds,

which are represented by the symbol — . Each of
these bonds contains about 12,000 calories of en-
ergy per mole ofATP under the physical conditions

of the body (7,300 calories under standard condi-

tions), which is much greater than the energy
stored in the average chemical bond to other or-

ganic compounds, thus giving rise to the term
“high-energy” bond. Furthermore, the high-energy
phosphate bond is very labile so that it can be split

instantly on demand whenever energy is required
to promote other cellular reactions.

When ATP releases its energy, a phosphoric acid

radical is split away, and adenosine diphosphate
(ADP) is formed. Then, energy derived from the
cellular nutrients causes the ADP and phosphoric
acid to recombine to form new ATP, the entire

process continuing over and over again. For these
reasons, ATP has been called the energy currency
of the cell, for it can be spent and remade again
and again.

Chemical Processes in the Formation of
ATP

—

Role of the Mitochondria. On entry into

the cells, glucose is subjected to enzymes in the
cytoplasm that convert it into pyruvic acid (a

process called glycolysis). A small amount ofADP
is changed into ATP by energy released during
this conversion, but this amount accounts for less

than 5 per cent of the overall energy metabolism
' of the cell.

< By far the major portion of the ATP farmed in
the cell is formed in the mitochondria. The pyruvic

,

and fatty acids and most of the amino acids are all

!
converted into the compound acctyl-CoA in the
matrix of the mitochondrion. This substance, in

tum,Ms- acted upon by a series of enzymes and
• I undergoes dissolution in a sequence of chemical
" reactions called the citric acid cycle, or Krebs cycle.

These chemical reactions will be explained in de-

tail in Chapter 67.

In the citric acid cycle, acetyl-CoA is split into

its component parts, hydrogen atoms and carbon

dioxide. The carbon dioxide, in turn, diffuses out

of the mitochondria and eventually out of the cell.

The hydrogen atoms combine with carrier sub-

stances and are carried to the surfaces of the

shelves that protrude into the mitochondria, shown
in Figure 2-8. Attached to these shelves are the

so-called oxidative enzymes and also protruding

globules ofATP synthetase, the enzyme that cata-

lyzes the conversion ofADP to ATP. The oxidative

enzymes, by a series of sequential reactions, cause

the hydrogen atoms to combine with oxygen. The
enzymes are arranged on the surfaces of the

shelves m such a way that the products of one

chemical reaction are immediately relayed to the

next enzyme, then to the next, and so on until the

complete sequence of reactions has taken place.

During the course of these reactions, the energy

released from the combination of hydrogen with

oxygen is used to activate the ATP synthetase and

drive the reaction to manufacture tremendous

quantities of ATP from ADP. The ATP is then

transported out of the mitochondrion into all parts

ofthe cytoplasm and nucleoplasm where its energy

IS used to energize the functions of the cell.

The details of ATP formation and many of its

metabolic functions in the body will be presented

in Chapters 67 through 71.

Uses of ATP for Cellular Function. ATP is

used to promote tliree major categories of cellular

functions: (1) membrane transport, (2) synthesis of

chemical compounds throughout the cell, and (3)

mechanical work. These three different uses of

ATP are illustrated in Figure 2-15: (a) to supply

ns»re2-l5. Us« of Adeno&lne mp.^oipluic to provide energy
foe three rnijor ceCutu functions. (l) membrsne transport. (2)
protein synthesis. A-nd (3} muscle conttAction.
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energy for the transport ofsodium through the cell

membrane, <b) to promote protein synthesis by the

ribosomes, and (c) to supply the energy n<^ed
during muscle contraction

In addition to membrane transport of sodium,

energy from ATP is required for transport of po-

tassium ions and, in certain cells, calcium ions,

phosphate ions, chloride ions, urate ions, hydrogen

ions, and still many other special substances.

Membrane transport is so important to cellular

function that some cells, the renal tubular cells

for instance, utilise as much as 8Q per cent of the

ATP formed m the cells for this purpose alone.

In addition to synthesizing proteins, cells also

synthesize phospholipids, cholesterol, purines, py-

rimidines, and a great host of other substances.

Synthesis of almost any chemical compound re-

quires energy. For instance, a single protein mol-

ecule might be composed oi as many as several

thousand amino acids attached to each other by
peptide linkages; the formation of each of these

linkages requires the breakdown of three high
energy bonds; thus many thousand ATP molecules
must release their energy as each protein molecule
is formed Indeed, some cells utilize as much as 75
per cent of all the ATP formed in the cell simply
to synthesize new chemical compounds; this is

particularly true during the growth phase of cells.

The final major use of ATP is to supply energy
for special cells to perform mechanical work. We
shall see in Chapter 11 that each contraction of a
muscle fiber requires expenditure of tremendous
quantities ofATP Other cells perform mechanical
work in two additional ways, by ciltary or ameboid
motion, both of which wll be described later in

this chapter. The source of energy for all these
types of mechanical work is ATP

In summary, therefore, ATP is always available

to release its energy rapidly and almost explosively
wherever in the cell it is needed. To replace the
ATP used by the ceW, other much siower cheimcat
reactions break down carbohydrates, fats, and pro-

teins and use the energy derived from these to

form new ATP. About 95 per cent of this ATP is

formed in the mitochondria, which accounts for

the name given to the mitochondria, the “power-
houses” of the cell.

lOCOMOTION OF CCLIS

far the most important type of cell movement that
rnirs in the body is that of the specialized muscle cells

in skeletal, cardiac, and smooth muscle, which compnse
almost 50 per cent of the entire body mass The spe-
cialized functions of these cells will be discussed in
Chapters U through 13 However, two other types of
movement occur in other cells, ameboid locomotion and
cthary movement.
Ameboid Locomotion. Ameboid locomotion means

movement of an entire cell in relation to its surround-
ings. such as the movement of white blood cells through
tissues However, it has received its name from the fact

that amebae move in this manner and have pnrvi(i

the best tool for studying the phenomenon. Typical'

ameboid locomotion begins with protrusion ofspv
dopodtum from one end of the cell. The pseudopodiu

projects far out, away from the cell body, and then {!

remainder of the cell moves toward the pseudopcdini

Figure 2-16 illustrates this process, showing aneic

gated cell the right-hand end of which is a protrudsi

pscudopodium The membrane of this end of the ceO

continually moving forward, and the membrane at t

left-hand end of the cell is continually following ale;

as the cell moves
It IS believed that ameboid locomotion is causcil

the following way The outer portion of the cytoplasm

in a Ret state and is called the ectoplasm, whereas t

central portion of the cytoplasm is in o sol state and

called entioplnsm In the gel are numerous mitTofi

ments composed of aetin, and also present arc na

myosin molecules that can interact with the actinfi

meats to cause contraction, the same as occurs in nusc

These filaments contract in the presence of ATP a

calcium ions, and normally there is a continual tendc:

for the ectoplasm to contract However, in response

an external chemical or physical stimulus the ectopia:

at one end of the cell becomes thin, causmg a pseu'

podmm to bulge outward in the direction of the "ches

tactic” source Thus, the pseudopodium moves forwa

At the same time, the ectoplasm at the opposite end

the cell contracts, which pushes the endopUsm intal

pscudopodium and causes it to extend even furtb

Also, the membrane of the pscudopodium often bccon

attached to some of the surrounding tissue elemeaU

that when the ectoplasm in the remainder of the e

contracts, this literally pulls the mam body of the (

toward the pscudopodium
Thus, It IS very easy to understand how a sin

pseudopodium can move forward, then pull the reme

der of the cell toward it But once this has occurred

has been difficult to understand how the cell can o

tmue to move indefinitely in the direction of an eJtei

ing pseudopodium, because soon all of the cell would

m the pseudopodium itself The explanation for t

appears to be the following As the ectoplasm in

'

main body of the cell contracts and the size of the <

body becomes smaller, the ectoplasmic layer at fc

becomes much thicker Then, the inner surface of t

thickened ectoplasm loses its gcl-likc character, aH
ess called solation, and provides a continuing amouni

new endoplasm m the body of the cell. Next, the n

Solation of

Coniractionof Stcwmingof Extentfinj

wtopljsm endoplasm pieudopoo'“'

Movement of cell

flsure 2-16. Ameboid motion by a ceil
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doplasm “streams” forward into the pseudopodium,
tending it still farther. And finally, the endoplasm
jacent to the side walls of the pseudopodiutn now
anges &nm the fluid state into the gel stale, a process
lied gelation. This thickens the ectoplasm along the
le walls of the pseudopodium. By this time the main
dy of the cell, including its nucleus and other internal

ganclles, is also entenng the base of ^^hat had been
e old pseudopodium. Therefore, what had been the
Ic walb of the pseudopodium now become the walls of
c cell body, and the entire process begins once
:ain—contraction and solation of the ectoplasm in the

streaming ofendoplasm toward the pseudopodium,
lation of the side walls of the pseudopodium to form
ore ectoplasm, and progressive movement of the cell

ward the tip of the pseudopodium
Types of Cells That Exhibit Ameboid Locornotion.
le most common cells exhibiting ameboid locomotion
the human body are the white blood cells moving out
the blood into the tissues irr~the~ftinn of tissue

acrophages or microphages. However, many other
pcs of cellrcaiTmove by ameboid locomotion under
rtain circumstances. For instance, fibroblasta will
ove into any damaged area to help repair the damage,
id even some of the germinal cells of the skm, though
dinarily completely sessile cells, will move toward a
It area to repair the rent. Finally, cell locomotion is

peclally important in the development of the fetus, for
nbryonic cells often migrate long distances from the
imordial sites of origin to new areas during the de*
ilopment of special structures.

Contro/ ofAmeboid Locomolioi>-^ “Chemotaxis."
he most important factor that usually initiates ame*
}id locomotion, presumably by causing electrical poten*
al changes in the cell membrane or by the entry of
ms into the cell'^calcium ions as a possibility->is the
ppcarance ofcertain chemical substances in the tissuea
his phenomenon is called chemotaxis, and the chemical
abstance that causes it to occur is called a chemotaclic
ubstance. Most cells that exhibit ameboid locomotion
love toward the source of the chcmotactic sub*
Lance^that is, from an area of lower concentration
)w ard an area of higher concentration—w hich 19 called
ost/ire chemotajis. However, some cells move away
rom the source, which is called negative chemotoxis.

ULIA AND ailARY MOVEMENTS
A stjcond type of cellular motion, ciliary movement, is

I whipliko movement of cilia on the surface of cells,

rhia Occurs in only two places m the human t^y: on
ho inside surfaces of the respiratory airways and on
he inside surfaces of the utenne tubes ( falloDia^ tubes)
>f the reproductive tract. In the no&al cavity anTlowcr
espiratory airways, the whiplike motion of the cilia
rauscs a layer of mucus to move at a rate of about I
m'min toward the pharynx, in this way continually
dcanng these passageways of the mucus and any par>
:iclcs that have tx'comc entrapped in the mucus In the
alcnno tubes, the cilia cause slow movement oi fluid
from the ostium of the utcnnc tube toward the utenne
cavity; it is this movement of fluid'tnal iransports the
av urn from the ov ary to the uterus.
As iflustmtcd in Figure "Z-iT, a cthum has the ap-

pearance of a sharp-pointed curved hair that projects 3
to 4 microns from the surface of the cell. Many cilia
project fnim each single evU—fur instance, as many as

ngure 2-17. Structure and Function of the cSium. (Modined
from Sattr Set Am. 704-108 >961 C 196 1 by SOentTic Ameri-

can. Inc All rights reserved)

200 cilm on the surface of each cpithclml cell in the

respiratory tract. The cilium is covered by un outcrop-

ping of the cell membrane, and it is supported by 1

1

microtubules, 9 double tubules located around the pe-

riphery of the cilium and 2 single tubules down the

center, as show’n in the cross-scction illustrated in the

figure Each cilium 1$ on outgrowth of a structure that

lies immediately beneath the cel) membrane, called the

basal body of the cilium.

The flagellum of a sperm 11 also similar to a cilium;

in fact, it has muCh the same type of structure and same
type of contractile mechanism However, it is much
longer and moves in quasisinusoidal waves instead of
with whiplikc movements.

In the Inset of Figure 2-17 movement of the cilium is

illustrated. The cilmm moves forward with a sudden
rapid stroke, 10 to 20 times per second, bending sharply
where it projects from the surface of the cell. Then it

moves backward very slowly m a whiplike manner. The
rapid forward movement piuhcs the fluid lying adjacent
to the cel] in the direction that Uic cilium moves, then
the slow whiplike movement m the other direction hoji

almost no eflVct on the fluid. As a result, fluid n
continually prcpelUd m the direction cf the Lrward
stroke. Since most ciluU-d cells have large numbers of
aha on tlinr rarfaevs. and since all the alia are oner.ted
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in the same direction, thin is a very effective mcarw for

maving tluids from one part of the surface to another.

Mechanism of Ciliary Movement. ThoURh nil a**

pect.s of ciliary movement are not yet clear, we do know
the following' First, the nine douhlc tuhuivs and the two

single tubules are all linked to each other by a complex

of protein cro-w linkages, this total complex of tubules

and cross-lmkagvs is called the ncom’nie. Second, even

after removal of the memhrane anifHrstruction of other

elements of the cihum licsidcs the nxoneme. the cillum

can allll beat under appropriate conditions iliini, there

arc two ncccssar)' conditions for oinlintied beating of

the axoncme after removal of the other structures of the

cihiim (lithe presence of ATP. and (21 appropriate »onu

conditions, including, especially, appropriate concentra-

tions of magnesium and calcium Fourth, the cihum will

continue to beat even after it has lieen removed from

the cell Ixxiy Fifth, (he tubules on the fnint edge of the

bending cilium slide outward toward the tipoftliecilium

while the tubules on the back edge of the bending cihum
remain in place Sixth three pnilein arms, composed of

the prutein <fvnein that has ATPjy: oclivily. project

from each set of peripheral tubules toward the rett set

Given tlu« basic mfurmatinn. It has lieen p<>..tul.-ite<{

tlial the release of energy from AT P in vsvnutt with the

ATPaso djmem arms eau«es the anus to Vrawr along

the surface of the adjacent poir of tuhuh's If the front

tubules crawl outward while the hack tubules rrmoin
stationary, this obviously will cause l^'ndmg
The way in which cilia rontrsctiuii is contrvlhxl is not

understood However the cilia of some geneticalh nV
iiormal celts do nut have (he two ctnir.d single tubules

and these cilia fail to licat at all Then fore. i( is

presumed that some hignal, perhaps an electrochemical

signal, IS tr.insmitU*d along these two tubules to activate

the ATPase activity of the dynein arms, first one of the

tubules activating the arms on one side of the cilium
followed a fraction of a second later by the other tubule
activating the other side, thus causing (he forw.ard and
backward motion The cilia usually be.st at the frefiucncy

REFERENCES

Agard. D A Oplical Mciionliw mirrMcup; Cdlalsr •rrhriMtQr* la
thrre dimea^oiM Ann n<i Bmi/jAti D^wng 13 191 JMt

AlW R U
,
atid Allnn N S. Cytopliwinir almmina In amnnlwid

mflvemcnt Annu. Hri Hioph)! Biatng , 7 <69, 1979
Altnen, W ind Stirling. C Uialnlnilion cf uinaprrt grvuin* «vrr
nimat rtit n>«mbniftc». J i/rmAn AkV 77 1C9 I9S<

Baker. P F and Knichl, D E ChrmlnemiTtjc hjpolhcoMiorfiocTtonin
A critique Biovi lirp 4 285, 1984

Balaban it S Tlie applicatimi of nuclear matrtirlic reMnanc* lo the
aludy of cellular phyiiioleey Am J PAyiinf ,3<6C10. tSM

._Bl4chley J E rf o( Ttie harroful effecti of clhanol on Ion tranppxot
. and cellular rerpiration Am J SM Sci 263 22 19K5
Biyd. A and Simon M llaclonal chemotjxia Anno ftn PKrtiol

,

1 « SOI. 1982
'llulbnng. E (cd I Smfiolh Mnacle An A»«e«menl of Current Kptoml-

edK» Auclin. Umvemly ofTcaaa PrtM. 1981
Bunch. H ltd I The Cel! Nocicua Nuclear Panicica New York. Ae»
demir Preca, 1961

Caul, n M The nU Cf Ca’’ dom in oKrtUun Cet/ Cat ua. I

I98|
rharm, ]l rl at )lyd*«f«TCix‘d* meSatwtMm )n eumrulus
CAtikg J9527. 1979

rorreia J J . and W iDiama. H C. Jr. MmKanlima af aue~^.>

AiceaacnvWy nf ummtulute* Ann* fin fleiyAri Poexs.C
laaa

(Van. R T , tl al ( (tecta sf oiofrnou* •'Binea rci eianna'at i

with particular referenen to iBemteane ftjw Aamt/m J.J,
1981

<Je I'fa'xnSef M *(oi !«*(» t Cell Moreewnl and • See*

(yrrarr’'! I'ir« loSO

tkthiie C A CouM Tour e( tha t<Tift,i Cetl New Ycrt X
Freeman. 19^8

(Vlhjae C arwt Witltjuf, K FunctMint af lyuwjmea At<a
/n*.eJ ?<4f, IwA

IVnehen. }5 M 'ed » Cell and Muule Mpljl.ty Now York. .

(Sfftuhlnc Carp 19S3

Faaceti D W 7V Cell (1 ila>{<i|>ria. W B Saambra Ca. 197
t anJCriuIia S Tias*t<i»< avt nriu'alKCi ef po'

^rararirr* tf ria'ure miUxhnftdrtil jrmnm f‘i,e» Tif CrU !

21217 t«s<

Fittr ft t and Oklef,«d. i U Purrainrdectilar eytolucr J
eeaulea >*J «»r t ,lo, 9} t 1»SI

Foaler S a-vd Rnlirki) tl I ye^mra in raaruUr aomtS K
cel'a /-I |V,hr II > a! <•]. r /(oAdVeJ Sx t
tl ftaPimmn' WillumaA Wi'kmtCa t9<l f 127

Fruftkel K B Vlarwtu rakiinre of orvrnlamt Anna Ktt

(t-wna i)K

19*2
Oirrwtaii' n d.<*rweliu: > R/r finit.tf

< CrtrahaenKtry Nrw kark,tJerah. I •«! “lyl

t»7j
(Jeldman K ll traJ Cyteplaimir £l«ra in mamesa'tsa r*Ir I

akeVtal »nd cur'rm'lle flemer'i Aaau /Irr fAtue/ ,4/^pi I

Oetji'rn t) |l The »!*»€*> of drg/« on rrulrata faidi'i Assa
CAa'mnnJ T-rtnJ 2# <7 ts*<

CiuiAB R h « a! SVtR >-uAas v{ isttareRnUi satal MWls
e«ll<aMl.aeue> daak Rn (I.iy.S.. UBl. iUi

llamnvmen » A Cetnr AtUa aJ Cy* >h«T, }(

SlvruwfK Ana’jmy I'aP f>er» I rtwa A ftthnarre^arf IS*
Heidi A If'eeariaBfia »f mt'rr uuh noB^dar lolBlae Asea
BaV>A» flews/ ;2 1 I9ss

Knm (. P Artis pJrrvniaiewi and lU r»ri'**Mi fee
,

iw.Mnu«rle<tl'« rS|ii,J ftr. O «*2
Kun/ r arriVaimi V The |heie‘t.iciral fcaaueftamin ftanswi

Ansu Rn rs«»tj JISI9 iS"}
Macnoh ft M and Aiuna ft I ILrMtenal Bintility

fterrllaroMlaf Anna ftm flicr>A>« IJawn/, JJM, 19St

MailwSra ft h T>w r'aima ilrmbra’i* New Yuri, JAiattiVy 4 :

19S.1

Mara's irrah K led' Adcanre* m Cell Culture New York. Ar*(

e I9SI
SlcCVekey M , an.) ftw .M M (‘niein diToekm is cell rmsskr

Si'ma hioloBital nipliraUwia Ini Rn CjW.*? 19. 19St
IftaHile i h Mi'jnkewArla ChVeeeplaela a») Rartmet Metttr

New Verk, lein/maD lot IWl
tVreroil {) ird I UciNide in Cell Bnlocy ThrtwDjnenjnanal I

atructure 19 (llBlc«y Sew York Ar^UmiePrase, 1981
Sckiaehtfr D kluldily and fuortioo oThepatoeyte ylaena rienli*-'*'

llrpaPJitgy 4 ltd, 1SS<

Slekhoven F ft. and IVnUn/ S 1. Traneport aderuMlaa InphoS^'
Ueeu Pr»t»nie» and funttiune RAytvjl. Kei.<( 1.19SI

Stephma. ft E and Idde, K T Mirroiubulee SlrurtuTf. ch»a»e*

and funrtinn Rhyuol Rn <6 709 1971 ^
Taeti/ II Allaeof Ultraetnmur* Neu York. AppleMo-CentaryAr*-

Iftefl

Teien, R Y tntraeelluUr meaaurenjenla of Ion octiviljea A"*» 4*
AuV'Aye flinrn/. (2 91 ISM

Uali, (J A andMaack. T Endocelit uptake, traneport andrataWs^
orprotemabyepitheliaJcelle Am J Wnarf. FfSCIT. IW^

Wheatley, D S Minirexiew On the poaeiHe WiportaBcaof
crllutarnnulalion (j/r-.Sci,J5 2S0, 1085

WiUmcham M C .and (’aelan. 1 Eniwjtmlsandeswytowr Cur^
rimrepU of VCTicVtraflic In animal cetli tnl Rn



Genetic Control of
Protein Synthesis,

Cell Function, and
Cell Reproduction

Almost everyone knows that the genes control hered-

ty from parents to children, but most persons do not

realize that the same genes control the reproduction of

ind the day*by*day function of all cells. The genes

jontrol cell function by determining what substances

will be synthesized within the cell—what structures,

what enzymes, what chemicals.

Figure 3-1 illustrates the general schema of genetic

control. Each gene, which is a nucleic acid called deoxy-

nbonucUze acid (DNA), automatically controls the for-

mation of another nucleic acid, ribonucleic acid

which spread throughout the cell and controls the

formation of a specific protein. Some proteins are struc-

tural proteins which, in association with various lipids,

form the strructures of the various organelles that were

discussed in the preceding chapter But by far the

majority of the proteins are enzymes that catalyze the

different chemical reactions in the cells For instance,

enzymes promote all the oxidative reactions that supply

energy to the cell, and they promote the synthesis of

various chemicals such as lipids, glycogen, adenosine

triphosphate, and so on.

For the formation of most cellular proteins there is

only one gene pair m each cell—that is, one gene on
each chromosome of a chromosomal pair. If all the DNA

Gena IONA)

i
RNA formation

i
Protein formation

/ \
Cell stnjctufi Cell enzymes

\ /
Cell function

njure ^i. Ceneral schema by which the genes conuo< cel
funaioa

of the cell functioned as genes there could theoretically

be more than 2 million of these. However, since most of

the DNA subserves other functions besides constituting

genes, it has been estimated that there are probably
about 30,000 essential genes in the human cell and
perhaps many more ihat are not essential, which means
that 30,000 types of essential proteins are formed in

dilTerent cells, though not all of these m the same cell

for reasons that we will discuss later in the chapter.

THE GENES

The genes are contained, large numbers of them
attached end on end, m long, double-stranded, helical

molecules of deoxyribonucleic acid (DNA) having moloo-
ular weights measured in the billions A very short

segment of such a molecule is illustrated in Figure 3-2.

Thi^ molecule is composed of several simple chemical
compounds arranged in a regular pattern explained in

the following few paragraphs

The Basic Building Blocks of DNA. Figure 3-3

illustrates the basic chemical compounds involved in

the formation of DNA These include (1) phosphoric
acid, (2) a sugar called deoxynbose, and (3) four nitro-

genous bases (two punnes, adenine and guanine, and
two pyrimidines, thymine and cytosine). The phosphoric

Figure 2. The beUcAl, double siranded sfruciuie of the gene.
The oucstde sitAnds are composed of phosphoric Aod ^ind the
sugar deoxyiibose. The Inierrul molecules connecting the two
strands of the helw are purlrse and pyrtmidate bases, these
determine the “code" of the gene.

27
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njure 3-3. The bA$k building blocks of ONA

acid and deoxyriboM fonii the two helical strands of theDNA molecule, and the bases lie between the strandsand connect them together
airanos

UNA is the wmbination of one molecule of phosphoric
acid, one molecule of deoxyribose, and one of the four

afe'?hSs fo™J Four separate nucleotides

i /

<onned, one for each of the four bases, deoxy-
adenj’/ic. (UoxythynudyUc. deoxyguanyUc. and dcoxycy-
ficfy/ic aci* Figure 3-1 illustrates the cheroicSlXc-

Smbols forlll “fH r"‘’ simple

DNA ^ that fom

Nucleotides to Form DNA.
m,mK!

‘l*“®trajes the manner in which multiplenumbers of nucleotides are bound together to form DNA
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Note that these are combined in such a way
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m the two separate strands, and these strands are
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the DNA^ turn of the helix
the DNA molecule, as was Illustrated in Figure3-2
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figure 3-6. Arransement of deoxynbose nucleotides In

NA.

UBONUCLEIC ACID (RNA)~
HE PROCESS OF TRANSCRIPTION

Since almost all DNA is located in the nucleus of the

cll and yet most of the functions of the cell arc earned

<ut in the cytoplasm, some means must be available for

he genes of the nucleus to control the chemical reactions

if the cytoplasm. This is achieved through the inter-

nediary ofanother type of nucleic acid, ribonucleic acid

RNA), the formation ofwhich is controlled by the DNA
if the nucleus; and in the process the code is transferred

o the RNA, which is called Iraiwri^lion. The RNA is

hen transported from the nucleus into the cytoplasmic

:avity where it controls protein synthesis.

Synt/ies/s of RNA

Dunng synthesis of RNA, the two strands of the DNA
molecule separate temporarily; one of these strands is

then used as a template for synthesis of the RNA
molecules. The code triplets in the DNA cause the
formation o( eomnlementary code tnoleta fc.illcd corfonsi

in the RNA; these codons m turn will control the
sequence of amino acids in a protein to be synthesized
later in the cytoplasm. When one strand ofDNA is used
m this manner to cause the formation of RNA, the
opposite strand remains inactive Each DNA helix is

such a large molecule that it carries the code for more
than 1000 genes.
The Basic Building Blocks of RNA. The basic

building blocks ofRNA are almost the same as those of
DNA except for two differences. First, the sugar deoxy*
nbose is not used m the formation of RNA. In its place

IS another sugar of very slightly different composition,
nfcosf^Sccond. thymine la replaced by another, pyruni-
dme. uracii^

Fomialion of RNA Nucleotides. The basic building
blocks ofRNA first form nucleotides exactly as described
above for the synthesis of DNA. Here again, four sepa-

rate nucleotides are used in the formation ofRNA. These
nucleotides contain the bases odentne.guanme, cytosine,

and uracil. Note that these are the same as the bases in

DNA except for one of them; the uracil replaces the
thymine in DNA.
Activation of the Nucleotides. The next step m the

synthesis of RNA is activation of the nucleotides. This
occurs by addition to each nucleotide of two phosphate
radicals to form triphosphates. These last two phos-
phates are combined with the nucleotide by high-energy
phosphate bonds derived from the ATP of the cell.

The result of this activation process is that large

quantities of energy are made available to each of the
nucleotides, and ^is energy is used in promotmg the
subsequent chemical reactions that eventuate in the

formation of the RNA chain

Assembly of the RNA Molecule from Activated
Nucleotides Using the DNA Strand as a Tem-
plate—The Process of Transcription. Assembly of

the KNA molecule Is accomplished in the manner illus-

trated in Figure S-7 under the influence of the enzyme
RNA polymerase. This is a very large eni^me that has
many tuncti^al properties necessary for the formation
of the RNA molecule. These are'

(1) In the DNA strand immediately ahead ofthe initial

gene is a sequence of nucleotides called the promoter.

The RNA polymerase has an appropriate complemen-
tary structure that recognizes this promoter and be-

DNA strand

•0—d-

I

•0— d-

I

o

-a— d-

I

D
I

V

•a— d'

i

0

-a-

I

V

-0— d-

I

0

I

figure 3-7. Combination of nbose nucleotides with a
strand of DNA to form a molecule of ribonucleic acid (RNA)
that carries the DNA code from the gene to the cytoplasm.
The RNA polymerase moves along the DNA strand and
builds the RNA molecule.

I I

p—n—p—R—p—R-
RNA molecule S.'
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P>o1<n« Swnt GIut»m.e«c*d

njure 3-8. Porfion of a ribonucleic acid molecute sho^fna

three "code • words CCC UCU, and GAA. which represent ihe

three amino adds proWne, serine, and glutamic acid

comes attached to it This is the essential step in initi-

ating the formation of the RNA molecule

(2) Once the RNA polymerase attaches to the pro-

moter. It causes unwinding of about one turn of the

DNA helix and separation of the unwound portions of

the two strands

(3) Then the poljTnerase moves along the DNA strand,

temporarily unwinding and separating the two DNA
strands at each stage of its movement As it moves
along. It forms the RNA molecule by the following steps:

(4 > First, it causes hydrogen bonds between the ba^
of the DNA strand and the bases of appropriate RNA
nucleotides in the nucleoplasm

(5) Then, one at a time, the RNA pol>Tnerase breaks

two of the three phosphate radicals away from each of

these RNA nucleotides, liberating large amounts of

energy from the broken high energy phosphate bonds;

this energy is used to cause covalent linkage of the

remaining phosphate on the nucleotide with the nbose
on the end of the growing RNA molecule

(61 When the RNA pol^erase reaches the end of the

gene or sequence of genes, it encounters a new sequence

of DNA nucleotides called the chain -termtnating se-

quence; this causes the polymerase to break away from
the DNA strand. Then the polymerase can attach some-

where else to be used again and again for forming new
RNA molecules

(7) As the new RNA strand is formed, its hydrogen
bonds with the DNA template break away because the

complementary strand of DNA has a higher energy of

bonding that forces the new RNA strand loose and
rebinds the two DNA strands In this way, the RNA
molecule is released into the nucleoplasm

It should be remembered that there are four different

types ofDNA bases and also four different types ofRNA
nucleotide bases Furthermore, these always combine
with each other in speciRc combinations 'Iherefore, the
code that is present in the DNA strand is transmitted

in eomptementary form to the RNA molecule. The nbose
nucleotide bases always combine with the deoxynbose
bases in the following combinations

DNA base RNA base

guanine .... cytosine
cytosine . . . .. guanine
adenine . , uranl
thymine . .... .. adenine

After the RNA molecules have been released into the
nucleoplasm, they still must be processed further before
entering the cytoplasm. The reason for this is that the

ly Iranscnbed RNA contains many unwant^ se-
lenctsofRNA nucleotides. Some of these occur at both

^
's of the RNA strand, but many others occur in the

'huddle of the strand; this unwanted matenal comprises,
on. the average, about five sixths of the total strand
Fortunately, a scries ofenzymes within the nucleoplasm

has the capability of cutting out these unwanted »
quences and then resplicing the RNA strand, s pncH

^lled RNA solieine The RNA is now ready to be tjsi

for the formation of proteins.

There are three separate of RNA, each of

plays an independent and entirely different role s

protein formation These are

(1) messenger RNA, which carries the genetic todel

the cytoplasm for controlling the formation of thepn

toms,

<2) transfer RNA, which transports activated

acids to the ribosomes to be used in assemb' j

protein molecules; and
<3) ribosomal RNA, which, along with almost

proteins, forms the ribosomes, the physical I-'

structure on which protein molecules are actually

sembled

AI£SS£NC£R RNA^THE "CODONS”

Messenger RNA molecules are long strands that

suspended in the cytoplasm These molecules:
composed of several hundred to several thousand c

cleotides in unpaired strands, and they contain

that are exactly complementary to the code triplet*

the genes Figure 3-8 illustrates a small segment of

molecule of messenger RNA Its condons are CCC, UC
and GAA These ore the codens for the amioo ki'

proline, senne, and glutamic acid Ihe transcripHcn

these codons from the DNA molecule was demojislnt

in Figure 3-7
RNA Codons. Table 3-1 gives the RNA codon* I

the 20 common amino acids found in protem mole™*
Note that most of the ammo acids are represeaffl

j

more than one^ codon
; also, one eoaon repr^e^ ^

signal “start i^nuTlctunng a protein molecule" ^

three codons represent “stop manufacturing a pfok

molecule ’’ In Table 3-1, these two types of codon* *

designated Cl for “chain-initiating” and CT for "chai

terminating.”

Table 5-1 RNA CODONS fOR THl DIFTERENT AM'Nt

r^DS AND FOR START AND STOP

Amino Acid RNA Codons

Alanine ecu CCC CCC
Aiginitie ecu CCC CCA CCC ACA AC

Asparagine AAU AAC
Aspsnlc add CAU CAC
Cysteine UCU UOC
Cknamic acid CAA CAC
auMmlnc CAA CAC

ecu CCC GCA COG
Histidine CAU
Isoleuclne AUU AUC AUA
leucine CUU CUC CUA CUC UUA
lysine AAA AAC
MetWonIne AUG
rhenyUlanlne uuu uuc

ecu CCC CCC
Serine UCU UCC UCA UCC ACC At

Thieortne ACU ACC ACA ACC
Tryptophan UCG
Tyrosine UAU UAC
Valine CUU CUC CUA CUC

Stan fCI) AUC
Stop (CT) UAA UAO UCA
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yWSFER RNA—THE •‘ANHCODONS'’

rAnother type of RNA that plays a prominent role in

otein synthesis is called transfer RNA because it

^ansfers amino acid molecules to protein molecules as

.e protein is synthesized. There are many dtflerent

'pes of transfer RNA, but each type will combine
.•eciiically with only one of the 20 amino acids that are

Incorporated into proteins. The transfer RNA then acts

j a carrier to transport its specific type of amino acid

^
the nbosomes where protein molecules are formed. In

je nbosomes, each specific type of transfer RNA rec-

'piizes a particular codon on the messenger RNA, as is

.sscnbed below, and thereby delivers flie apprc^nate

mino acid to the appropriate place in the chain of the

ewly forming protein molecule.
• " RNA, containing only about 80 nucleotides,

I a relatively small molecule in comparison with mes-
snger RNA. It is a folded chain of nucleotides with a
loverleaf appearance similar to that illustrated in Fig-

re 3-9. At one end of the molecule is always an adenylic

cid; It is to this that the transported ammo aad at-

aches to a hydroxyl group of the nbose in the adenylic

.cid. A specific enzyme causes this attachment for each
pecific type of transfer RNA; this enzyme also deter-

nines the type of amino acid that will attach to the

espective type of transfer RNA
Since the function of transfer RNA is to cause attach*

aent of a specific azoino acid to a fonnmg protein chain,

t is essential that each type of transfer RNA also have
ipecificity for a particular codon m the messenger RNA.

specific code in the transfer RNA that allows it to

'ecognize a specific codoo is again a triplet of nucleotide
sases and is called an ant icodon . This is lotetid'approx-

imately in the middle of fhelransfer RNA molecule (at

the bottom of the cloverleaf configuration illustrated in

Pigure 3-9). During formation of a protein molecule.
' “ anticodon bases combine loosely by hydrogen bond*
ing with the codon bases of the messenger RNA. In this

way the respective amino acids are lined up one alter

another along the messenger RNA chain, thus estab-

lishing the appropriate sequence of ammo acids m the
protem molecule.

RNAmoiremenl

figure 1-9. Mechanism by which e protein molecule is formed
In ribosomes In assoclAClon with messenger RNA and nansfer
RNA.

RJBOSOMAL RNA

The third type ofRNA in the cell is ribosomal RNA;
it constitutes about 60 per cent of the nbosome. The
remainder of the ribosome is protein, containing almost
100 different types of proteins that are both structural
proteins and enzymes needed m the manufacture of
protem molecules.

The nbosome is the physical and chemical structure
in the cytoplasm on which protein molecules are actually
S3mthesized. However, it always functions in association

with both the other types ofRNA as well: transfer RNA
transports amino acids to the nbosomes for incorpora-
tion into the developing protein molecules, while mes-
senger RNA provides the information necessary for

sequencing the amino acids in proper order for each
specific type of protem to be manufactured.
The nbosomes are composed of two physical subunits,

called the small subunit, containing 1 RNA molecule
and 33 proteins, and the large subunit, containing 3
RNAs and more than 40 proteins. Though wc have only
partial knowledge of the mechanism of protem manu-
facture in the nbosome, it is known that messenger
RNA and transfer RNA first complex with the small
subunit Then the large subunit provides most of the

enzymes that promote peptide linkages between the

successive ammo acids Thus, the rilwsome acts as a
manufactunng plant m which the protein molecules are
formed
Formation of Ribosomes in the Nucleolus. The

DNA genes for formation of ribosomal RNA are located

m five different chromosomal pairs of the nucleus, and
each chromosome contains many duplicates of these

genes because of the large amount of ribosomal RNA
required for cellular function

As the ribosomal RNA forms, it collects in the nuc/eo-

lus, a speaalized structure lying adjacent to the chro-

mosomes. When large amounts of nbosomal RNA are
being synthesized, as occurs in cells that manufacture
large amounts of protem, the nucleolus is a very large

structure, while in cells that synthesize very little pro-

tein the nucleolus may not be seen at all. The ribosomal

RNA 13 specially processed in the nucleolus and com-
bined with "nbosomal proteins" to form granular con-

densation products that are primordial subunits of the

nbosomes. These subunits are then released from the

nucleolus and transported through the large pores of
the nuclear envelope to almost all parts ofthe cytoplasm

Only alter the subunits enter the cytoplasm are they
assembled to form mature, functional n^somes. There-
fore. proteins are not formed in the nucleus because the
nucleus docs not contain mature nbosomes.

FORMATION OF PROTEINS ON THE
RJBOSOMES—THE PROCESS OF
TRANSLATION

When a molecule of messenger RNA comes in contact
with a nbosome, it trai'els along the nbosome, beginning
at a predetermined point on the RNA molecule specified
by an appropnate sequence of RNA bases. Then, as
illustrated in Figure 3-9, while the messenger RNA
travels along the nbosome, a protein molecule is

Ibmcd—a process called translation. Thus, the nbosome
reads the code of the messenger RNA m much the same
way that a tape is “read" as it passes through the
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playback head of a tape recorder. Then, when a *6top”

(or "cham-terminating”) codon slips past the ribosome,

the end of a protein molecule is signaled, and the entire

molecule is freed into the cytoplasm

PoljTibosomes. A single messenger RNA molecule

can form protein molecules in several different ribo-

somes at the same time, the molecule passing along a

successive nbosome as it leaves the first, as shown in

Figure 3-9 The protein molecules obviously are In

different stages of development m each nbosome As a
result, clusters of ribosomes frequently occur, three to

eight n^somes being attached together by a single

messenger RNA at the same time These clusters are

called polyribosomes

It IS especially important to note that a messenger

RNA can cause the formation of a protein molecule in

any ribosome, and that there is no specificity of ribo*

somes for given types of protein The nbosome la simply
the structure in which or on which the chemical reac-

tions take place

Attachment of Ribosomes to (he Endoplasmic
Reticulum. In the previous chapter it was noted that

many of the ribosomes become attached to the endo-

plasmic reticulum This does not occur until the ribo-

somes begin to form the protein molecules However,
the initial ends of certain types of protein molecules

immediately attach themselves to specific receptor sites

on the endoplasmic reticulum, which causes these mol-
ecules to penetrate the reticulum wall and enter the
endoplasmic reticulum matrix This occurs while the
protein molecule is still being formed by the nbosome.
which pulls the nbosome against the endoplasmic retw-
utum, thereby giving the '‘granular" appearance to this

relieuium The reason these proteins attach to the en-
doplasmic reticulum is that they have a special sequence
of ammo acids cm their initial ends with specific binding
affinity for the receptors on the reticulum These initial

ammo aads are then removed as the protein enters the
reticulum matrix and are replaced by saccharide moie-
ties, giving nse to the typical glycosylated proteins that
are processed in the endoplasmic reticulum
Figure 3-10 shows the functional relationship of mes-

senger RNA to the ribosomes and also the manner m
which the nbosomes attach to the membrane of the
endoplasmic reticulum Note the process of translation

occurring in several ribosomes at the same time in

response to the same strand of messenger RNA And
note also the newly forming polypeptide chains passing
through the endoplasmic reticulum membrane into the
endoplasmic matrix.

Yet, it should be noted that, except in glandul

that form large amounts of protein-containing seen

.

vesicles, most proteins formed on the ribosonitt

.

released directly into the cytosol and are not of >

glycosylated variety. These arc the eniymcs and

tural proteins of the cytosol.

Chemical Steps in Protein Synthesis. Somci^i’

chemical events that occur in synthesis of a •

molecule are illustrated in Figure 3-11. This

shows representative reactions for three
,

acids, AA|, AA„ and AA„. The stages of the

are the following; (1) Each amino acid is aclu'aled bji

chemical process in which ATP combines withThe

acid to form an adenosine monophosphate compl

the amino acid, giving up two high energy
*

bonds in the process (2) The activated amino
having an excess of energy, then combines mth

specific transfer RKA to form an amino acid-tRS

complex and, at the same time, releases the

monophosphate (3) The transfer RNA carrying >.

ammo acid complex then comes in contact with

messenger RNA molecule m the nbosome where di

anticodon of the transfer RNA attaches temporarily

'

ita specific codon of the messenger RNA, thus lining o

the ammo acids in appropriate sequence to foro

protein molecule. Then, under the influence of the e(

eyme peptidyl iransferase. one of the proteins in tJ

nbosome, ptpliSrVonds are formed ^tween the siKtf

ane amino acids, thus adding progressively to the js*

tern tham These chemical events require the eitfrt

horn two additional high energy phosphate bonds, nul

ing a total of four high energy bonds utilised for »sf

ammo acid odded to the protein chain. Thus, thssyf

thesis of proteins Is one of the most energy-consnintf

processes of the cel)

Peptide JJnlca^e. The successive amino acids inv

protein chain combine w-ith ench other according to v

following typical reaction.

Nil, O MR
I II 11R—c—0— on + n —N—c-cooH —

NH, O H R

R—G C—N—C—COOH -h HiO

In this chemical reaction, a hydroxyl radical is rcmo^^

from the COOH portion of one ammo acid while

hydrogen of the NH, portion of the other ammo add

Ttsiwe 5-tO. An enSsis concept of me physical stoucture of the ribosomes as welt as their functional reUttonsWp »
messenger RNA. transfer RNA. and the endoplasmic redculum durfns the formation of protein molecules (From Bloom and
Fawcett A Textbook of Histolo© tOthed rhRaete%iNa.W B SaundTO Company. 19751
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gure 3-il. ChemlCAl events in the formation of 4 protein

ecule.

noved. These combine to form water, and the two
ictive sites left on the two successive amino acids

nbine, resulting in a single molecule. This process is

led peptide linkage.

NTHESIS OF OTHER
> IN THE CELL

Many thousand protein entymes formed in the man-
r just described control essentially all the other chem-
il reactions that take place in cells These enzymes
smote synthesis of lipids, glycogen, purines, pynmi*
les, and hundreds of other substances. We will discuss

any of these synthetic processes in relation to carbo-

dratc, lipid, and protein metabolism in Chapters 67
rough 69. It is by means of all these different sub-
ances that the many functions of the ceils are per-

rmed.

ONTROL OF GENETIC FUNCTION
ND BIOCHEMICAL ACTIVITY IN
ELLS

ferent functional characteristics in separate types of

“differentiated” cells, some providing muscle activity,

others glandular secretion, and still others the many
other bodily functions

Another important function of the intracellular con-

trol mechanisms is to control the rates of sjmthesis of

the different intracellular chemicals. It would be unwise
for a cell to continue forming biochemical products that

are not needed in the cell. Or under oth^r conditions, a
cell may need an excess of one particular product but

veiy little of others. For these reasons, a host of intra-

cellular control systems is present in each cell for main-

taining appropriate functional balance aiflong the many
biochemical synthetic processes

CtNLTIC RICUIATION

The Operon and Its Control of Biochemical Syn-
thesis—Function of the “Promoter.” The synthesis

of a cellular biochemical product usually requires a

senes of reactions, and each of these reactions is cata-

lyzed by a special protein enzyme Formation of all the

enz>'mes needed for the synthetic process is often con-

trolled by a sequence ofgenes located in series one after

the other on the same cHfbmosomaJ DNA strand. This

area of the DNA strand is called an operon^and the

genes responsible for forming the respective enzymes

are called the structurqi genes In Figufe 3-12, three

respective structural genes are illustrated an operon,

and It is shown that they control the fonflation of three

respective enzymes utilized m a particular biochemical

synthetic process

Now note in the figure the segment on the DNA
strand called the promoter This is a series of nucleotides

that has specific affinitylor RNA polymerase, as already

discussed. The polymerase must bind with this promoter

before it can begin traveling along the pNA strand to

synthesize RNA. Therefore, the promoter la the essential

element m activating the operon

Control of the Operon by a “Repressor Pro-

tein”—The “Repressor Operator.” Al50 note an ad-

ditional band of nucleotides lying in the middle of the

promoter This area is called a repressor operatorbec&use

a “regulatory” protein can bind here apd prevent at-

tachment of RNA polymerase to the proinoter, thereby

blocking transcription of the genes Such a regulatory

protein is called a repressor protein. However, each

regulatory repressor protein generally exists m two

There are basically two different methods by which
le biochemical activities in the cell are controlled. One
these is called genetic regulation, in which the activ-

ies of the genes themselves are controlled, and the
her enzyme regulation, in which the activity rates of
le enzymes within the cell are controlled.

Strange as it may seem, every nucleated cell of the
>dy contains the same set of genes as those originally

resent in the fertilized ovum from which the body was
irmed. Therefore, the vast differences in the different

Ties of cells result not from different types of genes in
le cells but instead from repression or activation of

ifferent genes in different cells. This effect is called

ifferentialion of the cells, a subject that we will discuss
1 more detail later in the chapter. The respective genes
re repressed or activated by special intracellular ge-

etic control mechanisms that allow expression of dif-

Note that the synthesized product exerts a negauve feedback to

inhibit function of the operon, in this way automatically controlling

the concentration of the product Itself.
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different aDosteric forms, one that can bind with the

operator and repress transcription and the other that

does not bind. That is. one of its forms mifthl be a

straight protein molecule and the other the same mole*

cule bent at an angle in the middle. Only one of these

forma can repress the operator In turn, various nonpro*

tein substances in the cell, such as some of the cell

metabolites, can bind with the repressor protein to

change its allosteric state A substance that causes it to

change so that it will bind with the operator and stop

transcription is called a repressor substance or inAi6i/or

substance On the other hand, a substance that changes

the repressor protein so that it will break its bond with

the operator is called an ac/ii*ator substance or inducer

substance because it activates, or induces, the transcrip-

tion process by removing the repressor protein

To illustrate the control of gene transcription by a

repressor protein, let us give on example The saccharide

lactose usually is not available to cells as a food sub-

strate Therefore, the cells normally will not synthesue
the required enzymes for metabolic breakdown of lac-

tose. However, when lactose does become available, it

induces an allosteric conformational change in a repres-

sor protein, causing it to break away from a repressor

operator on theoperon that transcribes for tlic necessary

metabolic enzymes Therefore the operon becomes d<-

repressed, and within a few hours the appropnatc en-

zymes are present in the cell to cause breakdown of the

lactose Then, as the lactose begins to disappear from
wilhm the cell, the rate of synthesis of the enzymes also

decreases back to that level only required for the amount
of lactose that is available Thus one can sec the logic

of having such regulatory systems in the cell

Control of the Operon by an "Acllvotor Pro-
tein”—The “Activator Operator.” Now cote m Figure
3-12 another operator, called the ocluafor operoior, that

lies adjacent to but ahead of tho promoter. W'hen a
regulatory protein binds to this operator, it helps to

attract the RNA polymerase to the promoter, in this

way activalmg the operon Therefore, a regulatory pro-
tein of this type is called an octiixitorprotriri Theoperon
can be activated or inhibited through the activator

operator m ways exactly opposite to the control of the
repTCssoT operator

Negative Peedbach Control of the Operon. Fi-

nally, note m Figure 3-12 that the prcsenceof a critical

amount of a synthesized product in the cell can cause
negative feedback inhibition of the operon that is re-

sponsible for Its synthesis. It can do this either by
causing a regulatory repressor protein to bind at the
repressor operator or a regulatory^tivator protein to
break its bond wTth the activator operator In either
case, the operon becomes inhibited 'Iherefore, once the
required synthesized product has become abundant
enough, the operon becomes dormant On the other
hand, when the synthesized product becomes degraded
in the cell and its concentration falls, the operon once
again becomes active In this way, the concentration of

'jthe product is automatically controlled
' 3 Other Mechanisms for Control of Transcription
Ay the Operon. Variations in the basic mechanism for
control of the operon have been discovered with rapidity
in the last few years Without giving details, let us list

some of these
tl) An operon is frequently controlled by a regulatory

gene located elsewhere In the genetic complex of the
nucleus That is, the regulatory gene causes the forma-

tion of a regulatory protein that in turn acts eilberz

an activator or a repressor substance to control b
operon.

12) Occasionally, many different operons are cont-v^c

at the same time by the aame regulatory protein. Ac

in some instances, the same rcg".*
‘

os on activator for one operon and as a repre«snffi

ano^er operon When multiple operons are contrir>

simultaneously in this manner, all the operons d.s

function together arc called a rvgulon.

(3) Some operons arc controlled not at the staru

point of transcription on the DNA strand but iastn

farther along the strand And, sometimes, theconL-cili

not even at the DNA strand itself but is instead
'

the processing of the RNA molecules In the oucle

before they are released into the cytoplasm; or, ran’:

control might occur at the level of RNA translatiwl

(he nbosomes
Because there are as many as 30,000 to 100,

O'

different genes mcach cell, the large numberofdiff

wajs in which genetic activity can be contro"
'

surpnsing Through these control mechanifins, .

cialiy through negative feedback controls, the cel!

able to maintain appropriate concentrations of its

.

es.sary functional biochcmicals The genetic control ..

terns arc eipccially important for controlling the ^

cellular concentrations of ammo acids, amino

derivatives, and many if not most of the • ’

,

substrates of carbohydrate, lipid, and protein

lism

CONTROL or [NZYMLACmm
In the same way that inhibitors and acti

affect the genetic regulatory system, so al» *#“ •

enzymes themselves be dir«tly controlled by ether'

hibitors or activators This, therefore, represent a a

ond category of mechanisms by which rt>
’

ical functions con be controlled

Enzyme Inhibition. A great many of the vl

eubstances formed in the cell have a direct feedfcs

effect in inhibiting the respective enzyme systems ti

synthesize them Almost always the synthesized prod'.

acts on the first cnz>Tne in a scq'uence, rather than

the subsequent enzymes, usually binding directly

the enzyme and causing an allosteric confonaatioi

change that inactivates it. One can readily recogni

the importance of inactivating this first enzyo*

prevents buildup of intermediary products that will t

be utilized.

This process of enzyme inhibition is another cxami

of negative feedback control, it is responsible for n
trolling the intracellular concentrations of some oft

omino acids that are not controlled by the geM
mechanism as well as the concentrations ofthe puna

the pyrimidines, vitamins, and other substances

Enzyme Activation. Enzymes that are cither O'

mally Inactive or that have been inactivated by M'

inhibitor substance often can be activated. An exani]

of this is the action of cyclic adenosine monophosplu

(AMP) in causing glycogen to split and release glun

molecules to form high energy ATP as discussed in 1

previous chapter. When most of the adenosine tripb'

phate has been depleted in a cell,a considerable atnoiJ

of cyclic AMP begins to be formed as a breakdo'

product of the ATP; the presence of this cyclic AJ

MvdKBtes that the cellular reserves of ATP have «
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“jached a low ebb. However, the cyclic AMP immcdi-

jly activates the glycogen-splitting enzjTne phosphor-

^ise, liberating glucose molecules that are rapidly

[ed for replenishment of the ATP stores. Thus, in this

ye the cyclic AMP acts as an enzyme activator and
'ereby helps control intracellular ATP concentration.

’Another interesting instance of both enzyme tnhibi-

in and cnz>'me activation occurs in the formation of

’e purines and pyrimidines. These substances are
eded by the cell in approximately equal quantities for

•rmation of DNA and RNA. ^Vhen punnes are formed,

‘ey inhibit the enzymes that arc required for formation
' additional purines. However, they activate the en-

mes for formation of the pynmidines. Conversely, the

’/rimidines inhibit their own enz>mes but activate the

'irine enzjmes. In this way there is continual cross-

'ed between the synthesizing systems for these two
ibstances, resulting in almost exactly equal amounts
'the tw'o substances in the cells at all times.
- In summary, there are two principal methods by which
le ceils control proper proportions and proper quan-
'ties of different cellular constituents. (1) the mecha-
ism of genetic regulation, and (2) the mechanism of

ozyme regulation. The genes can be either activated or

•ihibited, and, likewise, the enzyme systems can be
^ther activated or inhibited. Most often, these regula-

rly mechanisms function as feedback control systems
hat continually monitor the cell's biochemical coropo-
'

'
'

' ' make corrections as needed. But, on occasion,

ubstances from without the cell (especially some of the
ormoncs that will be discussed later in this text) also

ontrol the intracellular biochemical reactions by acti-

ating or inhibiting one or more of the intracellular

ontrol systems.

m REPRODUCTION

Cell reproduction is another example of the pervading,

ibiquitous role that the DNA-genetic system plays in

ill life processes. It is the genes and their regulatory

nechanisms that determine the growth characteristics

if the cells and also when or whether Uiese cells will

livide to form new cells. In this way, this all-important

lenetic system controls each stage m the development
if the human bemg from the single-cell fertilized ovum
to the whole functioning body. Thus, if there is any
central theme to life it is the DNA-genetic system.
' The Life Cycle of the Cell. The life cycle of a cell is

the period of time from reproduction to reproduction,

^^en cells are not inhibited and are reproducing as
rapidly as they can, this life cycle lasts for 10 to 30
hours. It is terminated by a senes of distinct physical

events called mitosis that cause division of the cell into

two new daughter cells. The events of mitosis are illus-

trated in Figure 3-13 and will be described later. The
actual stage of mitosis, however, lasts for only about 30
minutes, so that more than 95 per cent of the life cycle

'is represented by the interval between mitosis, caJled

^inteijihase. In fact, except in special conditions of rapid

'cellular reproduction, inhibitory controls almost always
' slow or stop the uninhibited life cycle of the cell. There-
” re, different cells of the body have life cycle periods
'that vary from as iittle as 10 hours for stimulated bone
marrow cells to an entire lifetime of the human body

' for nerve and striated muscle cells.

Immediately after new daughter cells are formed, they

Hgure 3-13. Suges In the reproduction of (he cell A. B. and
C prophase. D. promeuphase. t metaphase; F. anaphase, C and
H. telophase (Redrawn From Mazla. Sc/. Am, 205-102, 1961. 0
by Stientific Americaa Inc. AJI rights reserved

)

are still small, but they enter an initial period of rapid

growth consisting of rapid formation of RNA, extensive

protein synthesis, and accumulation of increased quan-

tities of nucleoplasm and cytoplasm During rapid cell

reproduction, this period lasts for 20 to 40 per cent of

the total life cycle.

RIPLICATION OF THE DSA

As is true of almost all other important events in the

cell, reproduction begins in the nucleus itself. The first

step is replication (duplication) of all DNA in the chro-

mosomes Only after this has occurred can mitosis take

place

The DMA begins to be duplicated some 5 to 10 hours

before mitosis, and this is completed in 4 to 8 hours.

The DNA is duplicated only once, so that the net result

IS two exact replicates of all DNA These replicates, in

turn, become DNA in the two new daughter cells

that will be formed at mitosis Following replication of

the DNA there is another period of 1 to 2 hours before

mitosis begins abruptly. However, even during this

period, prelimmaxy changes are already beginning to

take place that will lead to the mitotic process.

Chemical and Physical Events of DNA Replica-
tion. DNA IS replicated in much the same way that

RNA is transcribed by DNA except for a few important
differences;

(1) Both strands of the DNA are replicated, not simply
one of them.

<2) Both entire strands ofthe DNA helix are replicated
from end to end rather than small portions of them as
occurs in the transcription ofRNA by the genes. These
two DNA strands contain more than 1000 genes.
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(3) The principul enzy-me for replicatini? DNA is fWA
poh merase rather than RNA polymerase It lines up the

DNA nucleotides in the appropriate order while Ibe

enzymeDNA lu^ivie causes attachment of the aurceMlvc

nucleotides to each other, utilizinR hfph enerRy phos-

phate bonds to encrRiie these attachments

(4) Formation of each new DNA strand occurs simul-

taneously in multiple segments at many different points

along each of the two strands of the htli* Then the

ends of the subunits ore joined together by the DNA
ligase enzyme

15) Each newly formed strand of DNA remains at-

tached to the original DNA strand that is u«cd as its

template Therefore, two new DNA helixes are formed

that art' exact duplicates of each other and that are stiD

coiled together

(6) Because tho DNA helixes in each chromosome are

about G cm in length and have millions of turns in each

helix. It would he impossihle for the two newly formed

DNA helixes in uncnil from cnch other were u not fi>r

some special mechanism This is achicvr-d h> enzymes
that periodically cut each helix along its entire length,

rotate each segment, and then resplico the helix Thus,
the two new helixes become uncoiled

DNA Ucpalr and DNA “Proofrcndlng." Dunng the

few hours between DNA replication ond the beginning

of mitosis, there is a period of very active repair and
’proofreading" of the DNA strands That is, wherever
inappropriate DNA nucleotides haie been matched up
with the nucleotides of the original template strand,

special eniymes cut out the defective areas ond replace

these with the appropriate eomplemeniary nucleotides

This IS achieved bv the s-ame DNA polymcra<e and DNA
Hgase that are used in the process of replication This
repair prewess is referred to as DNA pnofreaditifi

Because of repair and proofreading, the transcription

process almost never makes a mistake But when a
mistake is made, this is called a muioiion, it in turn
will cause the formation of some abnormal protein m
the cell, oBen leading to abnormal cellular function and
sometimes even to death Yet, because of the precision

of the tranKnption process, it has been calculated that
each human gene mutates only about once m eveo'
200,000 years of human life Nevertheless, when one
realizes that there are 30,000 to 100,000 genes in the
human genome and that the period from one generation
to another is about 30 years, one would still expect as

many as three to ten mutations m the passage of the
genome from parent to child Fortunately, though, each
human genome is represented by two separate seta of
chromosomes with almost identical genes so that one
functional gene olmost always is still available to the
child despite a mutation

THE CHROMOSOMES
AND THEIR REPIICATION

' The DNA helixes of tho nucleus are packaged in the
' romosomes The human cell contains 46 chromosomes
irranged in 23 pairs Most of the genes in (he two

' chromosomes of each pair are identical or almost Iden-
tical with each other, so that it is usually stated that
the different genes also exist m pairs, though occasion-
aly this is not the case
Aside from the DNA in the chromosome there is also

1 a large amount of protein, composed mainly of many
J

small molecules of electropositlvely charged hutones.

The histones arc organized into vast numben cf

hobVin-like cores. Successive nepmenls of each I)^

helix are colled sequentially around one core iflwt

other TTicn the successive cores arc pocked Ooetot

of the other, thus allowing the tremendously loiijft*

matecule, having a linear length of6 era and a mclced

weight cf about 60 billion, to bs‘ packaged in a rel

nntl folded nirangement that Is only a few raicraa

length

The histone cores of the chromosome prebabit t

ploy an important role in the regulationof O.VAactin

because ns long ns the DNA is packaged tightly ittiu

function as a template either for the formation of E.'

or for repbMl't'n of R^'A Furthermore, tent

the regulatory proteins have been shown to dwmdw
the hiktone packaging of the DNA and to allow If

segments at a time to form RNA Thus, this is ftl

higher order of regulation than the types of rrgubt

discussed earlier

Several nonhistone protems on* also major ccc

nenU of chromosomes, probably functioning mzirlj

connection with the genetic regulatory machir.crjr.i

mg as aclivators. inhibitors, and enzymes
Replication of the chromosomes follows as a nit:

result of replication of the DNA helixes, the new C

helixes collecting new protein molmiles as needed

(his ^tage. the two newly formed chromosomes artd
chrcmBfiiii They remain tcmporanly attached taC

other tuntil the time for miiosisi at a point called

(cntronierr tneoted near the center of each of the a

matids

AHTOSIS

The actual process by which the cell splits into

new fells IS called milosit Once the genes hove i

duplicated and each chromosome has split to fom
tw-o chromatids, mitosis follows automatically wilhit

hour or two
Tho Mitotic Apparatus. One of the first event

mitosis takes place in the cytoplasm, occurring dui

the latter part of interphase and early part of proph

in or nround the small structurrs called rentnoici

illustrated in Figure 3-13, two pairs of centnol«
close to rach other near one pole of the nucleus. <TI

centnolrs, like the DNA and chromosomM. had

been replicated during interphase, usually shortly b*

(he replication of the DNA i Each ecntriole is fl R
cylindncnl body about 0 4 micron long and about

micron in diameter, consisting mainly of nine par*

tubule-likc structures arranged around the Inner'

of the cylinder The two centnoles of each pair b
right ongles to each other
Shortly before mitosis is to take place, the two p

of contnoles begin to move apart from each other,

la causedTjy protein microtubules growing between
respective pairs and actually pushing them apart

the same tune, other microtulmles grow radially' a

from each of the ccntriole pairs, forming a spmy «

called the aster, in each end of the cell Some of

spines penetrate the nucleus and will play a rol

separating the two sets of chromatids during nut'

The complex of microtubules connecting the two
tmle pairs is called the spind/c, and the entire k
microtubules plus the two pairs of ccntriolcs Is ca

the imrofic apparatus.
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Prophase. The first stage of mitosis, called prophase,

shown in Figure 3-13A, B, and C. \SQiile the spindle

forming, the chromosomes of the nucleus, which m
icrphase consist of loosely coiled strands, become con*

nsed into well-dehned chromosomes.

Prometaphase. During this stage <Fig. 3-13D), the

clear envelope fragments. At the same time, a new
L of microtubules begins to extend outward from a
lall condensed portion of each chromatid called the

,elochore, located on the outside of the centromere
lere thF two chromatids are attached to each other

lese new microtubules, in turn, either become attached

or interact with the microtubules from the two asters

the mitotic apparatus, with one chromatid connecting

one of the asters and the other chromatid connecting

the opposite aster.

Metaphase. During metaphase (Fig 3—13E), the two
ters of the mitotic apparatus are pushed farther^part

' additional growth of the mitotic spindle~Sunultane-
Esly the chromatids are pulled tightly by the attached

icrotubules to the very center of the cell, lining up to

rm the equatorial plate of the mitotic spindle

Anaphase. During this phase (Fig 3-13F>. the two
iromatids of each chromosome are pulled apart at the
ntromere. Exactly how the microtubular system
.uses this is not known, except that it is known that
le microtubules contain acUn. which is one of the

ntractile proteins of muscle. Therefore, it has been
'esumed that the microtubules might contract or that
le chromosomal tubules might m some way interact

ith the microtubules of the aster to cause the pulling

rce. Regardless of the mechanism, all 46 pairs of

iromatids are separated, forming two separate sets of
} daughter chromosomes. One of these sets is pulled
iward one mitotic aster and the other toward the other
ster at the two respective poles of the dividing cell

Telophase. In telophase (Fig. 3-13G and Hi, the two
Its ofdaughter chromosomes are now pulled completely
Dart. Then the mitotic apparatus dissolutes and a new
uclear membrane develops around each set of chro-
losomes, this membrane being formed from portions of
le endoplasmic reticulum that are already present m
le cytoplasm. Shortly thereafter, the cell pinches in

VO midway between the two nuclei, for reasons mainly
nexplained at present, except. (1) It is the tw'o asters
lat initiate the cell division, each of the two daughter
ills being composed of the portion of the cell occupied

y a dissoluting aster. And (2) a contractile ring of

ucrofilaments composed of actm and probably myosin,
le two contractile proteins of muscle, develops at the
incture of the newly developing cells and pinches them
ft from each other.

ONTROL or era CROtVTH
l\0 RIPRODUCTION

In the normal human body, regulation of cell growth
nd reproduction is mainly a m>’3tcry. We know that

:rtain cells grow and reproduce all the time, such os
1C blood-forming cells of the bone marrow, the germinal
Oera of the skin, and the epithelium of the gut How*
ver, many other cells, such os smooth muscle ceils, do
ot reproduce for many jears And a few cells, such as
ic neurons and stnated muscle cells, do not reproduce
unng the entire life of the person.
If there IS on insufficiency of some l>pes of cells in

iie body, these will grow and reproduce very rapidly
ntil appropnatc numbers of them are ogam available

For instance, seven-eighths of the liver can be removed
surgically, and the cells of the remaining onc-eighlh
will grow and divide until the liver mass returns almost
to normal. The same effect occurs for almost all glan-
dular cells, for cells of the bone marrow, the subcuta-
neous tissue, the intestinal epithelium, and almost any
other tissue except highly differentiated cells, such as
nerve and muscle cells

We know very little about the mechanisms that mum-
tain proper numbers of the different types of cells m the
body. However, experiments have shown at least three
ways in which growth can be controlled. First, growth
IS often controlled by growth factors that come from
other parts of the body Some of these circulate in the
blood, but others originate in adjacent tissues For in-

stance. the epithelial cells of some glands, such as the
pancreas, will fail to grow without a growth factor from
the sublymg connective tissue of the gland Second,
most normal cells will stop growing when they have run
out of space for grow’th This occurs when cells are grown
in tissue culture, the cells will grow until they contact

a solid object and then growth will slop Third, cells

grown in tissue culture often will slop growing when
minute amounts of their own secretions are allowed to

collect m the culture medium This, too, could provide a
means for feedback control of growth
Regulation of Cell Size. Cell size is determined

almost entirely by the amount of DNA m the nucleus
If replication of the DNA does not occur, the cell grows
to a certain size and thereafter remains at that size On
the other hand, it is possible, by use of the chemical
colchicine, to prevent formation of the mitotic spindle

and therefore to prevent mitosis also, even though rep-

lication of the DNA continues In this event, the nucleus

then contains far greater quantities of DNA than nor-

mally. and the cell grows proportionately larger It is

assumed that this results simply from increased produc-

tion of HNA and cell proteins, which m turn cauve the

cell to grow larger

CELL DIFFERENTIATION

A special charactcnstic of cell growth and ceil division

IS cell differentiation, which means changes in phvsical

and functional properties of cells as they proliferate in

the embryo to form the different bodily slruclures

However, our problem here is not to describe the stages

of differenliation but simply to discuss the theories

concerning the means by which the cells change their

characteristics to form ail the different organs and
tissues of the body
The earliest and simplest theory for explaining differ-

entiation was that the genetic composition of the nucleus
undergoes changes dunng successive generations ofcells

in such a way that one daughter cell inherits a different

set of genes from that of the other daughter cell

However, this theory has now been completely dis-

proved in many wavs but especiaily well illurtrated by
the following simple experiment The nucleus from an
intestinal mucosal cell of a frog, when surgic.i!ly im-

planted into a frog ovum from which the original nucleus

has been removed, will often cause the formation of a

completely normal frog. This demonstrates that even

the intestinal mucosal cell, which is a rc.i'^^naMy 11-

ditfcrcntiatcd cell, still carries all ihL- ncct

information for development of all .

in the frog’s body.
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Thorcfnit’, u has \)Ctamv clca^ lh,»^ diffptctvtiation

results noi from loss of genos but tn>ti*nd from selectise

repression of riilTerenl venrtic tpernns In fact. »-kclron

niicrn^Tnphs siiRKPSt tlril some ferments ofDNA hrlmcs

wound around hislone core* tnenme so fondensttl that

they will no longer uncoil to form IlNA rnolecuU** One
suggestion for the cause of this effect is the following

It has been supposed ih.it a regulatory gene m the

genome begins to produce a regulatory protein that

causes positiie fccdb.ack iictiiifttion of this Mmo regu-

latory gene, but the same regulatory protein represses

another select group of penes Once the positivefecdharlc

process begins, it never slops «o that the repre»‘<d fenn
will never function again UegardlesMif the tneeh.mism,

most mature cells of the human being pimduce aNiut

6000 to 10,000 proteins ruthtr than, the potentwl lOOOtl

or more if ol! genes v\erc active

Embryolrigicnl csperimtnts show also ihM certain

cells in an embryo control the differentiation of adjacent

cells For instance, the primnrt/iuf t hordumrso/rrm is

called the prininn tirgonirer of the embrvo Ikc.iusc it

form* 0 focus around which the rest of the inibryn
develops It differentiates into n rrntt/ am con-

taining SvCgnivnlani arranged ntnittcs and as a result

of <nt/ucff')»iv in the Mirroundmg tissues, rausi-s forma
tion of esstntiflllv nil the organs of the b>»dj

Another instance of inductinn occurs w lieu the devel-

oping o>c vesicles come in contact with the ectoderm of

the head nml cause it to thicken into a lens plate thnt

folds inward to form the Iona of the eve It is p<.sMble

that the entire embryo develops os .i result of euch
inductions, one p.irt of the body ufTecling another part

and tins p.irt affecting still other (urts

Thus, nlthnugh our unrlcrstonduig of <i It diffenmia-

tion IS still hasy, we knovv many different control mech-
anisms bv which differvnttatiiin fnuld occur

CANCER

Cancer is caused in nil or almost all instances b>
muiaiiun of cellular gene's that control cell growth and
cell mitosi* The mutated genes are colh-d o«rog«ne5
Usually two or more different oncogenes must occur in

a cell before the cell will become canwrous
Only a minute fraction of the cells that mutate in the

body ever lead to cancer Tliire are several reasons for

this First, most mutated cells have less survival capa-
bility than normal cells and therefore simply die Sec-
ond. only a few of the mutated cells thnt do survive lo>c

the normal feedback controls that prevent excessive
growth And. third, those ceils that are potcntwlly
cancerous are usually destroyed by the body's immune
system before they grow into a cancer This occurs in
the following way Most mutated cells form abnormal
proteins within their cell bodies because of their altered
genes, and these proteins then stimulate the body's

'immune system, causing it to form antibodies against
I Hie cancerous cells, m this way destroying them Indeed.

.^^18 believed that all of us are continually forming cells

^hat are potentially cancerous but that our immune
system acts as a scavenger that nips these abnormal
cells in the bud before they can become established In
support of this IS the fact that in persons whose immune
systems have been suppressed, such as those who are
taking immunosupressant drugs following transplanta-
tion of a kidney ora heart, the probability of developing
a cancer is multiplied scveralfold

But wUrtl U It that cou*cs (ho mutation* thcm*d\

When one re.ilires that m.sny trillion* of new cells,

forrovd esveh year in the hvimiviv homg. thU ij-i's.

xhtxihl pfob.vbly b< fter bo asked In the foUowjrgfs

Why is It that wt- do not develop literally inilliTO

billions of mutant cancerous cells? The onswer Ir

incredible precision vrilh which DSA chromev?

strands nre replicated in o.ich coll before niilo*i* U'

place and oUo because the “proofreading" prorrsif

and repairs any abnormal DN'A strand befort i

mitotic pn>ci ss I* allowed fo proceed Vet, deip.t*

these precdutions. probably one novsly formed ce'l

everv few million Htlll has significant mutant chf

lertslics

Thus, chance alone I » nil that u required for nuU’.’

to take place m wc m*y sup{«>«c that a very U
number of enneer* ore morel) the result of an unb
ottuTTcncc

Yet. tlie probability of mntationi c.sn bo jncrti

nmnvfold when a jx-rson i» exposed to certain iHiri

physical, or biologitnl factor# Some of the»< are

fnlloHing

• I • It •< will knovv n Ih.!! innuirm ni<itaUo’^ such

i

rny.s g.omnn mys and particle radiations from ra

Active •ub*tnnc<'« and evin idtra'inlrt light, csn|

di*|w««- to cancer Ions formed m tissue cell# unJfr

influence of such radiation are highly reactirc atd

rupture l)\'A vtriind* thti* causing many wutatwtt

<2' t'henufol jiifnproir* of certain (jp« alon hit

high pr<'Pv‘t>‘U) fur cau'ing mutation* ili*foneii'l:

WA* long ogo di«envrrfsj th,n vanou* nnilme dye dr

fttives are very likelv to fouse career. H> that worl

m tb<.mic.il plant* producing *u«h xuhsUtvtes if b"I

(leted. have a •prern! prediijsmition to cancer. Chen

»«t.*tatvcvs that cniv cau-u' mutation art called

gr/i» The enmnogen* that c4u«* by far the (fre*

number of death* m our prevent-day foeiety Ate fl

m f»p.irvtte fmoke The«> cause about one quarter e!

ciincet dvoth*
i3' /'Akicii/ irrTtanfj can also lead to cancer, lad

continunl abrasion of the linings of the intestinal t

by Some Ivpn-s of ro*>d The damage to the li'suei h

to rapid mitotic replacomonlorihe cells The more ti

the mitosis, the gre aler the chance for mutation

U* In m.sny families there i# a strong hcirci

tom/rnev lo ennetr Tins prob.sbly re«ult» from the

that most cancers reciuire not one mutation but tw

more mutations before cancer will o«ur In those fi

he* that are p.xrticularly predi«p«ved to cancer. I

presumed that one or more of the genes are alrt

mutated in the inherited genome Therefore, far f*

ndditional mutations must Uske plan- in such * p^'

before n cancer will begin to grow
i5' In experimental animals certain type# of vir

can cause some kind* of cancer, including leukei

Thisoccasion.slly results by cither of two ways Firs

the en«e ofD.N'A viruses, the UNA strand of the *'

can insert itself directly into one of the chromew
and thereby cause the mutation that leads to cancel

the cast* ofRNA v iruses. #ome of these caro’ ** dh t

an enryme called rcixTse rrnnscriptase that will n
DNA to be transcribed from the RNA. Then the t

scribed DNA inserts itself into the animal cell chre

some, thus leading to cancer Yet, despite the den

atration that viral cancer aomotimes occurs in anin

It has not yet been proved that cancer spread* this

in human beings, nor that cancer is contagious from

person to another.



3 Genetic Control of Protein Synthesis, Cell Function, And Cell Reproduction H 39

^Invasive Characteristic of the Cancer Cell. The
•10 major differences between the cancer cell and the

'irmal cell ore: (1) The cancer cell does not respect

-lual cellular growth limits; the reason for this is that

ne celts presumably do not require the growth factors

lat are necessary to cause growth of normal cells. (2)

"ancer cells are far less adhesive to each other than are

-^rmal cells. Therefore, they have a tendency to wander
'trough the tissues, to enter the blood stream, and to

h transported all through the body where they form
4di for numerous new cancerous growths.
aVSTiy Do Cancer Cells Kill? The answer to this is

ziry simple: Cancer tissue competes with normal tissues

>r nutnents. Because cancer cells continue to prolifer-

ie indehnilcly, their number multiplying day by day,

9ie can readily understand that the cancer cells will

[Xin demand essentially all the nutrition available to

le body. As a result the normal tissues gradually suffer

.utntive death.
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Red Blood Cells,

Anemia, and
Polycythemia

With this chapter wc bepn a di«ussion of the blood

cells and of other cell* closely related to those of the

blood the cells of the macrophage svstem and of the

lymphatic system We n ill first pre«cnt the functions of

blood cells, which arc the most abundant of all the

cells of the body and aro necessary for Joinery ofosygen
to the tissues

mi RLD BLOOD CELLS

The tn-tjor function of red blood eclU n to tra nsport

hemoglobin, which in turn carries ox> pen from the tungs

to me tissues In some lower animat? hemoglobin cir-

culates as free protein in the plasma, not enclosed m
red blood cells lloweier, when it is free in the plasma

of the human being, approximately 3 per cent of »l leaks

through the capillary membrane into the tnwue spaces

or through the glomerular membrane of the kidney into

Bowman's capsule each time the blood passes through
the capillaries Therefore, for hemoglobin to remain in

the blood stream, it must exist inside red blood cell*

The red blood cclla hai o other function* besides aimplj

transport of hemoglobin For instance, they conta in o
large quantity of carbon ic nnhvdraso . wfJcIijSFlyifs
the reaalbn'between carbon dioxide and water, increas-

ing the^Tc gt this reaction many thousandfi»l3~The
rapidilT'cif this reaction makes it ros‘ible for the w ater

in Word to react with large tiuanlilies of enThon diraide

and~thcreby transport it from the tissues to the luny*
in the form or th^icarbonntg ion illCOfi Also, the
hemoglobin in the «lla is an excellent acid-baco buffer

(as IS true of most proteinsi, so that the red Mood cells

are rwponsihle for as much as fiO per cent of all the
bulTerine power of whole blood These specific functions

are discusised elsewhere m the text and, consequently,
are merely mentioned at the present time

1 The Shape and Size of Red Blood Cells. Normal
„,^rcd blood cells arc biconcave discs having a mean^di-

ameter of approximately 8 microns and a jhickne^ at

the thickest pomt of 2.

m

icrons and in the center of 1

micron or less The average volume of the red blood cel!

IS S3 cjibi^mierons

The shapes"^ red blood celts can change remaricably

as the cells pass through capillaries Actually, the red

blood coll IS a “bag” that can be deformed Into almost

any shape. Furthermore, because the normal cell has a

42

great excess of cell memlirane for the quantity rf ^
lenal tnsidr. deformation d'a-s not stretch the

brane, and eonnequrntly doe* not rupture the ct3.i

would be the fJi*c with rusny other cell*

Coneentrnlinn of Rfd Hlood Cell* In the BIm

In normal men the aierage number of red llcodcr

per cubic millimeter i* 5.200 000 Is 300,000' Wi
nonnai women ^.7CO,(lOO 1*300,000) The
red blood tell* vane* in the two sexes *rd atdiC^
agwi, 01 shown in Kigutr 4-1 Alio, the altitude a*.

» j

the person Jiws afTeets the number of red bl«d a

till* IS discu»»ed later

Quantity of Ilemoglohin In the Cell*. IW b*

cells have the nbiluy to tnntrnlrale hemoglghtB

fell fluid up to approximotely gi eram* per i|griLL»

c^l* Theconcentnition never n*i.i ahoie thurolur 1

flu* IS a mitabolic limit oflhe eel)'* hcmeglobm-f'^f'’-

mechanism Furthermore, in normal person* thep

tentage of hcmoglnhin » almost always r.«sc the tr*

mum in each cell llowever, when hemogiebm formit*

I* deficient m Ihehione marrow, ihep<rrmtagecfh.r5

globifl in thr cells may fiill considerably below L

volue and the volume of the red cell may dccrr*?^

well because of dimmlthed hemoglobin to fill 1^*

When the hematocrit (the pcrtenlagcoftheblocdi-

I* celi*—normally 40 to 45 per cent) and the qus^t

of hemoglobin in each respective cell are normal, I

whole blood of men contain* an average of 16 griiri

hemoglobin per deciliter and of women an average*^

gram* per deciliter As will be discuwwf in conrecti

with the transport of oxygen jn Chapter 41. eachiT

of pure hemof^obin is copable of combining w'tn '

proximatcly 1 39 .milliliters of oxygen TherefoTt,

normal man. oi'crtl milliliters of oxygen can be can"

in combination with hemoglobin in each defih'r''

blood, and m normal woman 19 milliliters ofox) gen*

be carried

rBODuenoN or r£d biood cats
Area* of the Body That Produce Red Blood Cd

In the early few weeks of embryonic life, prtm'b

nucleated red blood cell* are produced in the yolk *

During the middle trimester of gestation the liver i*'

mam organ for production of red blood cells, and rt

'

same time a reasonable quantity of red blood c^
also produced by the spleen and lymph nodes 1**
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„ the latter part of gestation and after birth, rod

lood cells are produced exclusively by the bone marrow
As illustrated by Figure 4-2, the bone marrow of

isentiallv al l boys nroduces rod blood cells until a

erson is 5 years old, out the m^irow of the long bones.
Kccpt fi^r the proximal portions of the humeri and
bfae, becomes Quite tatty and proiluces no more red

lood cells after approximpt^iY rt 1(\ yo-ir*

leyond~this age most red-cells are produced in the

larrow of the membranous bones, such as the vertebrae,

he sternum, the nW, and the ilia. E%en in thesTbones
he marrow becomes less productive as ago increases

Sometimes Mhcn various factors stimulate the bone
narrow to produce tremendous quantities of red blood
ells, much of the marrow that has already stopped
iroducing red blood cells can once again become pn^uc-
we. and marrow that is still producing red blood cells

•ccomes greatly hyperplastic and produces far greater
ban normal quantities.

Genesis of the Bed Blood Cell. In the bone marrow
ire many plurinnlenl henwnoietic <:tem ccih from which
my type oT blood cell can be formed. Ihcse cells repro-

luce throughout the life of the person, though their

lumbers do diminish with age Still other stem cells

lave become unipotent, that is, capable of forming only
1 particular type of cell, such as red blood cells or white
ilood cells. These are frequently called commilleJ stem
ells. However, these unipotent stem cells cannot be
dentified from their appearance. Instead, they, like the
pluripotent stem cells, have an appearance similar to
that of large lymphocytes.
The hrst cell that can be identified as belonging U>

the red blood cell senes is the nroenlhrablas t. illustrated

in Figure 4-3. Under appropriate stimulation, large
numbers of these cells are formed from the stem cells.

(Igure 4—2. Relative rates of red blood cell production in the
different bones at different ages

Once the proerythroblast has been formed it divides

several more times, eventually forming 8 to 16 mature
red blood cells The new cells of this first generation are
called hn^nphtl ervlhrobld'^ts because they stain with

basic dyes; the cell at this time has accumulated very

little hemoglobin However, in the next generation of

cells, cdllcd pohchintrialophil enlhroblas ls, enough red

hemoglobin has begun to be formed to give these cells

the polychromalophilic appearance After another divi-

sion or so, very large quantities of hemoglobin are

formed, and the cells then are called orlhochromatic

ersthrobla^ls. which are now colored red by the hemo-
giobin Finally, after the cytoplasm of these cells has
become filled with hemoglobin to a concentration of

approximately 34 per cent, the nucleus condenses to a

small size and is extruded from the cell. At the same
time the endoplasmic reticulum is reabsorbed The cell

at this stage is called a rcliculoc's te because it still

contains a small amount ofbasophiHc material, consist-

ing of remnants of the Golgi apparatus, mitochondria,

and a few other cytoplasmic organelles In this reticu-

locyte stage the cells pass into the blood capillaries by

diapcdcsis (squeezing through the pores of the mem-
branes

The remaining basophilic material in the reticulocyte

normally disappears within one to two days, and the

cell IS then the mature enlhrnc\ le Because of the short

life of the reticulocytes, their concentration among all

t)ie red cells of the blood is normally slightly less than

1 per cent

RegulAtion of Red Blood Cell

Productioih^The Role of Irythropoledn

The lota) mass of red blood cells in the circulatory

system is regulated within very narrow limits, so that

an adequate number of red cells is always available to

provide sufficient tissue oxygenation and, yet, so that

the cells do not become so concentrated that they impede

blood flow tVhat we know about this control mechanism
IS the following-

Tissue Oxy genation as the Basic Regulator of Red
Blood Cell Production. Any condition tha t causes the

quantity of oxy gen transported to the tissues to decrease

ordiiiarilv increases the rate of red blood cell produetTon

Thus, when a person becomes extremely anemic a

result of hemorrhage or any other condition, the bone
marrow immediately begins to produce large quantities

of red blood cells Also, destruction of major portions of

the bone marrow by any means, especially x-ray ther-

apy, causes hyperplasia of the remaining bone marrow,
thereby attempting to supply the demand for red blood

cells in the body.

At very high altitudes, where the quantity of oxygen
m the air is greatly decreased, insufficient oxygen is

transported to the tissues, and red cells arc produced so

rapidly that their number in the blood is considerably

increased
Therefore, it is obvious that i t is not the concentration

of red blood cells in the blood that controls the rate of

red cell production, but instead it is the functional
ability of the cejls^to transport oxygerTto the tissues m
relation to the ti ssue demand for oxygon!

Various diseases of the circulation that cause de-
cr^s^ blood flow through the peripheral vessels, and
particularly those that cause failure of oxygen absorp-
tion by the blood as it passes through the lungs, can
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GENESIS OFRBC

OfihochfomolK Vif-'

erylhroblos*

I

Reticulocyte

i3. Megoioblosiic arienn<o ErythroblestosI* (etoli*

ol t«l Wood cells eft's ted Wood ce«& lo diffeteni types of anctnlas-

also increnw the rale of red cell production This is

especially apparent in prolonged cardiac failure and in

many lanfi tltscasca. for the tissue hypoxia rasuhing

fnini these cnnditiont increases the rate of red cell

production, Viilh n.“-uUai\l increase m the heinatocnt

and usually inerense in the total blood volume as well

KO'^hropoietln, tu Formation in Response to lly>

poxia, and Its Function in Regulating Red DIood
Cell iVnduction The principal factor that stimulates

red blood cell production is a circulating hormone called

eryihropoieltn. a glycoprotein with a molecular weight
of about -lO.OOO In the absence of erythropoietin, hy-

poxia hns either no efrecl or very little effect m stimo-
laiing red blood cell production On the other hand,
when the erythropoietin system is functional, hypoxia

causes marked increase m erythropoietin production,

and the orythropioictiR in turn enhances red blood cell

production until the hypoxia is relie\cd

Hole of the Kldneyv in the Formation of Eryth-
ropoietin. in the normai person. 90 to 95 per cent of all

erythropoietin is formed in the kidneys Howeter. it is

not known exactly where in the kidney it informed TTie

amount that can i>e extracted from the kidney cortex is

c»)n«i(IernbK greater than that extracted from the me-
dulla Some ro'earch has suggested that erythropoietin

• might be formed by the juxtaglomerular cells, cells in
’ walls of the afferent artenolea adjacent to the

Jlomenjli Regardless of where erythropoietin is formed
^‘in the kidney, not only does hypoxia increase its pnv
duction but diminished blood flow to the kidney at times
also ceu»es excess formation of erythropoietin and there-

fore leads to excess red blood cell production And.
finally, some tumors of the kidney occasionally form
large amounts of erythropoietin, this too leading to

excess numbers of red blood ceils

When both kidneys are removed from a person or
when the kidneys are destroyed by renal disease, the

person invariably becomes very anemic becau'etif

10 per cent of erythropoietin formed in other ti

imainly m the liver but perhaps also In maewph

Is suRlcicnt to cause only one thud to one half as i

red blood cell formation as needed by the body.

Effect ofErythropoietin on Eryt/iro^enM^*
placing an animal or person in an atmosphere o

oxygen, erythropoietin begins to be formed within

utes or hours, and it reaches maximum produ

within 24 hours Yet, almost no new red blood

appear in the circulating blood until about five

later From this fact, as well as still other studi

has been determined that the important elTcct efe

ropovetin is to stimulate the pr^uction of prwp
blans from hemo^ietic stem ctHi »n the bone ma
In addition, once the prDcrvthroblft*'is aro fornK<

erythropoietin causes these cel ls aliw to pass mon

norma lly, also speeding up toe production of new

The rapid producti^ of cells continues as long *

person remains in the low oxygen state or until ef

red blood cells arc produced to cany adequate an'

of oxygen to the tissues despite the low oxygen: a

lime the rate of erythropoietin production decreai

a level that will maintain the required numboti
cells, but not an excess
Upon removal of a person from a state of low ox

the rate of oxygen transport to the tissues '

normal, which causes the rate of erythropoietin f'

tion to decrease to zero almost instantaneously an

rate of red blood cell production to fall essentia

lera within several days. Red cell production rei

at this extremely low level until enough cells have

out their life spans and degenerated, so that the ti

again receive only their normal complement of ox;

In the complete absence of erythropoietin, fe'

blood cells arc formed by the bone marrow. At the
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treme, when extreme quantities of erythropoietm are

Tned, the rate of red blood cell production can rise to

high as ten or more times normal. Therefore, the

^thropoietm control mechanism for red blood cell

jduction IS an extremely powerful one.

System Diagram for Control of Tissue Oxygena-^
m. Figure 4—4 illustrates a control diagram for the

gative feedback mechanism that regulates the level

tissue oxygenation. It lists the factors that frequently

use tissue hypoxia, which in turn stimulates eryth-

poietin production in the kidneys. The erythropoietin

en enhances the production of red blood cells. If the

itiating condition is not too severe, the increased

imbers of red blood cells will return the level of tissue

ygenation to normal. Thus, this is a typical negative

edback control system, illustrating the principles of

imeostatic control that were discussed in Chapter 1

Effect of Rate of Red Blood Cell Formation on
e Type of Cell Released into the Blood. When the

me marrow produces red blood cells at a very rapid
te, many of the cells are released into the blood before

ey are mature erythrocytes. Thus, very rapid cell

oduction can cause the percentage of reticulocytes m
e circulating blood to nse from less than 1 per cent to

I high as 30 to 50 per cent of the total number of red

ood cells. If the rate of production is even greater, a
rge number of erythroblasts also may appear m the
rculatmg blood. In some severe anemias, such as
ythroblastosis fetalis, which is discussed later in the
lapter and in greater detail in Chapter 7, the concern
ation of erythroblasts occasionally rises to as high as
to 20 per cent of all the circulating red blood cells.

lUmlns Seeded for Formation
f Red Blood Cells

The Maturation Factor—Vitamin B,i (Cyanoco*
alamin). Vitamin is an essential nutrient for all

dls of the body, and growth of tissues in general is

really depressed when this vitamin is lacking. This
Jsulte from the fact that vitamin B,, is required for

mthesisofPNA. Therefore, lack of this vitamin causes
lilure of nuclpAr mattiration and division. Since tissues

lat produce red blo^ Mils are among the most rapidly

HEMOPOIETIC STEM CELLS

Kldn^
[

PBOERTTHBOBLASTS

LtFiUHg!je.Q!M bed BLOOD CEILS

(Dscriaiu]
|

4TISSUE OXYGENATIONI

lOicriui)

FACTORS THAT DECREASE

OXTOENATIQK

(I. Low blood volume)

(2. Anemlal

(1 Low homoglobln)

(4. Poor blood flow)

(5. Pulmontry dlttm)

Tisure 4-4. Function of the erythropoietin mechanism to ii>-

rease the production of red blood cells when extraneous factors
•ecrease tissue oxygenation.

growing and proliferating of all the body's tissues, lack

of vitamin B,j especially inhibits the rate of red blood
cell production. Furthermore, the erythroblastic cells of

the bone marrow, in addition to tailing to prolifcT^e
rapidly, become larger than normal, developing intoso-

^Ted megalobla'its, and the adult er> tHroevter cal led a
macrocy le. h~a^ ihmsy membrane and is often irrcguja r,

large, and oval~mstea3 oPthe usual biconcave disk

TB^ poorly formed macrocyte, alter entering thedr-
culating blood, are capable of carrying oxygen normally

but their fragility causes them to have a short life, one
half to'~one third ot normal Th^elore. it is said that

vitamin B,, dehciency causes maturation failure in the

process of crythropoiesis

The cause of the abnormally shaped cells seems to be
the following The inability of the cells to synthesize

adequate quantities of UNA causes slow reproductioli of

the' cells hut does not preverTt formation oF RNA within

{He cytoplasm Therefore, the quantity of RNA becomes
much grater than normal, leading to excess production

of all other cytoplasmic constituents as well, including
excess hemoglob in, which causes the enlarged cells In

addition, some^ of the genes of the ceils aro probably

replicated abnormally, leading to many other abnor-
malities of the cells as well

Maturation Fai'fure Caused by Poor Absorption
of Vifomin B,,—Pernicious Anemia. The most com-
mon cause of maturation failure is not lack of vitamin
B.. in the diet but instead lailuri to absorb vitamin B,,

from the gastrointestinal tract This often occurs m the

disease called permaous anem ia, m which the basic

abnormality Is an afropAic gastric mucosa that fails to

secrete normal gastric secretions The parietal cells of

the gastric glands secrete a glvcoorotein called intrinsic

factor. wBicn combines willT vitamin D„ of the food and
maKM the ti,, ava ilable tor absorption by the gut it

does this in the following wav^First. the intrin sic lactor

binds tightly with the vitamin B ,, In this bound state

the B„ is ^otected from digestion by The gastrointes-

tinaren:^^e8 Second, stlir in the bound s{ale.'~tiie

intmisic fac^r binds to specfic receptor sites on Ihe
brush borter~mOTbranes of the mucosal cells in. the

ileum Third, vitamin B,. is transported into the blood

during the next lew hours, probably by the proces^f

pmocytosis^rrying the intrinsic factor and the vitamin

togeth^ through the membrane
L,ack of intrinsic factor, therefore, causes loss of much

of the vitamin because of both enzyme action in the gut

and failure of its absorption

Once vitamin B„ has been absorbed from the gastroin-

testinal tract It is stored in large quantities m the liver

and Uien released slowly as needed to the bone marrow
and other tissues of the body The total amount of

vitamin B ,2 required each day to maintain normal red

cell maturation is only about 5 micrograms, and the

normal store in the liver and other body tissues is about
1000 times this amount. Therefore, as many as 4 to 5

years of defective B .. absorption are required to cause
maturation failure anemia

Effect of Folic Acid (Pt^oyIglutamic_Acid) on
Red Cell Maturation. Occasionally a patient with
maturation failure anemia responds to folic acid therapy
instead of to vitamin B,,. so it is apparent that this

vitamin is also concerned with the maturation of red

blood cells. Folic acid, like Bu, is required for formation
qfJDNA but fn a diifcrent way. It promotes the methv-
lation ofdeoxyundylate tojorm deoxvthymidylate,' one
iJthe nucleotides retired for DNA synt^iesis^

’ '
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FORAtATION OF HEMOCLOBIS

S>nthesis of ht-moglobin begins in the erythroblasts

and continues siighlly even into the reticulocyte stage,

for when the reticulocytes leave the bone marrow and

pass into the Wood stream they continue to form minute

quantities of hemoglobin for another day or so

Figure 4-5 siiQws the basic chemical stci» in the

formation of hemoglobin From tracer studies with iso-

topes it IS hno'vn that the heme riortion of hemoglobin

IS synthesized mainly from acctie_acid and glycine and

that most oi this synthesis occurs in the mitochondna

The acetic acid is changed in the Krebs cycle, which

will be explained in Chapter 67. into sucemyt-CoA. and
then two mok-cules of this combine with two molecules

of giy cineTo torm^ pyTrole^ compound In turn, four

pyrreile compounds comOinelo foTO a protoporphyrin

compounU Une ol the prutoporptiynns, Icnown as pro-

toporphyrin IX, then ymbines with iron to form me

heme mnleeule Finally, four heme molecules combine
with a Ne^long polypeptide chain synthesized by the

ribosome s, lorming a subunit o( hemoglobin called a

kemoei^in chain IF ig 4-6i. Each ol these chains has a

molecular^sVight of about 16.000. ^cTtour oMhem m

molecule
There ore slight variations in the subunit hemoglobin

chains, depending on the ammo scid composition of its

polypeptide portion The different tJTjes of chains are

designated alpha chain$, beta chains, gemmo chains,

and so forth The most common form of hemoglobin in
the adult human being, heniogiooin A, is a rornbination

of luoaiii/iu cnai na and tiio bcta^Qins

Since each chain has a heme prosthetic group, there

are four scparoto iron atoms tti each hemoglobin mole-
cule. each ot mese can bind with 1 molecule of otygen .

making a total of 4'molMu;« of oxygen (or 8 ^oms)
thal con be trunspurted by each hmogtobm molecule.

Hcmaglobin has a molecular weight of 64,458.

The nature of the hemoglobin chains determines the
binding affinity of the hemoglobin for oxygen Abnor-
malities of the chains can alter the physical character-

istics of the hemoglobin molecule as well For instance,

in sickle cell anemia the ammo acid valine is substituted

C<ix %.<. w.
chains When this t^e ot hemoglobin is exposed to low
oxygen. It forms elongated crystals inside the red blood
ceils that are sometimes 15 microns in length These
make it almost impossible for the cells to pass through
the small capillaries, and the spiked ends of the crystals

are \ery likely to rupture the cell membranes, thus
leading to sickle cell anemia^
Combination of Hemoglobin with Oxygen. The

most important feature of the hemoglobin molecule is

u

II

V

2 »u«inyl CoA + 2 plycin*

4 pyttal* —
• pfOtopofphy<\r

pfotopofphyrtn IX + Fa**
4 hema + polypapi-de -
2 a tholni + 3 B choirt* •

HC CH

>IX )l

-• Kama (pyrreta)

hamoglobin chain f a or p }

—• hamoglobin A
njure *—5. foimafion of hemoglobin.

CH,

Fljute 4-6, Basic stnicture of the hemoglcbln molecultJ

ing one of the four heme complexes bound with The c

globm core ol the hemoglobin molecule

itsabjlity to combine loosely and reversibly with 0J5

This ability will be discussed in detail In Chapter

f

relation to respiration, for the primary function e(h

globin in the body depends upon its ability to eon

with oxygen in the lungs and then to release this oT

readily in the tissue capillaries where the gaseous

Sion of oxygon is much lower than In the lungs

Oxygen does not combine with the two positive

eoces of the ferrous iron m the hemoglobin mole

Instead, it binds loosely with one of the six “coon

non" valences of the iron atom. This is an eitrr

loose bond so that the combination is easily reven

Furthermore, the oxygen docs not become Ionic os

but IS earned as molecular oxygen to the tissues

because of the loose, readily reversible combinatic

IS released into the tissue fluids in the form ofdisst

molecular oxygen rather than ionic oxygen.

KOM AfETABOlISM

Because iron is important Far formation ofhemogl

myoglobin, and other substances such as the

chromes, cytochrome oxidase, peroxidase, and caU

it IS essential to understand the means by which ir

utilized in the body
The total quantity of iron in the body averages i

4 grains, approximately 65 per cent of which is pr

m the form of hemoglobin. A^ut 4 per cent is pr

in the form of myoglobin, 1 per cent in the fonn c

various heme compounds that promote intrace!

oxidation, 0 I per cent combined with the protein t

femn in the blood plasma, and 15 to 30 per cent f

mainly in the liver in the forms of femtin and n

sidorm
Transport and Storage of Iron. Transport, stc

and metabolism of iron in the body ore illustrati

Figure 4-7, and may be explained as follows Whtr
IS absorbed from the small intestine, it immedi
rombines with a beta globulin, apolransfemn, to

transferrin, which is then transported in the
j

plasma. The iron is loosely combined with the gW
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Bilirubin (ezcreted)

0«grading hemoglobin —

n^O CELLS

TISSUES

Ferritin Hemosiderin

Heme

enzymes

Translerrin—Fe

L
Blood loss—(0 7 mg Fe

daily in menses)

Fe absorbed

(small intestine)

Fa excreted— 0 6 mg daily

sure 4-7. Iron transport and metabolism.

lolecule and, consequently, can be released to any of

he tissue cells at any point in the body Excess iron in

he blood is deposited in all cells of the body but espe-

tally m the hier cells, where about 60 per cent of the

^cess is stored. There it combines mainly with a pro-

em, apofemltn, to form ferntin Apoferntin has a mo-
ecular weight of approximately 460,000, and varying
luantiUes of iron can combine in clusters of iron radicals

vith this largo molecule; thereibre, (emtin may contain
mly a small amount of iron or a relatively large amount
rhis iron stored in ferritin is called storage iron

. Smaller quantities of the iron in the'storage pool are
itored in on extremely insoluble form called Aemosid-
;r{n. This is especially true when the total quantity of
Ton in the body is more than the apoferntin storage
300l can accommodate. Hemosidenn forms large clusters

iQ the cells and consequently can be stained and ob-

served as large particles in tissue slices by usual histo-

logic techniques. Femtin can also be stained, but the
ferntm particles are so small and dispersed that they
usually can be seen only with the electron microscope
When the quantity of iron in the plasma falls very

low, iron IS removed from ferritin quite easily but less

easily from hemosiderin. The iron is then transported
by the transferrin in the plasma to the portions of the
body where it is needed.
A unique characteristic of the transferrin molecule is

that It binds with receptors m the cell membranes of
erythroblasts in the bone marrow. Then it, along with
Its bound iron, is ingested into the erythroblasts by
-^^ocytogis^Finallv. the transferrin delivers the iron
oirectly to the mitochondria where heme is synthesized.
In persons who do not have adequate quantities of
transferrin in their blood, failure to transport iron to
the erythroblasts in this manner causes severe hypo-
chromic anemia

—

that is, decreased numbers ofredWIS*
and even those"cells containing very little hemoglobin
/ When red blood cells have lived their life span and
are destroyed, the hemoglobin released from the cells is

ingested by the cells of the macrophage-monocyte sys-
tem. There free iron is liberated, ahiTit wh then either
be stored in the femtin pool or be reused for formation
of hemoglobin.
Daily Loss of Iron. About 1 milligram of iron is

excreted each day by men, mainly into the feces Addi-
' tional quantities of iron are lost whenever bleeding
' occurs. Thus, in women, the menstrual loss of blood
brings the average iron loss to a value of approximately
2 milligrams per day.

Obviously, the average quantity of iron derived from
the diet each day must at least equal that lost from the

body
Absorption of Iron from the Gastrointestinal

Tract. Iron is absorbed m all parts of the small intestine

by an active absorptive process, though the precise

mechanism of this active absorption is unknown How-
ever. much of the iron in the diet is in the form of

hemoglobin and myoglobin in meat Moderate portions

of these compounds can be absorbed by pmocytosis

directly into the intestinal mucosal cells from the intes-

tinal tract Once in these cells the large molecules are

digested by the lysosomes, and the iron is released to

the transfemn in the blood capillaries of the intestinal

vjUi

The rate of iron absorption is extremely slow, with a

maximum rate of only a few milligrams per day This

means that when tremendous quantities of iron are

present m the food, only small proportions of this will

be absorbed On the other hand, if only mj^to quan-

tities are present, far greater proportions will be ab-

sorbed
Regulation of Total Body Iron by Alteration of

Rate of Absorption. When the body has become satu-

rated with iron so that essentially all of the apoferntin

in the iron storage areas is already combined with iron,

the rate of absorption of iron from the intestinal tract

becomes greatly decreased On the other hand, when

the iron stores have been depleted of iron, the rate of

absorption becomes greatly accelerated, to as much as

five or more times as great as when the iroh stores are

saturated Thus, the total body iron is regulated to a

great extent by altering the rate of absorption

Feedback Mechanisms by IWiich Iron Absorption

IS Regulated. When essentially all the apoferntin m
the body has become saturated with iron, it becomes

difficult for transfemn to release iron to the tissues As
a consequence, the transfemn, which is normally only

one third saturated with iron, now becomes almost fully

bound with iron sff that the transfemn accepts almost

no new iron from the mucosal cells. Then, as a final

stage of this process, the buildup of excess iron in the

mucosal cells themselves depresses active absorption of

iron from the intestinal lumen and at the same time

slightly enhances the rate of excretion of iron from the

mucosa.
Still another factor that may help control iron absorp-

tion IS the iron transport protein apotransfemn, which

not only transports iron in the blood but also enters the
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mucosal cells and transports iron through the cytosol of
these cells as well It is believed that when the liver

becomes saturated with iron the liver produces smaller
quantities of apotransferrm, thus reducing the iron

transport process all the way from the mucosal cells to

all other parts of the body
Yet, despite this feedback control system for regulat-

ing inm absorption, when a person eats extreme
amounts of iron compounds, excess iron does enter the
blood and can lead to massive deposition of hemosiderin
in the macrophages throughout the body, which at times
can be very damaging

DlSTRUCnON OF
RED BLOOD CELLS

^Vhen red blood cells are delivered from the bone
marrow into the circulatory system they normally cir-

culate an average of 120 days before being destroyed.

Even though mature red cells do not have a nucleus and
aho have neither mitochondria nor endoplasmic reticu-

lum, nevertheless they do still have cytoplasmic en-
zymes that are capable of metabolizing glucose by the
glycolytic process, thus forming small amounts of ATP.
Also, additional small amounts of ATP can be formed
utilizing a pathway called the hezosemonophosphatc
shunt (see Chapter 67i followed by oxidative formation
of ATP The ATP in turn serves the red cell in several

important ways (1) to maintain pliahiht) of the cell

membrane, (2) to maintain membrane transport of ions.

(3) to keep the iron of the cell’s hemoglobin in the
ferrous form rather than the feme form iwhich causes
the formation of methcmoglobin that will not carry
oxygen), and (4) to prevent oxidation of the proteins in

the red cell However, these metabolic systems of the

red cell become progressively less active wiih time As
the cells become older they become progressively more
fragile, presumably because their life processes simply
wear out
Once the red coll membrane becomes very fragile, the

cell may rupture during passage through some tight

spot of the circulation Many of the red cells fragment
in the spleen where the cells squeeze through the red
pulp of the spleen Here the spaces between the struc-

tural trabeculae of the pulp are only 3 microns wide, m
comparison with the 8 micron diameter of the red cell

When the spleen is removed, the number of abnormal
cells and old cells circulating in the blood increases
considerably

Destruction of Hemoglobin. The hemoglobin re-

leased from the cells when they burst is phagocytizcd
almost immediately by macrophages in many parts of
the body, but especially in the liver (the Kupffer cells),

spleen, and bone marrow. During the next few hours to

days, macrophages release the iron from the hemoglobin
back into the blood to be earned by transferrin either

to the bone marrow for production of new red blood celts

or to the liver and other tissues for storage in the form
of femtin The porphyrin portion of the hemoglobin
molecule is converted by the macrophages, through a
senes of stages, into the bile pigment btltrubin, which
s released into the blood and later secreted by the liver

nto the bile, this will be discussed in relation to liver

function in Chapter 70

THE ANEMIAS

Anemia means a deficiency of red blood cells, which
cart be caused cither by too rapid loss or too slow
production of red blood cells Some types of anemia and
their physiological causes are the following

Blood Loss Anemia. After rapid hemorrhage the
body replaces the plasma within one to three days, but
this leaves a low concentration of red blood cells If a
second hemorrhage doe'* not occur, the red blood cell

concentration returns to normal within three to four
weeks
In chronic blood loss, the person frequently cannot

absorb enough iron from the intestines to form hemo-
globin as rapidly as it is lost Therefore, red cells arc
then produced with too little hemoglobin inside them,
giving n«c to nitcrocylic h^tpochromte anemin, which is

illustrated in Figure 4-3
Aplastic Anemia. Done mnrrow aplasia means lock

of 0 functioning bone marrow For instance, the person
exposed to gpmma ray radiation from a nuclear bomb
blast IS likely to sustain complete destruction of bone
marrow, followed m a few weeks by lethal anemia
Likewise, excessive x-roy treatment, certain industnal
chemicals, and even drugs to which the person might be

sensitive enn cause the same cftect.

Megaloblastic Anemia. Prom the earlier discussion

in this thapler of vitamin D,., fohe acid, and intrinsic

factor from the stomach mucosa, one can readily under-
stand that loss of any one of these factors can lead to

Very slow reproduction of the erythroblaslH in the hone
marrow, as a rexult. these grow too large, with odd
shapes, and arc called megnloblasts Thus, atrophy of

the stomach mucosa, as occurs in pernicious anemia, or

loss of the entire stomach os the result of total gastrec-

tomy can lead to megaloblastic anemia Also, patients

who have intestinal sprue, in which fohe acid, B,„ and
other Vitamin B compounds are poorly absorbed, often

develop megaloblastic anemia Because the cryihro-

blasts cannot proliferate rapidly enough to form normal
numbers of red blood cells, the cells that ore formed are

mostly oversized, of bizarre shapes, and have fragile

membranes Therefore, these cells rupture easily, leav-

ing the person in dire need of an adequate number of

red cells

Hemolytic Anemia. Many diFferent abnormalities of

the red blood ceils, many of which are hereditarily

acquired, make the cells very fragile, so that they

tupture easily as they go through the capillaries, espe-

cially through the spleen Therefore, even though the

number of red blood cells formed is completely normal,

or oven vastly excessive in some hemolytic diseases, the

red cell life span is so short that serious anemia results

Some of these types of anemia are the following

In hereditary spherocytosis the red cells are very small

in size, and they are spherical in shape rather than
being biconcave discs. These cells cannot be compressed
because they do not have the normal loose, bag-like cell

niembrane structure of the biconcave discs Therefore,

on passing through the splenic pulp they arc easily

ruptured by even slight compression

In tickle cell anemia, which is present in 0 3 to 10
per cent of West African and Amencan blacks, the cells

contain an abnormal type of hemoglobin called hemo-
globin S. caused by abnormal composition of the beta
chains of the hemoglobin, as explained earlier m the
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chapter. When this hemoglobin is exposed to tow oin-

ccntrations of oxygen, it precipitates into long crystals

inside the red blood cell. These crystals elongate the cell

and give it the appearance of being a sickle rather than
1 biconcave disc. The precipitated hemoglobin also dam*
iges the cell membrane so that the cells become highly

fragile, leading to serious anemia. Such patients fre-

quently go into a vicious circle called a sickle cell disease

‘crisis” in which low oxygen tension in the tissues causes
sickling, which causes impediment of blood flow through
the tissues, m turn causing still further decrease in

sxygen tension. Thus, once the process starts, it pro-

gresses rapidly, leading to a serious decrease in red
blood cell mass within a few hours and, often, to death.

Thalas,semia, which is also known as Cooley’s anemia
or Mediterranean anemia, is another hereditary type of

anemia in which the cells are unable to synthesize

adequate amounts of either the alpha or the beta poly-

peptide chains required to form the hemoglobin. There-
fore, hemoglobin synthesis is greatly depressed The
hemopoietic system responds by producing tremendous
numbers of new red blood cells but with little hemoglo-
bin and also cells that are small and are fragile because
much of the hemoglobin that is present is precipitated

in the form of hard crystals Here again, the cells are
easily ruptured upon passing through the tissues, and
many are destroyed even before they leave the bone
marrow.

In erythroblastoiis fetalis, Rh positive red blood cells

m the fetus are attacked by antibodies' from an Rh
negative mother. These antibodies make the cells fragile

and cause the child to be bom with serious anemia This
will be discussed in detail in Chapter 7 in relation to

the Rh factor of blood..

Hemolysis also occasionally results from transfusion
reactions, fjom malaria, from reactions to certain drugs,

and as an autoimmune process

EFFECTS OF ANEMIA ON THE
CIRCULATORY SYSTEM

The viscosity of the blood, which will be discussed in

detail in Chapter 18. depends almost entirely on the

concentration of red blood cells In severe anemia the

blood viscosity may fall to as low as 1.5 times that of

water rather than the normal value of approximately 3
times the viscosity of water. The greatly decreased

viscosity decreases the resistance to blood flow in the

peripheral vessels so that far greater than normal quan-
tities of blood return to the heart. Moreover, hypoxia

due to diminished transport of oxygen by the blood

causes the tissue vessels to dilate, allowing further

increase in the return of blood to the heart, increasing

the cardiac output to a still higher level Thus, one of

the major effects of anemia is greatly increased uork
load on the heart.

The increased cardiac output m anemia partially

offsets many of the effects of anemia, for, even though
each unit quantity of blood carries only small quantities

of oxygen, the rate of blood flow may be increased to

such an extent that almost normal quantities ofoxygen

are delivered to the tissues However, when a person

begins to exercise, the heart is not capable of pumping
much greater quantities of blood than it is already

pumping Consequently, during exercise, which greatly

increases the tissue demand for oxygen, extreme tissue

hypoxia results, and acute cardiac failure often ensues

POLYCYTHEMIA

Secondary Polycythemia. Whenever the tissues be-

come hypoxic because of too little oxygen in the atmos-

phere, such as at high altitudes, or because of failure of

delivery of oxygen to the tissues, as occurs in cardiac

failure, the blood-forming organs automatically produce

large quantities of red blood cells This condition is

called secondary polycythemia, and the red cell count

commonly rises to as high as 6 to 8 million per cubic

millimeter

A very common type ofsecondary polycythemia, called

physiologic polycythemia, occurs in natives who live at

altitudes of 14,000 to 17,000 feet The blood count is

generally 6 to 8 million per cubic millimeter; this is

associated with an ability of these persons to perform
high levels of continuous work even m the rarefied

atmosphere.
Polycythemia Vera (Erythremia). In addition to

those persons who have physiologic polycythemia, others

have a condition known as polycythemia vera m which
the red blood cell count may be as high as 7 to 8 million

and the hematocrit as high as 60 to 70 per cent Poly-

cythemia vera is a tumorous condition of the organs
that produce blood cells It causes excess production of

red blood cells in the same manner that a tumor of a
breast causes excess production of a spcciflc type of

breast cel) It usually also causes excess production of

white blood cells and platelets.

In polycythemia vera not only docs the hematocrit

increase but the total blood volume also increases, rarely

to almost twice normal As a result, the entire vascular

system becomes intensely engorged In addition many
of the capillaries become plugged by the viscous blood,

for the viscosity of the blood in polycythemia vera

sometimes increases from the normal of three times the

viscosity of water to 10 times that of water

IFFSCT or POLYCYTHEMIA ON THE
CIRCULATORY SYSTEM

Because of the greatly increased viscosity of the blood

m polycythemia, the flow of blood through the vessels

IS often very sluggish In accordance with the factors

that regulate the return of blood to the heart, as dis-

cussed in Chapter 23, it is obvious that increasing the

viscosity tends to decrease the rate of venous return to

the heart. On the other hand, the blood volume is greatly

increased m polycythemia, which tends to increase the

venous return Actually, the cardiac output in polycy-

themia is not far from normal because these two factors

more or less neutralize each other

The artcnal pressure is normal in most persons with

polycythemia, though in approximately one third of

them the pressure is elevated. This means that the blood

pressure-regulating mechanisms can usually offset the

tendency for increased blood viscosity to increase pe-

ripheral resistance and thereby to increase arterial

pressure. Yet, beyond certain limits, these regulations

fail.

The color of the skin depends to a great extent on tfie

quantity of blood in the subpapillary venous ' 'n
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po1yc>themia Nero the quantity of blood m this pltfXUb

IS ^eatly increased. Furthermore, because the blood

passes sluggishly througli the skin capillaries before

entering the venous plexus, a larger than normal pro-

portion of the hemoglobin is deoxygcnafcd before the

blood enters the plexus The blue color of this dcoxygen-
atcd hemoglobin masks the red color of the oxygenated
hemoglobin. Therefore, a person with polyo’themia vera
ordinarily has a ruddy complexion but often vulh a
bluish (cyanoticl tint to the skin. (In secondary polycy-

themia cyanosis is almost always evident because hy-
poxia IS the usual cause of this type of polycythemia )
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5
Resistance of the
Body to Infection

—The Leukocytes,
the Macrophage
System, and

,

Inflammation

Our bodies normally are exposed to bacteria, viruses.

Aingi, and parasites, which occur especially in the skm,
the mouth, the respiratory passageways, the intestinal

tract, the lining membranes of the eyes, and even the

unnary tract. Many of thes^gents are capable of'

causing serious disease if they m^d^.the deeper.tt$sues^-

In addition, we are exposed mtgrmittently lo other

highly infectious bacteria and viruses besides those that

are normally present m our ^dies, and these cause
lethal diseases such as pneumonia, streptococcal infec*

tion, and typhoid fever.

Fortunately, our bodies have a special system for

combatting ^e different infectious and toxic agents.

This is composed of the ieui^ocytes (also called white
blood cells), the maci^hage sysiem (frequently but in-

correctly called the reticuloendothelial system), and the

lymphoid tissue. These tissues function in two different

ways to prevent disease: (1) by actually destroying
invading agents by the process of phagocytosis and (2)

by forming antibodies and sensitized lymphocytes, one
or both of which may destroy the invader. The present

chapter is concerned \sith'^e first of these methods,
while the following chapter is concerned with the second.

THE LEUKOCYTES
(WHITE BLOOD CELLS)

'The leukocytes are the mobile units of the body's

protective system. They are formed partially in the bone
marrow (the gmnulocytes and ‘monocjtes, and a few
lymphocytes) and partially in the lymph tissue (lympho-
cytes and plasma cells), but after formation' they are
transported in the blood to the different parts of the
body Inhere they are to be used. The real value of the
white blood cells is that most of thorn arc specifically

transported to areas of serious inftamroation, thereby
providing a rapid and potent defense against any infcc'

lious agent that might be present. As wc shall sec later.

the granulocytes and monocytes have a speciol capabil-

ity to “seek out and destroy" any foreign invader

f'

ClfJtML CHAMCTUUSTICS OF
ttUKOCYTES

The Types of White Blood Cells. Six different t>pcs

of white blood cells arc normally found in the blood

These are polymorphonuclear neutrophils, polymorpho-
nuclear eosinophils, polymorphonuclear basophils, won-
ocyles, lymphocytes and occasional plasma cells. In ad-

dition, there areJarge numbers of platelets, which are

fragments of a seventh type of white cell found in the

bone marrow, the megakaryocyte The three t>pc'S of

polymorphonuclear cells have a granular appearance,
as illustrated in Figure 5-1, for which reason they arc
called gronu/oo’/es, or in clinical terminology they are

often called simply “polys
"

The granulocytes and the monocytes protect the body
against invading organisms by ingesting them—that is,

by the process of phagocytosis The lymphocytes and
plasma cells funcliurmliinl^m connection with the
immune system; this will be discussed in the following

chapter. However, a function of certain lymphocytes is

to attach to epcciftc invading organisms and to destroy

them, similar to the actions of the granulocytes and
monocytes. Finally, the function of platelets is to acti-

vate the blood-clotting mechanism, which will be dis-

cussed in Chapter B.

Concentrations of the Different White Blood Cells
in the Blood. The adult human being has approxi-
mately 7000 while blood cells per cubic millimeter of
blood. The normal percentages of the different types of
white blood cells are approximately the following:

Polymorphonuclear neutrophils 62 O'i

Polymorphonuclear eosinophils 2 3't

Polymorphonuclear basophils 0
Monocytes 5
Lymphocy'les 30 (fr

5t
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Genesis of Myelocytes Genesis of Lymphocytes

I

I'N,,

i

Itsure 5-1. Genesis of the white blood cetts

The different cells of the myelogenous series

ere I. myeloblAst 2. promyelocyte 3 mega-
karyocyte. 4. neutrophil myelocyte, S. young
neutrophil metamyelocyte; 6. 'band' neutro-

phil metamyelocyte. 7. polymorphonuclear
neutrophil, 8. eosinophil myelocyte 9. eosin-

ophil metamyelocyte. 10. polymorphonuclear
eosinophil tl basophil myelocyte. 12, poly-

morphonuclear basophil. 13-16. Stages of

monocyte lotmaiton

The number of platelets, which are only cell frag-

ments, tn each cubtc mtlhmeUr of blood ts normally

about 300.000

CtSESIS Of THt UUKOCrriS

Figure 5-1 illustrates the stages in the development

of white blood cells The polymorphonuclear cells and
monocytes arc normally formed only m the bone mor-
row On the other hand, lymphocytes and plasma cells

are produced tn (he various lymphogenous organs, in-

cluding the lymph glands, the spleen, the thymus, the

tonsils, and various lymphoid rests in the bone marrow,

gut. and elsewhere
Tlie white blood cells formed in the bone marrow.

eispeciaUy the granulocytes, are stored within the mar-

row until they are needed in the circulatory system
Then when the need arises, various factors that are

discussed later cause them to be released Normally,
about three times as many granulocytes are stored in

the marrow as circulate in the entire blood This repre-
" sents about a six day supply of granulocytes

As illustrated in Figure ^1, megakaryocytes are also

f
formed in the bone marrow and are part of the myelog-

' enoys group of bone marrow cells These megakary-
ocytes^fragment^in the bone marrow, the small frag-

ments knowm ss platelets or thrombocytes passing then
into the blood

Materials Needed for Formation of White Blood
Cells. In general, the white blood cells need essentially

the same vitamins and ammo acids as most of the other

cells of the body for their formation Especially docs lack

- of folic ncid, a compound of the vitamin 0 complex, block

’j the formation of white blood cells as well as prevent
maturation of red blood cells, which was pointed out in

Chapter 4 Also, m extreme metabolic debilitation, pro-

duction of white blood cells may be greatly reduced,

despite the fact that these cells are needed more than
usual during such a state

tin srAN or wi
IVHfTE BLOOD CLllS

The mam reason white blood cells are present in the

blood IS simply to be transported from the bune marrow
or lymphoid tissue to the areas of the body where they
are needed. Therefore, it is to be expected that the

transit time of the white blood cells in the blood would
be short

The subsequent life of the granulocytes once released

from the bone marrow is normally four to eight hours

circulating in the blood and another four to five days m
the tissues In times of serious tissue infection, this total

life span is often shortened to only a few hours because
the graunulocytes then proceed rapidly to the infected

area, ingest the invading organisms, and in the process

nre themselves destroyed
The monocytes also have a short transit time m the

blood before wandering through the capillary mem-
branes into the tissues. However, once in the tissues

they swell to much larger sizes to become tissue mac-
rophages and in this form can live for months or even
years unless destroyed by performing phagocytic func-

tion. iniese tissue macrophages form the basis of the

tissue macrophage system that provides a first line of

defense in the tissues against infection, as we shall

discuss later in the chapter
Lymphocytes enter the circulatory system continually

along with the drainage of lymph from the lymph nodes
The total number entenng the blood from the thoracic

duct in each 24 hours is usually several times the total

number of lymphocytes present m the blood stream at

any given time Therefore, the span of time that the

lymphocytes remain in the blood must be only a few
hours However, studies using radioactive lymphocytes
have shown that almost all of these pass by diapedesis

back into the tissues, then re-enter the lymph and return

to Hie blood again and again, thus, there is continual

drculaliOn of the lymphocytes through the tissues And
many of these cells have life spans of 100 to 300 days.
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or in some instances perhaps even years, but this also

depends on the body's need for these cells.

The platelets in the blood are totally replaced approx-

imately once every 10 days; in other words, about 30,000

platelets are formed each day for each cubic millimeter

of blood.

PROPERTIES or NEUTROPHILS,
MONOCYTES, AND MACROPHAGES

It IS mainly the neutrophils and the monocytes that

attack and destroy invading bacteria, viruses, and other

injurious agents. The neutrophils are mature cells that

can attack and destroy bacteria and viruses even in the

circulating blood. On the other hand, the blood mono-
cytes are immature cells that have very little ability to

fight infectious agents. However, once they enter the

tissues they begin to swell, often increasing their di-

ameters as much as fivefold, to as great as 80 microns,

a size that can be seen with the naked eye Also,

extremely large numbers oflysosomes and mitochondria
develop in the cytoplasm, giving the cytoplasm the

appearance of a bag filled with granules. These cells are

now called macrophages, and they ore extremely capable

of combating disease agents,

Diapedcsis. Neutrophils and monocytes can''squeeze.^
through the pores of the blood vessels by the process of

diapedesis. That is, even though a pore is much smaller

than the size of the cell, a small portion of the cell slides

through the pore at a time, the portion sliding through
being momentarily constricted to the size of the pore, as

illustrated in Figure 5-2.

Ameboid Motion. Both neutrophils and macrophages
move through the tissues by ameboid motion, which was
described in Chapter 2. Some of the cells can move
through the tissues at rates as great as 40 microns per
minute—that is, they can move several times their own
length each minute.
Chemotaxis. A number of difTerent chemical sub-

stances in the tissues cause both neutrophils and mac-
rophages to move either toward or away from the source
of the chemical. This phenomenon is known as ckemo-
taxis. tVhen a tissue becbmcs'TniTamed, a number of

different products can cause chemotaxis of both neutro-

n&ut« 5-1. Movement o( neuwopWls by Uie process of che-

motaxls towaxd an area of (Issue damage.

phils and macrophages, causing them to move toward
the infiomed area. These include (al some of the bacterial

toxins, (b) degenerative products of the inflamed tissues

themselves, (c) several reaction products of the “comple-

ment complex” (discussed in the following chaptcrl, (d)

several reaction products caused by plasma clotting in

the inflamed area, and (c) still other substances.

As illustrated in Figure 5-2, chemotaxis depends on
a concentration gradient of the chemotactic substance.

The concentration is greatest near the source, which
causes directional movement of the leukocytes—includ-

ing the neutrophils, monocytes, and other white blood
cells as well—towarf the inflamed area Chemotaxis is

very effective up to 100 microns away from an inflamed

tissue, since almost no tissue area is moie than 30 to 50
microns away from a capillary, the chemotactic signal

can easily move vast hordes of leukocytes from the

capillaries into the inflamed area.

Margination and Diapedesis of Leukocytes
Tlirough the Capillary Membrane. Some of these

same products that cause chemotaxis, as well as enzymes
and necrotic products released from the inflamed tissues,

have a direct effect on the local capillaries to cause

margination and diapedesis of white blood cells. Mar-
gination means sticking of the white blood cells to the

wall. Even normally, granulocytes and monocytes,

partly because of their large sizes and partly because of

a natural stickiness, adhere to the capillary walls. In

fact, about three fifths of the granulocytes and three

fourths ofthe monocytes In the blood are sequestered in

the capillaries in this manner. Houever, after the m-
floramatory products have acted on the capillary walls,

the endothelial cells become especially sticky to the

white blood cells, causing extreme amounts of margin-

ation of both the granulocytes and monocytes, as illus-

trated m Figure 5-2. At the same time, the pores of the

capillaries open more widely than normally to allow

rapid diapedesis of the cells into the tissues, and thence

chemotaxis toward the inflamed site.

Phagocytosis. The most important fbnetion of the

neutrophils and macrophages is phagocytosis.

Obviously, the phagocytes must be selective of tho

material that is phagocytized, or otherwise some of the

normal cells and structures of the body would be in-

gested. Whether or not phagocytosis will occur depends

especially upon three selective procedures. First, if the

sujface of a particle is rough, the likelihood of phago-

cytosis IS increased. Second, most natural substances of

the body have protective protein coats that repel the

phagocytes. On the other hand, dead tissues and foreign

particles frequently have no protective coats, and many
are also strongly electrically charged, which also makes
them subj'ect to phagocytosis. Ihird, the body has a
specific means for recognizing certain foreign materials.
*^5 18 the function of the immune system that will be

described m the following chapter. The immune system
develops antibodies against infectious agents like bac-

tena. These antibodies then adhere to tlic bacterial

membranes and thereby make the bactena especially

susceptible to phagocytosis This results from the anti-

body molecule also binding with another factor called

complement, which is an additional part of the immune
system os will be discussed in the following chapter,
^me of the products of complement then “cover” the
bacteria and make them very susceptible to phagocj'to-
sis, which is the process known a& opsonualion. Com-
plement can also attach to some bacteria 'even in the
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absence of antibodies, and this too can lead to opsoni-

zation.

Phagocytosis by Neutrophils. The neutrophils en-

tering the tissues are already mature cells that can

immediately begin phagocytosis On approaching a par-

ticle to be phagocytized, the neutrophil firet attaches to

receptors on the particle, then projects pseudopodia in

all directions around the particle, and the pseudopodia

meet each other on the opposite side and fuse. This

creates an enclosed cham^r containing the phagocy-

tized particle. Then the chamber invaginates to the

inside of the cytoplasmic cavity and breaks away from
the outer cell membrane to form a free-floating phago-
cytic vesicle (also called a phagosome) inside the cyto-

plasm
A neutrophil cah usually phagoeytize 5 to 20 bactena

before the neutrophil itself becomes inactivated and dies

Phagocytosis by Macrophages. Macrophages, when
activated by the immune system as described in the

following chapter, are much more powerful phagocytes

than the neutrophils, often capable of phagocytizing as

many as 100 bactena They have the ability to engulf

much larger particles and often five or more times as

many particles as the neutrophils And they can even
phagoeytize whole red blood cells or malanal parasites,

whereas neutrophils are not capable of phagocytmng
particles much larger than bacteria Also, macrophages
have the ability to phagoeytize necrotic tissue and even

dead neutrophils, which is a very important function

performed by these cells in chronic infection

Enzymatic Digestion of (he Phagocytized Parti-

cles. Once 8 foreign particle has been phagocytized,

lysosomes immediately come in contact with the phago*

^ic vesicle, and their membranes fuse with those of

the vesicle, thereby dumping many digestive enzymes
of the lysosomes into the vesicle Thus, the phagocytic

vesicle now becomes a digestive vesicle, and digestion of

the phagocytized particle begins immediately

Neutrophils and macrophages both have an abun-
dance of lysosomes filled with proteolytic enzymes espe-

cially geared for digesting bactena and other foreign

protein matter The lysosomes of macrophages also con-

tain large amounts of lipases, which digest the thick

lipid membranes possessed by tubercle bactena, leprosy

bactena, and others.

The Ability of Neutrophils and Macrophages to

Kill Bacteria. In addition to lysosomal digestion of

ingebted bactena in the phagosomes, neutrophils and
macrophages also contain bacteneidal agents that kill

most bactena even when the lysosomal enzymes fail to

digest them This is especially important b^ause some
bactena have protective coats or other factors that

prevent their destruction by the enzymes Most of the

killing cfi'c'ct results from several powerful oxidutng
agents formed by enzymes in the membrane of the
phagosome or by the special organelle called the perox-

isome These oxidizing agents include large quantities

of superoxide (0,), hydrogen peroxide and ky-

I
droxyl tons (—OH ), all of which are lethal to most

. bacteria even m very small quantities

Another lysosomal substance that is lethal to many
bactena in the phagosome is lysozyme, a chemical that
can cause dissolution of the lipid membranes of the
bactena

Unfortunately, though, some bacteria, notably the

tubercle bacillus, have coats that arc resistant to lyso-

somal digestion and at the same time secrete substances

that resist even the killing effects of the neutrophils

and macrophages. Often these bacteria are responsible

for many of the chronic diseases.

Special Functions of Macrophages in Relation t<

the Immune System. In the following chapter we shal

discuss some of the special relationships that macro
phages have with the immune system. The two mos
important of these are:

(1) Macrophages in the lymphoid tissue make direc

contact with many of the lymphocytes. When the mac
rophages ingest foreign organisms, they pass the anti

genic material derived from these organisms to th(

lymphocytes and activate the lymphocytes to begin pro

ducing antibodies.

(2) Another product of the immune system is sensi

tired lymphocytes, called “T cells," that can destroy

foreign organisms and can also initiate inflammatory

reactions in infected tissues. Some of the products o

these T cells cause jnacrophages to migrate into the

inflamed tissues and also strongly activate the macro
phages, thus helping combat the infection These func

tions will be discussed further in the following chapter

Death of the Neutrophils and Macrophages as t

Result of Phagocytosis. Neutrophils continue to ingest

and digest foreign particles until toxic substances froir

these, as well as enzymes released inside the neutrophil:

from the lysosomes, kill the neutrophils themselves

This usually occurs after a neutrophil has phagocytizec

from 5 to 25 bacteria. Then the macrophages set about

phagocytizing and'digesting the dead neutrophils

The macrophages often also are killed iivtheir process

of phagocytizing infectious agents. However, this is nol

always the case because the macrophage, in contradiS'

tinetion to the neutrophil, is capable of extruding the

residual breakdown products of the phagocytized agent

and therefore continuing to perform Its function some
times for weeks, months, or perhaps even yean.

W£ TISSUE MACROrHACbSYSTCM ( j

(THE nniCULOENDOTHEUAL SYSTEM) \ '

In the above paragraphs we have described the mac-
rophages mainly as mobile ceils that are capable of

wandering through the tissues. However, a large portion

of the monocytes, on entering the tissues and after

becoming macrophages, become attached to the tissues

and remain attached for months or perhaps even years

unless they are called upon to perform specific protective

functions. They have the same capabilities as the mobile

macrophages to phagoeytize large quantities of bactena,
virusea, necrotic tissue, or other foreign particles in the
tissue And, when appropnately stimulated, they can
break away from their attachments and become mobile
macrophages that respond to chemotaxis and all the

other stimuli related to the inflammatory process.

The combination of mobile macrophages and fixed

tissue macrophages is collectively called the reticuloen-

dothelial system. The reason for this name is that it was
formerly believed that a major share of the blood vessel

endothelial ceils could perform phagocytic functions sim-

ilar to those performed by the macrophage system
However, recent studies have disproved this. Therefore,

the reticuloendothelial system is actually a misnomer.
Yet, because the term is so widely used, it should be

remembered to be almost synonymous with the tissue

macrophage system
The tissue macrophages in various tissues differ in

appearances because of environmental differences, end



5 ResIsUnce of the Body to Infection M 55

they are known by different names: Kupffer cells in the

liver; tissue macrophages in the lymph nodes, spleen,

and bone marrow; alveolar macrophages in the alveoli

of the lungs; tissue histiocytes, clasmatocyles, or fixed
macrophages in the subcutaneous tissues; and microglia

in the brain. Let us describe briefly the function of the

tissue macrophages in some areas of the body that are

especially expos^ to infectious agents.

Tissue Macrophages in the Skin and Subcuta*
neous Tissues (Histiocytes). Though the skin is nor-

mally impregnable to infectious agents, this no longer

bolds true when the skin is broken. When infection does
begin in the subcutaneous tissues and local inflamma-
tion ensues, the tissue macrophages can divide in situ

and form more macrophages. Then they perform the

usual functions of attacking and destroymg the infec-

tious agents, as described earlier.

Macrophages of the Lymph Nodes. Essentially no
particulate matter that enters the tissues can be ab-

’ sorbed directly through the capillary-membranes into

the blood. Instead, if the particles are not destroyed
locally in the tissues, they enter the lymph and flow

through the lymphatic vessels to the lymph nodes lo-

^
cated intermittently along the course of the lymphatic

I
The foreign particles are trapped there in a meshwork
of sinuses lined by tissue macrophages.

. Figure 5-3 illustrates the general organization ofthe
lymph node, showing lymph entering by way of the

^
afferent lymphatics, flowing through the medullary si-

nuses, and Anally passing out of the hilus into the

efferent lymphatics. Large numbers of macrophages line

the sinuses, and if any particles enter the sinuses the

macrophages phagocytize them and prevent general

dissemination throughout the.body.

Alveolar Macrophages. Another route by which
invading organisms frequently enter the body is through
the respiratory system. Fortunately, large numbers of
tissue macrophages are present as integral components
of the alveolar walls. These can phagocytize particles

that become entrapped in the alveoli. If the particles

are digestible, the macrophages can also digest them
and release the digestive products into the lymph. If the
particle is not digestible the macrophages often form a
“giant cgII” capsule around the particle until such time,
if ever, that it can be slowly dissoluted. Such capsules
are frequently formed around tubercle bacilli, silica dust
particles, and even carbon particles.

Tissue Macrophages (Kupffer Cells) in the Liver
Sinuses. Still another favonte route by which bacteria

Afferent l>-rnphaiics

tlsure S-3. FunaionaJ diagram of a lymph node (RedrAwn
from KAnv HlMdogy. rnilAde'phlA. ) B. Upplrtcou CompAny.

figure S—4. Kupffer cells lining the liver sinusoids, showing
{^gocytosls of India Ink particles. (Redrawn horn Copenhaver
er a/. Baileys Textbook of Histology Baltimore. Williarm

Wilkins. 1969}

invade the body is through the gastrointestinal tract

Large numbers of bacteria constantly pass through the

gastrointestinal mucosa into the portal blood. However,
before this blood enters the general circulation, it must
pass through the sinuses of the liver, these sinuses are

lined with tissue macrophages called Kupffer cells, il-

lustrated in Figure 5—1 These cells form such an effec-

tive particulate filtration system that almost none of

the bacteria from the gastrointestinal tract succeeds m
passing from the portal blood into the general systemic

circulation. Indeed, motion pictures of phagocytosis by
Kupffer cells have demonstrated phagocytosis ofa single

bacterium m less than 1/100 second

Macrophages of the Spleen and Bone Marrow. If

an invading organism docs succeed m entenng the

general circulation, there still remain other lines of

defense by the tissue macrophage system, especially by

macrophages of the spleen and bone marrow In both

these tissues, macrophages have become entrapped by

the reticular meshwork of the two organs, and when
foreign particles come in contact with these they ore

phagocytized.

The spleen is similar to the lymph nodes, except that

blood, instead of lymph, flows through the substance of

the spleen. Figure 5-3 illustrates the spleen’s general

structure, showing a small peripheral segment Note

that a small artery penetrates from the splenic capsule

into the spUnicpulp, and terminates in small capillaries.

The capillaries arc highly porous, allowing large num-
bers of whole blood cells to pass out of the capillaries

into the cords ofthe red pulp. These cells then gradually

squeeze through the trabecular meshwork of the cords

and eventually return to the arculatioa through the

endotheliol walls of the renous sinuses. The trabeculae

of the red pulp are lined with vast numbers of macro-
phages, and m addition the \ enous sinuses are also lined

with macrophages. This peculiar passage of blood

through the cords of the red pulp provides an exceptional

means for phagocytosis ofunwanted debns in the blood,

cspeaally old and abnormal red blood cells. The spleen

is also an important organ for phagocytic removal of

abnormal platelets, blood parasites, and any bacteria
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FlSure 5-5. functior»l sffuchires of the spl«n. (Mo(]in«d (lom

Bloom «rid FdwcoR Textbook of Kistolosy rhuiclelphta. W B

Sauftdert Company 1975)

that might succmi m entering the general circulating

blood

In H similar way, macrophages of the bone marrow
also help remove unwanted debns and pathologic agents

from the blood

mriAMMMlON AND fUNOlON OF
NEUTROPHILS AND MACROPHAGES

THE PHOCtSS or ISFlAMMATtON

When tiksuo injury occurs, whether it be caused by
bactenn, trauma, chemtcali. heat, or any other phenom*
enen, multiple sut»(anee8 that cause dramatic secon-

dary changes in the tissues arc released by the ii\)ured

tissues These secondary changes are call^ inflamma-

tion Inflammation is charactenred by < ll vasodilatation

of the local blood vessels with consequent excess local

blood flow, l2i increased permeability of the capiHancs
with leakage of large quantities of fluid into the inter-

stitial spaces, (3i often clotting of the fluid in these

space's because of excessive amounts of fibrinogen and
other proteins leaking from the capillaries, and (4)

swcUmg of the cells Some of the many tissue products

that cause those reactions include hulamine. fifodyki-

nin, serotonin, pmstcutlandins. several different reaction

products ofthe complement system {that ^i]\ he described

in the following chapter I, reaction products of the blood-

clotting system, and multiple hormonal substances called

^>nlp^<^kl^cs" that arc released by sensitited T cells,

part of the immune system, as we shall also discuss in

the following chapter Several of these substances

strongly activate the machrophage system, and within

a few hours the macrophages begin to devour the de-

stroyed tissues—but at times the macrophages also

4 further iiyurt the still-living tissue cells

1 The "Wallmg Off’ Effect of Inflammation. One of

the first results of inflammation is to "wall ofT' the area
of injury from the remaining tissues The tissue spaces

and the lymphatics m the inllamed area arc blocked by
fibrinogen clots so that fluid barely flows through the
spaces Therefore, this walling-off process delays the
iprtad of bacteria or toxic products

The intensity of the inflammatory process is usually
proportiomal to the degree of tissue injury For instance,

staphylococci invading the tissues liberate extremely

lethal cellular toxins. As a result, the process of inflam-

mattoR develops rapidly—indeed, much more rapidly

than the staphylococci themselves can multiply and
spread. Therefore, staphylococcal infection is character-

istically walled oIT rapidly. On the other hand, strepto-

cocci do not cause such intense local tissue destruction.

Therefore the walling off process develops slowly while

the streptococci reproduce and migrate As a result,

streptococci have a far greater tendency to spread

through the body and cause death than do staphylococci,

even though staphylococci are far more destructive to

the tissues

The M»cropb»s^ Neutrophil

Response to InflJunmAtlon

Soon after inflammation begins, the inflamed area

becomes invaded by both neutrophils and macrophages,

and the«c set about performing their scavenger functions

to nd the tissue of infectious or toxic agents However,

the macrophage and neutrophil responses occur in sev-

eral different stages

The Tissue Macrophages as the First Line of

Defense. The macrophages that arc already present in

the (issues, whether they be the histio^es m the

subcutaneous tissues, the alveolar macrophages in the

lungs, the microglia m the brain, or others, immediately

begin their phagocytic actions Therefore, they are the

first line of defense against infection during the first

hour or so However, their numbers often are not very

great
Neutrophilia and Neutrophil Invasion of (he In*

flamed Area—The Second Une of Defense. The term
neutrophilia means an increase in the number of neu-
trophils in the blood. The term leukocytosis is also often
us4^ to mean the same as neutrophilia, though this

term actually means excess number of all white cells,

whatever their types
Within a few hours after the onset of acute inflam-

mation, the number of neutrophils m the blood some-
times increases as much as four- to fivefold—to as high
85 15.000 to 25,000 per cubic millimeter This results

from a combination of chemical substances that are
released from the inflamed tissues, collectively called

Uukocytosis-inducing factor or granuJocyte-rrleasinf!

factor This factor diffuses from the mflamed tissue into

the blood and is earned to the bone marrow There it

mobilizes large numbers of leukocytes, mainly neutro-

phils. that are already preformed and stored in the
marrow tissue In this way large numbers of neutrophils

arc almost immediately transferred from the bone mar-
row storage pool into the circulating blood
.tfovemenf of A’eii(rophf/s to the Area of Inflam-

mation. Products from the inflamed tissues also cause
neutrophils to move from the arculation into the in-

flamed area They do this in three ways
First, they damage the capillary walls and thereby

cause neutrophils to slick, which is the process called

margtnation that was Illustrated in Figure 5-2
Second, they greatly increase the permeability of the

capillaries and small venules, and this allows the neu-
trophils to p3.ss by diapedesis into (he tissue spaces

Third, there is also the phenomenon of chemotaxis
that causes the neutrophils to migrate toward the in-

jured tissues This is caused by bacterial or cellular

products, clotting reaction factors, antigen-antibody

products, and some of the "complement" components
that wiU be described in the following chapter.
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Thus, within several hours after tissue damage begins,

the area becomes well supplied with neutrophils. &nce
neutrophils are already mature cells, they are ready to

begin immediately their scavenger functions for removal

of foreign matter from the inflamed tissues.

Increased Production of Neutrophils by the Bone
Marrow—Colony-Stimulating Factor. Inflammation

not only causes release of leukocytes from the bone

marrow’s storage pool but causes an increased rate of

production of leukocytes as well. A number of different

factors seem to cause this; several of these have been

isolated and characterized and collectively are called

colony-stimulating factor because they all cause colonies

of leukocytes to proliferate in tissue culture as well as

causing increased leukocyte production in the bone mar-
row. Colony-stimulating factor is a collection of glyco-

proteins with molecular weights of between 20,000 and

50,000. One of the most abundant of them is produced

by the macrophages in the inflamed tissues, probably in

response to bacterial toxins, breakdown products of

neutrophils, and other products of the inflamed tissues

Once released from the macrophages, colony-stimu-

lating factor acts mainly on the earliest ancestors of the

white blood cells, causing especially rapid reproduction

of the granulopoietic stem cells and myeloblasts. Thus,

stimulation of increased production of granulocytes is

important for-maintaining a high level of neutrophilia

for many days, weeks, or even months—but not for the

early stages of neutrophilia.

Macrophage Proliferation and the Monocyte Re-
sponse—The Third Line of Defense. Though the first

and second lines of defense in tissue infection are the

already present tissue macrophages and the rapid pro-

duction and movement of neutrophils into the inflamed

area, still a third line of defense is a slow but long-

continuing increase m the number of macrophages as

well, This results partly from reproduction ofthe already

present tissue macrophages but also from migration of

large numbers of monocytes into the inflamed area.

Though the monocytes are still immature cells and do
not have the capability of phagocytosis when they first

enter the tissues, over a pen^ of 8 to 12 hours they

swell markedly, form greatly increased quantities of

cytoplasmic lysosomes, exhibit increased ameboid mo-
tion, and move chemotactically toward the damaged
tissues.

Next, the rate of production of monocytes by the bone
marrow also increases. This possibly results partly from
stimulation by colony-stimulating factor, but there seem
to be other, as yet undefined stimulating factors as well,

because in long-term chronic infection there is progres-

sively increasing production of monocytes, thereby in-

creasing the ratio of macrophages to neutrophils in the

tissues. Therefore, the long-term chronic defense against

infection is often mamly a macrophage response rather

than a neutrophil response.
As has already been pointed out, the macrophages can

phagocytize far more bacteria and far larger particles,

including even neutrophils and large quantities of ne-

crotic tissue. Also, the macrophages play an important
role in initiating the development of antibodies, as we
shall discuss in the following chapter.

fomiAtion of Pus

When the neutrophils and macrophages engulf large
numbers of bacteria and necrotic tissue, essentially all

the neutrophils and many if not most of the macrophages

themselves eventually die. After several days, a cavity

is often excavated in the inflamed tissues containing

varying portions of necrotic tissue, dead neutrophils,

and dead macrophages Such a mixture is commonly
known as pus.

Ordinarily, pus formation continues until all infection

is suppressed. Sometimes the pus cavity eats its way to

the surface of the body or into an internal cavity and in

this way empties itself. At other times the pus cavity

remains closed even after tissue destruction has ceased.

When this happens the dead cells and necrotic tissue in

the pus gradually autolyze o\er a period of days, and
the end-products of autolysis are usually absorbed into

the surrounding tissues until most of the evidence of

tissue damage is gone.

NLUTROPWLIA CAUSED BY CONDITIOSS
OTHER THAN INFIAMMATION

Almost any factor that causes some degree of tissue

destruction will cause neutrophilia For instance, per-

sons debilitated by cancer exhibit an increase in neutro-

phils from the normal of 4500 per cubic millimeter

sometimes up to 15,000 or more. Even extreme fatigue

can cause neutrophilia Acute hemorrhage, poisoning,

operative procedures, very slight hemorrhage into the

peritoneal cavity, and injection of foreign protein into

the body all cause considerable increase in the number
of neutrophils in the circulatory system. In summary,
neutrophilia results from almost any tissue-damaging

process in the body, whether or not this process is

associated with inflammation
For instance, neutrophilia is one of the diagnostic

features of coronary thrombosis. Presumably, when the

coronary vessel becomes blocked the ischemic muscula-
ture of the heart begins to necrose, and degenerative

substances liberated into the blood promote the release

of neutrophils from the bone marrow
Physiological Neutrophilia. The number of neutro-

phils m the circulatory system can increase to as much
as two to three times normal after a single minute of

extremely hard exercise or after injection of norepineph-

rine. This can be explained as follows: When blood flow

IS sluggish through the tissues, large numbers of white

blood cells, especially neutrophils, adhere to the walls

of the capillaries—a process called margination—and,

therefore, are sequestered from the usual circulation.

Hard exercise or stimulation of the circulation by nor-

epinephrine, with rapid flow of blood through essentially

all capillaries, can mobilize the leukocytes.

Approximately one hour after physiological neutro-

philia has resulted from exercise or any other stimulus,

the number of leukocytes in the blood is usually back to

normal because most of the leukocytes will again be
sequestered in the capillaries.

THE EOSINOPHILS

The eosinophils normally compnse 2 to 8 per cent of

all the blood leukocytes Eosinophils are weak phago-

cytes, and they exhibit chemotaxis, but in comparison
with the neutrophils it is doubtful that the eosinophils

are of significant importance in protection against usual

types of infection.

On the other hand, eosinophils are often produced m
very large numbers in persons with parasitic infections,

and they migrate into ti&sues diseased by parasites.



58 Blood Cells, Immunity, and Blood Clotdng

Though most of the parasites are too large to be phag-
ocytized by the eosinophils or by any other phagocytic

cells, nevertheless the eosinophils attach to the parasites

end release substances that kill many of them. For
instance, one of the most widespread infections of the
world IS schistosomiasis, a parasitic infection found in

os many as one third of the population ofsome tropical

countries, the parasite invades literally any part of the

body. Eosinophils can attach to the juvenile forms of the

parosite and can kill many of them In our own country,

another parasitic disease that causes eosinophiha is

Inchinosts, which results from invasion of the muscles

by the TYichinella parasite (“pork worm") after a person

eats uncooked poik

Eosinophils also have a special propensity to collect

m tissues m which allergic reactions have occurred,

such as m the peribronchial tissues of the lungs m
asthmatic persons, in the skin after allergic skin reac-

tions, and so forth. This is caused at least partly by the

fact that many mast cells and basophils participate In

allergic reactions, as we shall discuss in the following

section, and these cells release an eosinophil chemotaeiic

factor that causes eosinophils to migrate toward the
inflamed allergic tissue. 'Hie eosinophils are believed to

detoxify some of the inflammation.lnducing substances

released by the mast cells and basophils and perhaps

also by the damaged tissues, thus preventing spread of

the local inflammatory process. For instance, eosim^hils
secrete substances that deactivate both hepann and
histamine, which arc among the collection of substances

released by allergen-stimulated mast cells and baso-

phils.

THi BASOPHIIS

The basophils in the circulating blood are very similar

to though not identical with the large most celts located

immediately outside many of the capillaries in the body.

Both these cells liberate heparin into the blood, a sub-

stance that can prevent blood coagulation and that can
also speed the removal of fat particles from the blood

after a fatly meal >

The mast cells and basophils also release histamine,

as well as smaller quantities of bradykinm and sero-

tonin. Indeed, it is mainly the mast cells m inflamed

tissues that release these substances during inflamma-
tion

The mast cells and basophils play an exceedingly

important role in some types of allergic reactions

cause the type of antibody that causes allergic reactions,

the IgE type (see Chapter 7), has a special propensity to

become attached to mast cells and basophils. Then, when
the specific antigen subsequently reacts with the anti-

body. the resulting attachment of the antigen to the

antibody causes the mast cell or basophii to rupture and
release exceedingly large quantities of histamine, brody-
kinin, serotonin, hepann, and a number of lysosomal
enzymes These in turn cause local vascular and tissue

1 reactions that cause the allergic manifestations These
effects will be discussed in greater detail in the following

chapter

AGRANULOCYTOSIS

A clinical condition known as “agranulocytosis” oc-

casionally occurs, in which the bone marrow stops pro-

duang white blood cells, leaving the body unprotected

against bacteria and other agents that might invade the

tissues.

Normally, the human body lives in symbiosis with

many bacteria, for all the mucous membranes of the

body are constantly exposed to large numbers of bacte-

ria. The mouth almost always contains various spiro-

chetal, pneumococcal, and streptococcal bacteria, and

these same bacteria are present to a lesser extent in the

entire respiratory tract The gastrointestinal tract is

especially loaded with colon bacilli. Furthermore, one

can almost always find bacteria in the eyes, the urethra,

and the vagina Therefore, any decrease in the number
ofneutrophils immediately allows invasion of the issues

by the bacteria that ore already present in the body.

Within two days after the bone marrow stops producing
white blood cells, ulcers may appear in the mouth and
colon, or the person develops some form of severe res-

piratoiy infection Bacteria from the ulcers then rapidly

invade the surrounding tissues and the blood Without
treatment, death often ensues three to six days after

acute agranulocytosis begins

Irradiation of the body by gamma rays caused by a

nuclear explosion, or exposure to drugs and chemicals

containing benzene or anthracene nuclei is quite likely

to cause aplasia of the bone marrow. Indeed, some of

the common drugs, such as chloramphenicol, thiouracil

(used to treat thyrotoxicosis), and even the various

barbiturate hypnotics, on occasion cause agranulocytosis

(or bone marrow aplasia in which no cells of any
type—red cells Included—are produced In the bone ma^
row), thus setting o(T the entire infective sequence of

this malady
After irradiation ii^ury to the bone marrow, a large

number of stem cells, myeloblasts, and hemoejtoblasU
usually remain undestroyed and are capable of regen-

erating the bone marrow, provided sufficient time is

available. Therefore, the patient properly treated with
antibiotics and other drugs to ward off infection will

usually develop enough new bone marrow within several

weeks to several months that blood cell concentration
can return to normal.

THE LEUKEMIAS

Uncontrolled production of white blood cells is caused

by cancerous mutation of a myelogenous or a lympho-
genous cell This causes leukemia, which is usually

characterized by greatly increased numbers ofabnormal
vzhite blood cells in the circulating blood.

Types of Leukemia. Ordinarily, leukemias are di-

vided into two general types, the lymphogenous leuke-

mias and the myelogenous leukemias The lymphogenous
leukemias are caused by cancerous production of lym-
phoid cells, beginning first in a lymph node or other

lymphogenous tissue and then spreading to other areas

of the body The second type of leukemia, myelogenous
leukemia, begins by cancerous production ofyoung mye-
logenous cells in the bone marrow and then spreads

throughout the body so that white blood cells are pro-

duced in many extramedullary organs
In myelogenous leukemia, the cancerous process oc-

casionally produces partially differentiated cells, result-

ing in what might be called neutrophilic leukemia,

eosinophilic leukemia, basophilic leukemia, or monocytic

leukemia. More frequently, however, the leukemia cells
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are bizarre and undifferentiated and not identical with

any of the normal white blood cells. Usually the more
undifferentiated the cells the more acute is the leukemia,

often leading to death within a few months. But with

some of the more differentiated cells, the process can be
quite chronic, sometimes developing slowly over a penod
of 10 to 20 years.

Leukemic cells, especially the very undifferentiated

cells, are usually nonfunctional, so that they cannot
provide the usual protection associated with wldto blood

cells.

imCTS OFLIUKIMIA OS THE BODY

The first effect of leukemia is metastatic growth of

leukemic cells in abnormal areas of the body The
leukemic cells of the bone marrow may reproduce so

greatly that they invade the surrounding bone, causing

pain and eventually a tendency to easy fracture. Almost
all leukemias spread to the spleen, the lymph nodes, the

liver, and other especially vascular regions, regardless

of whether the origin of the leukemia is in the bone

marrow or in the lymph nodes. In each of these areas

the rapidly growing cells invade the surrounding tissues,

utilizing the metabolic elements of these tissues and
consequently causing tissue destruction.

Very common effects in leukemia arc the development
of infectioqa^severe yiemia. and bleeding tendency

caused by lhrombocytopenia'(,lack of platelets). These
effects result''mainry''fnrm ‘displacement of the normal

bone marrow by the leukemic cells.

Finally, perhaps the most important effect of leukemia
on the body is the excessive use of metabolic substrates

by the growing cancerous cells The leukemic tissues

reproduce new cells so rapidly that tremendous demands
are made on the bc^y fluids for foodstuffs, especially the

amino acids and vitamins. Consequently, the energy^ of

the patient is greatly depleted, and the excessive utili-

zation of amino acids causes rapid deterioration of the

.normal protein tissues of the body. Thus, while the

leukemic tissues grow, the other tissues are debilitated

Obviously, after metabolic starvation has continued long

enough, this alone is sufficient to cause death
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6
Immunity and
Allergy

INNATE IMMUNITY

The human bri(^v has the ah^\itv to Te<>ist almost flU

t>i?ch orprgainsma or toxms that tend to damage the
tis3U~ea ariJ organs una ta called IKimotiily

Much of Ihc immunitv Is caused oy a special immune
system that'i'orins anuhudies ana acciVUllJ l>iii|>liocytes

that aitdck and destroy tnc btJLVlftL' U1 ^iShfSTlTrOT toxins.

This Uz? ui iinmunitv la aequirtU immunuy However,
an 'SSititional ponton ul thu niuUUliUy“resuUft ffom
general processes rather than from processes directed.at

speciile disease organisms This is called innate mmu-
nily. It includes the following

1. Phagocytosis of lytena and ether invaders by
white blood cells'^nd cclls cf the tissue macrophage
system, ds described id the previous chapter

i. J>p«tnietion by the acid secretions of the stomach
and av the digeativg enzymes oi organisms ewJlowed
into the stomach

" '

3 Resistance of the skm to invasion bv organisms.
4 l7cbcnce llT oi ceruin cherniMl coro*

pounds that attach to foreign organisms or toxins and
destroy them borne ol ttiese ar^(a>^7sorvni c. a mucolytic
polysacFKarTde that attacks bacteria and causes them to

dit^luU. >b> 6o31C poNpepfides, which react with and
inactivate certain types ot gram-positive bacteria; and
(c) the ccmplemftit complex that will be described later,

a system of about 20 proteins that can be activated m
various ways to destroy bsctena
This innate immunity makes the human body resist-

ant to such diseases as ^me paralytic virus infections

of animals, hog choJ^iO, cattle plague, and distemper—a
viral disease tharkill's a large percentage of dogs that

become afflicted with it On the other hand, lower
animals ore resistant or even completely immune to

many human diseases, such as poliomyelitis, mumps,
human cholera, measles, and syphilis, which ore very
destructive or even lethal to the human being

ACQUIRED IMMUNITY

In addition to its innate immunity, the human body
al*o has the ability to develop extremely powerful spc-

cifie immunity ogainst individual invading agents such
as lethal bactena. viruses toxins, and even foreign

tissues from other animals This is called ccouii^
immunity It is with this immun^mechanism and some
of Its associated reactions—especially the slier*

gies—that the remainder of this chapter will be con-

cerned.

Acquired immunity can often bestow extreme protec-

tion. For instance, certain toxins such as the paralytic

toxin ofbotulinum or the tetaniring toxin of tetanus can

be protected against m doses u high as 100^00 tim^
the amount that would be lethal without Immunity.
This is the reason the process known as "vaccination"

13 so extremely important m protecting human beings

against disease and against toxins, as will be explained

in the course of this chapter.

nvo BASIC Tym
orACQUIRED IMMUNITY

Two basic, but closely allied, types of acquired Iio-

munity occur In the body In one of these the body
develops circulating anttbMies. which areTlofauiih’moU
eculesJhatn'te cajjaliliTHfirtlireltini^'nie invading agent.

This tv^ of immunity is call^ kumonxi immunil^Tht
second type ot acquired immunity is achieve through*

the formation of large numbers of acritgted lymphocytes

that are specificallv designed to destroy the foreign"

agent. TTTis ty^ of immunity la caiiea cell-mediated

immunity
TVe shall see shortly that both the antibodies and the

activated lymphoeytes are formed in the l^phoid tissue

of the body. First, let us discuss the iriitiation oF the

immune process by antigens

ANT1CEN5

Since Bcouired immunity does not occur until after

first invasion by a ioreign oreaniam^or toxin, it is clear

that the tiody must have some mechanism for recogniz-

ing the initial invasion. Each toxin or each type of

organism almost always contains one or more specific

^emical esmpounds in its makeup that are different

fitpm oil othcr^mp^nds in generai.~these~are proteins

or large polysaccfaari^s. and U is they that cause the

acquired Immunity. These substances are called anti-

ge/is
~ —

For a substance to be antigenic it usually must have

a hi^ molpcularweight, or greater. Furthermore,

the process of antigenicity Csualty depends upon regu-

larly r^^ing prosthetic radicals on the surface of the

IjTve fnfilecutpf whicti perhapa explains why proteins

ydTnd polysaccharides are almost always antigenic, for

they both have this type ofstcreochemlcnl charactenatie



Haptens. Though substances with molecular weights

of less than 8000 only rarely act as antigens, immunity
can nevertheless be develoned against substances oflow
molecule weiglit m a very special way, as follows: If

the low molecular wei^t compouna, which is called a
hapter^tirst combines wita a suoatance that is antigenic,

sucn ^ n pmtpin, then the combination will elicit an
irtunmie response. The antibodies or activated lyraipho-

cytes that develop against the combination can then

react either against the protein or-agamst the hapten.
Therelore, on second exposure to the hapten, some of

the antibodies'or lymphocytes react with it before it can

spread through the body and cause damage..
The haptens that elicit immune responses of this type

are usually drugs, chemical constituents in dust, break-

down products of dandrull' from animals, degenerative

products dt scaling sKin,Various industrial chemicals,

the toxin of poison ivy, and so forth.

ROLE OF LYMPHOID TISSUE IN
ACQUIRED IMMUNITY

Acquired immunity is the product of tb p hndv's lymph.

Old tissue. In persons who have a genetic lack of lymph-
oid tissue or whose lymphoid tissue'has beeh^estroyed
by radiation or by chemicals, no acquired immunity
whatsoever can develop. And almost immediately after

birth such a person dies of fulminating infectioiyuiless

treated by heroic measures . Therefore, it is that

the lymphoid tissue is essential to survival of^he human
being.

The lymphoid tissue Is located most extensively m the

lypipH nodes, but it is also found m special lymphoid
tissues such as that of the spieen. submucosal areas of
the gastrointestinal tract, and the bone marrow The
lymphoid hssud irTlLitiibuted very advantageously in

the body to inUrcept the invading dfgams'Sis or toxins

before they cah'ispread too widely. For instance, the

lymphoid tissue of the gastroln^stinal tract is exposed
immediately to antigens invading through the gut. The

“fymphoid tissue of the throat and pharynx (the tonsils

and adenoids) is extremely well located to intercept

antigens that enter by way of the upper respiratory

tract. The Ivmphoid tissue in the lymohliodea Is exposed
to antigens that invade the peripheral tissues of the
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body. And, finally, the lymphoid tissue of the spleen and^
bone marrow plays the specific role of interceptingV
antigenic agents that have succeeded in reacEmgTJie”
circulating blood.

Two Types of Lymphocytes That Promote, Re-
spectively, ^ll-Mediatea immunity anq Humoral
Immunity— I'

be T and the B Lymphocytes. Though
most of the lymphocytes m normal lymphoid tissue look
alike when studied under the microscope, those cells are
distinctly divided into twolnajor populations. One of the
populations is responsible for forming the activated
lymphocytes that provide cell-incdiated immuni ty and
the other for forming thp nntihnH ii--g {jq.

moral immunity.

Both of Utese types of lymphocytes arc derived origi-

cells that differe^iate^an(rt^6^~con^^^^r^ hjrm
^lymphocytes. The lymphocytes that are formed eventu-
ally fend up in the lymphoid tissue, but before doing so
they are further difi'erentiated or “preproce&ied” in the
following ways;

Those lymphocytes that are eventually destined to

form activated lymphocytes first migrate to and are
preprocessed m the thymus gland , for which reason they
are called T lymphocytes. These’are responsible for cell-

mediated immimitv

The other population of lymphocytes—those tli?t are
destined to form antibodies—are preprocessed in some
unknown area of the body, probably m the hver during
midfetal hfe_ ajid m the ^ne marrow in late fetal life

and after birth. Howeveri this population of cells was
first diitfpvere^ Tn hirds In whlch the preprocessinS
occurs in the bursa ofFabncius. a structure not found
m mammals, f or this reason these lymphocytes are
called B lymphocytes, and they are responsible for hu-
moral immunity .

Figure 6-1 illustrates the two separate lymphocyte
systems for the formation, respectively, of the activated
T lymphocytes and the antibodies

PREPROCESSING OF THE TAND B
LYMPHOCYTES

Though all the lymphocytes of the body onginate from
the lymphocytic committed stem cells'of'tbn

CELL-MEDIATED IMMUNITY
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these stem cells are themselves incapable of fonnijtg*

either activated lymphocytes or antibodies. Beforfe they
can do, so. they must be further differentiated in appro-

priate processing areas in the tnvmus or in the B cell

processing area ~

Hole of the Thymus Gland for Pre^pocessing the

T Lymphocytes. Most of the preprocessing of the T
lymphocytes ot the th.vmus eland occurs shortly before

the birth of the ba^y and lor a tew months aiter birth.

Therefore, beyond this period o7 time, removal of the
thymus gland usually will not seriously impair tKe T
lymphocytic immune system, the system necessary for

cell-mediatecTimmun ity, iiowever. removal of the thv-

mus several months before birth can completely prevent
development 01 an cell-mediated immunity. Smc^it is

this cellular type of immunity that is mainly responsible

for rejection of transplanted organs such as hearts and
kidneys, one can transplant organs with little likelihood

of rejection if the thymus'is removed from an animal a
reasonable period of time before birth.

inymic Hormone. In addition to preprocessing the

T lymphocytes, the thymus probably also secretes a
hormone, called that circulates through
the body fluids aita incre^s the activity of the T
lymphocytes'mat naVe already lelt the thymus g^and

and have migrated to the lymphoid tissue, l nis hormone
is believcdtO cause lurUier prolifer^ion and increased

activity ofthe^ lymphocytes Otherwise, little isknown
about eiiiier the nature or the function of this hormone
Hole of the Bursa of Fabricius for Preprocessing

B Xjymphoevtea In Birds, bunng the taiter pa^ of

fetal iite the bursa ot t'abricius prepreceases the B
lymphocytes and preparg^hem to manufacture aati>

Indies. Here again, thupreprocessing continues for a
while after birth. In mammals, it Is believed that the B
celts are preprocessed during midfetai life in theTIver

but therc^teV in marrow.
Spread of i^rocessed Lymphocytes to the Lymph-

old Tissue. After formation of processed Ivmnhocirtes

in both the thymus'^nd the bursa, these first circulate

freely in the ^lo<>d for a hours but then become
entrapped in the lymohoid t^sue Thus, the l.^p^ocytes

do not originate primordialjy in the lymphoid tissue

but, instead, are transportedto this tissue by way of the

preprocessing areas of the thymus and probably fetal

liver and bone marrow

snanenY of antibodies
AND TLYMPHOCYTES—
ROLE OF LYMPHOCYTE CLONES

When either antibodies or activated T lymphocytes,

called “T cells,*’ arc formed in the lymphoid tissue, these

then react highly specifically against the particular

type oTanligen that initiated their development. For-

raeily. it was believed that this was achieved by the

\ antigen's in some way modifying the lymphocytes in the

] lymph node and irt this w'ay causing them to form either
' antibodies or T'cells vath'specifiaty for that particular

type of antigen However, it »3jiow known that this is

not true Instead the mechamam is almost certainly the

following-

Millions tff Pcefnrmed T.vmphocvt^ in

the J^ymphnid -Tis^iiue. We now know that there are at

least a million different types of preformed B lympho-'

cytes and equally as many preformed T lymphocytes

that are capable of forming the highly specific antibod-

ies, or T cells, when activated by the appropriate anti-

gens. Each one of these preformed lymphocytes is ca-

pable of forming only one type of antibody or one type

ofT cell with a single tvne ot soecincit v. Ann only the

^lecific type.jDf antigen with Which 'iC can react can
activate it. However, onro the specific lymphocyte is

activated by its antigen. It reproduces wildly, forming
tremendous numbers of duplicate lymphocytes. If it is a

B Ijmiphocyte, its progeny will eventually secrete anti-

bodies that then circulate throughout the bo^. If it is

a T lymphocyte,'its progeny are-^nsitired T cells thy
are released info the lymph and carried to the ^ood,
then circulated through all the tissue fluids and back
into the lymph, circulating around and around in this

circuit sometimes for months or years.

AH the different Ivmnhocvtes that are capable of

.flying one specificity of antibody or Tv^ll are called a
ctone o/ iymphocvtfs ‘Xhat is. the lymphocytes m each
clone are alike anfare derived originally from one or a
few early lymphocytes of its specific type.

ORIGIN OF THE MANY CLONES OF
LYMPHOCYTES

In lower animals, and presumably also in human
beings, only about a thousand genes code for the differ-

ent types of antibodies and T lymphoc^s. At first, it

was a mystery how it was possible for so few genes to

code for the million or more different specificities of
antibody molroules or T cells (hat can be produced by
the lymphoid tissue, especially when one considers that
a^ngle gene is musHv nefwijrv for the formation cf

each different type of protein However, the answerTo
this Kasnow been Oiscovered. Buring the preprotessing
stage, the genes cause the formation of large RNA
mollies

q
function^segments,

antibodyjr nf a T i^ell •'markeri^ (the protein on the T
cell surface that gives it specificity), but not for the
entire antibqdy or T cell marker. Then, while still in
the nucleus, tfie RNA molecule is cut into its segments
and respliced to form the final messengerRNA molecule,
employing the cutting and splicing mechanism that was
described in Chapter 3 However, during this cutting

and splicing the individual segments of the original

RNA molecule are spliced m difTerent combinations in

different ones (ff the processed lymphocytes And when
one realizes that there are a thousand or more different

genes, each coding for multiple* segments of antibodies
or cell markers, one can understand what a vast number
of different combinations can be formed.

Mechanism for ActIvAtIng a
Clone of Lymphocytes

Fafh el<M\e of lymphocytes is responsive to only a
single type oi antigen lor to similar antigens that have
almost exactly the same stereochemical characteristics)

The reason for this i^the following In .the case of the B
lymphocytes, each-cne of them has in ite cell membrane
nhoiiuno

^

onp a ntihoav mnlecuiea tnat will react highly

*niep?fore. when the appropriate antigen comM along,

it ii^^iately attaches to the cell membrane; this leads

to the hctivation process, which we will describe in more

detail subsequently. In the case~of the 'i lymphocytes,

molecules very similar to^ntibodiea.
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ceoior proteins <’or T cell markers), are in the cell

membrane, and these too are highly specific for the one
specified activating antigen.

Role of Macrophages in the Activation Process.

Aside from the lymphocytes in lymphoid tissue, literally

millions of macrophages are ‘also present in the same
tissue. line the sinusoids of the lymph nodes,
spleen, and other lymphoid tissue , and they lie in*ap-

position to m^v of the lymph node lymphocytes. Most
invading organisms are first phagoevtized and partially

digested by the macrophages , and the anUjonie products

are liberated into the macrophage cytos ol. It is believed

that the macrophages then pass these~antigens directly

to the lymphocyte s, thus leading to activation oTthe
specified clones.The macrophages also secrete an acti-

vating substance that promotes the growth and repro-

duction of the specific lymphocytes, 'i'his substance is

calledlmterleukin-iy

Role of the T cells in the Activation of the B
Lymphocytes. Most antipena activate both T lympho-
cytes and B lymphocytes at the same time Some of the

T cells that are formed, called helper cells, in turn secrete

specific substances (collectively called “lymphokines”)

that further activate the B lymphocytes. Indeed , without

the help of these T celU^ the Quantity of antibodies

formed by the B lymphocytes is usually very slight Two
of the lymphokines secreted by the helper cells are (1)

B cell growth factor also called interleukin -'J, that causes

growth and reproduction of the B cells to form the

intracellular organelles needed to produce antibodies.

We shall discuss this cooperative relationship between
helper cells and B cells again after we have had on
opportumty to describe the mechanisms of the T cell

system of immunity.

SPiCmC ATTRIBUTd Of THf B
LYMPHOCm SYSTEM—HUMORAL
IMJ^NITY ASD THE AFfTIBODIES^^ yj

P '^rmation of Antibodies/l}y the Plasma Cells.

Prior to exposure to a speafic antigen, the clones of B
tvmDhocvtea remain dormahtTn tRe lymphoid tissi^.

However, upon entry of a foreign antigen, the lymphoid
tissue macrophages phagocytize the antigen and then
present it to the adjacent B lymphocytes. In addition,

the antigenmay also be presented to T cells at the same
time, and one type of these, the" “helper” T cells* then
also contributes to the activation of the 6 lymphocytes,
as we shall discuss m'ore fully later. Those B lympho-
cytes speci fic for the antigen immodiatelv enlarge and
take on the appeai^ce orfympAobfasts. Some of these

then further differentiate to lorm plasmablasts. which
are the 'precursors of nl^^mn-rrHs. In these cells the

cytoplasm expands, and the rough endoplasmic reticu-

lum vastly proliferates. They then begin to divide at a
rate of approximately once every ten hours for about

nine divisions, giving in four days a total population of

about 500 celU for each onginril The ma-
ture plasma cell then produces pamma globulin .-intibod-

ies at an extromerv rapid rate^boiit 'iSOOQ-molKules
per second for each mil Tbo ontihodtoa arc

secreted into the lymph and are carried to the circulating

blood. This process continues for several gays or weeks
until death of the piosma cells.

Formation of “Memory" Cells—

D

ifference Be-

tween the Primary nf<nonse and the fciccflndoiy
Response. laomc ol mo lymphoblasts formed^ acti-

.

y^ion of n f fnnn nf R Jymphocytes do not go on to form
ptasraa cells but, instead, form mQderate~numbcrs of
now R lyfpph>vY»f,g.simila r to those of the origin^clohe
In other words, the population of the specihcally acti-

vated clone becomes greatly enhantod. And the new B
lymphocytea-ar^ddcd to the onginal lymphocytes of

the done. They also circulate throughout tne bo3v to

inhabit all the Tvmphoid tissue, but immunoloeicallv
they remain dormant until activated once again by a
new “^ajitity oi the ^me' antigen. 'J'hpse are ^lled
me^fy~cei is. Obviously, subsequent exposure to the

same antigen will then cause a much more rapid and
much more potent antibody resconse.

Figure 6-2 illustrates the difTcrcnccs between the

primary response that occurs on first exposure to a
specific antigen and the secon^ry response that occurs

following a second exposure to the same antigen. Note
the delay in the appearance of the primary response, its

weak potency, and its short life. The secondary response,

by contrast, begins rapidly aftefexposure to the antigen,

is far more potent, and lorms antibodies tor itShy
months rather than for only a few weeks.

The increased potency and duration Of the secondary
response explains why vaceinalion is usually accom-

plished by injecting antigen in multiple doses with
periods of several weeks or several months between
injections.

~

The Nature of the Antibodies

The antibodies are gamma globulins called immuno»
globulins gind th^v hav7 molecular weights between
approximately 150,000 and_9QO.OOO . UsUallv they con-

stitute about 20 per cent of all the plasma proteins.

All the immbnogiobuJins are composed of combina-
tions oflight and heavy polypeptide chains, most ofwhich
are a combination of two light and two heavy chains, as

illustrated m Figure 6-3. Some of the immunoglobulins,

though, have combinaHons of as many as ten heavy and
ten light chains, which gives rise^'to tRe much larger

molecular weight immunoglobulins. Yet, in all immu-
noglobulins. each heavy chain la paralleicif by a light

chain at one of its ends, thus lorming a heavy-light pair,

and there are always at least two such pairs in each
immunoglobulin molecule.

Figure 6-3 shows a designated nfLihn light

and each of thg^heavy cnains. call^ the “viable

portion." a^nd the remainder of each chain is called the

Flsure 6-2. The time course of the antibody response'io a
prinwy injectjon of antigen and lo a sccontU/y Ir^ectlon several
weeks Uier.
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AnfigeD-binding sites

Variabti

portion

Conttoni

portion

Ttsur« 6-5. SuMCtuie c! iho lyplcal IgG antibody, showlrtg h lo

be cofT'posed of two heavy polypeptide chains and two Bght
polypeptide chains. The antigen bln^ at two different sites on
the variable portions of the chains.

"coi^tnnt portion " The vari.iWe portion i« difTefght for

each rt^iiicuv of antibody, and it is this portion that

attaches spt^theo lly to » particular type of antigen. The
constant portHTn Ot IhU dliUtJudj dLll'ntUhw much ofthe

gross physical and chemical properties of the antibody,

establishing such factors ns diffusmiy of the antibody

m the tissues, adherence of the antibody to specific

structures within the tissues, attachment to the co/npte-

meni complex, the ease smh which the antibodies-pass

through membranes, and other biological properties of

the antibody

'Specificity of Antibodies. Each antibody (hat is

fur a diiTTgcn has a different organ i-

zatton of amino u;.iu reaiouea m the van able portions of

both the iichi ntid tirnvv ch ains ‘in«c haw a diticrent

sCenc suapo tor each antigen specificity, so that when
an ontigen comes in contact with it the prosthetic

radicals of the antigen fit a« n mirror image with those

of tha antibody. tnu< allowingV7apid bonding’between
the antibody and the antiRcn ffic bondine is noncova -

lent, but when the antibody is highly specific tKere are

80 many bonding sites that the antibody-antigen coup-

ling IS nevertheless exceedingly strong, held together

by (a) hy drophobic bonding . (b( hydrogen bonding, (c)

ionic attriicliuns, und idl^n der Waals lorce s It also

obeys the thermodynamic mass action iuw

concenlfatinn of bound antibody-antigen

' concentration of antibody x concentration of antigen

K. IS called tho affinity constant and is a measure ofhow
tightly the antibody binds with the antigen

Note, especially, in Figure G-3 that there are two
vanable sites on the antibody far attachment of anti-

gens Th ii< fTify-it nnnlvyti«»< arc hitvlent However, a
small propi>rtion of the antibodies, vthich have high
motcrular- weight combinations of light and heavy
chains have as many as ten binding sites

Classes of Antibodies. There are five general classes

of antibodies, respectively named leSI, /gC. /gA. IgP.

and lnfC fg <and< for iinmunogluiiuiin. and^the other

live respective leturs simply designate the respective

cla.sses

For the purpose of our present limited discuwion, two
of these classe-i of antibocfies arc of particular impor-

tancr IgC. which comprises about 75 cent of the

antibodies oi Un piirniai jicrson. ano^liiK. -sOifh

tutrt only n small per cent of the nntibwtios but which
isesjiceially involvedln allergy flowever. the fgM class

is aUo interesting because a large share ofthe antibodies

formW during the nnmarv resTOnso arc of this tVT)e

They Kiive ten binding sites, wht^ makes them cxcc^-
ingly effective in protecting the body against invaders

even though there are not many IgM antibodies.

Mechunlsms ofAction of Antibodies

Antibodies act'mainly in two different ways to protect

the body against invading agents* (1) by direct attack

OIL the invader, or (2) by activation of thV complement
s^teni that then destroys tne invader.
Direct Action of Antibodieson Invading Agents.

Figure G—4 illustrates antibodies (designated by the

bars) reacting vnth antigens (designated by the dark-

ened dumbbells). Because of the bivalent nature of the

antibodiM and on^most~in -

ing agent in one of several ways, as follows.

1 i^aUuliaiSMin. in whifh-multinle large structures

with an^gens on their surfnrps. such as bacteria or red

cells, are bound together into a clump.
2 Prec!pital[on7 in which the mo[pgiilar complex of

soluble antigen (sifchas tetanus toxin)' and anfibody
bocom^. so* large that it js rentJeVtd insoluble and

precipitates - '*

3 Neutraluation, in which the antibodies cover the

toxic sites of the antigenic agent.
*

4 Lysts, in which some very potent antibodies are

occasumaliy capable of directly attacking membranes of

cellular agents and thereby causing rupture of the cel l.

However, the direct actions of antiDodies’attaei^g

the antigenic invaders probably, under normal condi-

tions, arc not strong enough to play a mtOor role in

protecting the body against the invader. Most of the

protection comes through the amplifying effects of the

complement system described below
The-flnmptewient System for Antibody Action.

“Complement” is a collective term tfl destnbe aFysfeft v

ofabout 20 dl^erent nrotein.s . many ofwhich are cniyme
precursors. Ihe pnncmnl ar^/>r< m th ie system are 11

proteins designated Cl through C9f B. and D, illustrated

m Figure 6-6 All these are present normally among
the plasma proteins and also among the plasma proteins

that leok out of the copUlaries into the tissue spaces

The enzyme precursors'are'nonhally inactive, but they

can ^.-activated in two Mparate ways called (a) the

cfavsum p^huar and lb) nlternnte pathway
ili^vtuKMctil Pathway. The classical pathway is

activated by an antigen-antibody reaction That is, when
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an antibody binds with an antigen , a specific reactive

site on the “constant'’ portion ol the antibody becotnea

uncovered, or actwated. and this in turn binds dirertlv

with the Cl molecule ot the complement system, setting

into motion a
“
cascade” of sequential reactions^ illus-

trated in Figure 6-5, beginning with activation of the
proenzyme Cl itself. Only a few antigen-antibody com-
binations are required to activate many molecules in

this first stage of the complement system.” The Cl1&n-

zymes thus formed then activate successively increase
quantities of enzymesin the later ^ges of the^ystem,
so that from a vei^ small bc^nninga very large reaction

occurs. Multiple end-products are tormed as iltustrated

in the figure, and several of these cause important effects

that help to prevent damage by the invading organism
or toxin. AmQne~lne more important ellects are the
following:

(1) Opsonization and phagocytosis. One of the prod-

ucts of the complement cascade. C3b. strongly activates

phagocytosis by both neutrophils’ and
causing them to engulf the bacteria to which the anti-

gen-antibody complexes are attached Jhis process is

called onsonizniinn . It often enh'^ces the number of

(2) Lysis. One of the most important of all the

ucts of the complement cascade is the l\tic complex,

which is a combmSion of multiple complement factors

and 18 designated C5b6789. This has*a direct effect of
rupturing the cell membranes of bactena or other in-

vading organisms’ *-

(3) Agglutination. The complement products also
change the ^rface» of the invading organisms, causing
them to adhere to each other, thus promoting agglutin-
ation.

(4) NeutralUttlion of viruses The complement en-
zymes and other complement products can attack the
Structures of some^v^ses and thereby render them
nonvjfulent.

‘ ^

(5) Chemotaxis. Fratrment C.'ia cau.«ics chcmotaxis of
neutrophils and'macrophages

, thus causing large num-
bers of these phagocytes to migrate intoThe local region
of the antigenic agent.

(6) Activation of mast cells and basonh ils Fragments
C3a, C4a, and C5a all activate mast ceils and basophils,
causing them to release histamine and several other

substances into the local fluids. These_jubstances in

of flitj rt and niasmn nmtein into the tissue, and Other
local tissue reactions that beln inactivate or immobi lize

the antigenic agent . These same factors play a major
Tole In inflammation, which was discussed in the pro-

ceding chapter, and also in allergy, as we shall discuss

later.

(7) Inflammatory effects. In addition to inflammatory
effects caused bv activation of the m.ist'cplls_3nH baso-

phils, several ether rornplpmenf prAdnrts contribute

further to local inflammation. These products cause the
hyperemia, to be increased, the leakage of proteins to be

increascdTand th «» prntoins in coagu late in the tissue

spaces, mus pr^enting movement of the in v.iding

organism through thp_tissiies

The Alternate Pathway. The complement system
can sometimes be activated without the intermediation

of an antigen-antiboHv reaction This occurs especially

in response to large polysaccharide molecules in the cell

membr^es ot some invading microorganisms' These
substancea react with complement factors B and D.

forming an activation product that activates factor C3,

setting off the remainder of the comnlemcnt cascade

beyond the C3 level Thus, essentially all the same final

products of the system are tormed as in the classical

pathway, and these cause the same cflects as those just

listed in protecting the bo'dy against the invader

Since the alternate pathway does not involve an
antigen-antibody reaction, it is one of the first lines of

defense against invading microorganisms, capable of

functioning even before a person becomes immunized
against the organism.

SnetAL ATTRIBUTES OF THE T
LYMPHOCirTE SYSTEM^ACTIVATED CELLS
ASD ‘ CELL-fAEDIATED IMMUNITY"

Release of Activated I.vmphnid Tis-

sue, and Formaiion oi Memory Uells, Upon exposure

to the proper antigens, tlm T lymphocytes of the hmiph-

Old tissue proliferate acTtelease large numbers of ac-

tivated T ceils in ways that parallel antibody release.

The only real diilerence is ihai insieaa oi releasing

riguK 6-5. Cascade of reactions dunng activation

of the classical pathway of complement. (Modified

from Alexander and Cood Fundamentals of Clinical

Immunology. Philadelphia. W. B Saunders Company.
1977) Lysis o< cells
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antibodies, ’^bole activated T cells are formod and re*

leas<>d into the IvTOptr liioge then na^s into the circu-

latkin Bnd are distributed throughout the body, passing

through the capiirafv wntls into the tissue snnccs. bacF
into thi^iymph and blood once againrand circulating

again and ijjuin throughout the body, sometimes laatin?

for months~or even >eare
Also., 'r'Pmrpnoc\Te mcmori/ eelU art* fnrmpd m the

same way that memory cells are formed tn the humoral
antibody systen^ That is. when a done ofT lymphocytes
IS artivatrd bv^ antisenT n^nv of ihe newly formed

tymnbocytes are presmed in' the lymphoid tissue to

become additional T lymphocytes of that specific done;
in fact, th^ niemor> cells even spreafl throughout the

lymphoid ti«<nie ot ^he enure ixxiy i hcrelon^ on sub-

scquenWxnosure to the same antigen, the rcfeiM> of
activatcdVfoils occurs far more ramdlv anti much more
powerfully than jn the first re«^nsc.
Antigen Receptors on the T LjTnphocytca. Anti-

gens bind with recenlor molecules on the surfaces of T
cells in the same way that they bind with antibodies

Tliese rece^or molecules are composed o( u variable

unit similar to the variable portion of the humoral
antibody, hut its stem section is firmly bound to the cell

membrane Therefore, it is never secreted frm the cell

into the body fluids. There are as wanv lOOtWl
receptor sites on a single T cell

Multiple Types of T Cells

And nefr funedons

In the last few years it has become clear that there

are several dilTercnt tvnea ofT cells These arc classified

Into three major groups ( t) cvinfoxie T cell s. (2) helper

T ce//^ and <3) aunnrpunr Tr^ilf. Thu functions of each
of these are ^tTito distinct

Cytotoxic T Cells. The cytotoxic T cell is,a direct

attack coll^cap.vble of killing microorganisms and at

timeiemT somc*ur the body's ow n cells hor this reason,

thes^ceils are ir^ucntiy cuiu-u killer crIU The receptor

protoTnTBirtTrrSCrlaecs^rTFe^totosKcells cause them
to bind tightly to those organisms or cells that contain

their lAiuung-nuvciiic iiTil iiieii uku. iitey Kiii~iho at-

tacked ctiTurtRuTnanner’niustraled in Figure 0-6 The
immcdinle cflecl of the binding is swelling of edf
and release of cytotoxiy^bstancfS^uir^tly Info the

attacked c611 iiif cvtotoxic substanevs are probably
mainly lvfto«Mamal cnivnifa manulucturcu iiiTfle'T cell

It f* especially imponimi Uiui ewvii ot tlicw; Killer' cells

can attack many dirfercnt microorganisms one after

another, killing many separate organisms insteod of

merely one, often without the-hiller celts themselves
being harmed
The Cytotoxic T celU bit e«peciflHv Icthtil to tissue

cells that^isvf been invaded by viruses because many
vinia Dorticie* b<-cnrno enirwDi^ii in’tW RiTliitifancs of

y these ccl fa wed attrnrt the 1 cells because ol tlie viral

nntiginicit^ The cviiitoxic cells ai^ uiav an important
role in destroying cancsr cells, heart tran«pl^t cells, or
other tvpes of ceils Uail^ire ‘'foreign to me person’s

own body
The HelperT Cells. The helper T cells are by far

the most numerous of the T cells As their name implies

ihcw^elp" m the functions of the immune system in

multiple ways Some of their important functions arc

(.1 ) Increasing the actii'Otinn^oCJlMUi. nlolnrtc Terlta.
and tunp etLitrir T relit f»v nntt^tns The n Ivmphocvte
clones in the lymphoid tissue, as well as the cytotoxic T

fisorc 6-6. Direct destrucflon of an invading cell by semlKzed
(ymptiocytes.

cells and sunDTPsunr T ceil clones, are usually activated

'poorly by most anti f;en< nf hplp^r T cells.

In contrastVlhe helper T cell clones can be activated by
very small quantities of antigens and even bv antigens

that have very few reactive sites wherMs other cells

require many sites for direct activation However, onco
the helper T cells have been activated, they in tuni

secrete “Ivmphokincs" that enhance the response of the

other types el lymphoid cells to the antigen, as was
explained earlier

12) Sfimulolion of Oflit'iN t>f nihrr T cplf.e The hdper
T cells secrete a~6uostance called irderteukin-i. one of

the Ivmnhokmcs. that increases the activity Woificr T
ceils. includinccvtotoxieTcell s. eome suppressorT cells,

and probably even some ol the other helper T roll*

<3i Aetii'elibn efOte mac’vpnage sysiem The helper T
cells .secrete another lympbokinc. called macrophage
nugraiion mhihUion lattor, that plays two Important
rolesm tTtemacrophagi.-xcjipon'e to invading organisms.
First, It slows or stops the migration of macrophsges
that have been cbcmotactically attracted into the In-

fected tissue area, thus causing a great accumulatitfn tpf

macrophagM Second, it activates the macrophages to

cause far more ffllcient nhagoevtosis. allowing them to

attack and destroy greatlymcrea-sed numbers of invad-

ing organisms
Suppressor T CeUs. Much less is known about the

suppressor T cells than about the others, but they arc

capable.Qf suppreynng the functions of both cytotoxic

and helper l cells It is believed that these suppressor
functions serve the purpose of regulating the activities

of the other cells, kwpmg them from causing excessive

immune reactions that might be severely damaging to

the body For this reason, the suppressor cells ore

frequently called ffgofafnrvT cells One stenano for the

function of the regulatory suppressor T cells is the

followang' the helper T cells activate the suppressor T
cells; these cells in turn act as a negative feedback
controller of the helper T cells; and this automatically

sets the level of activity of the helper T cell system- It

IB b1» probable that the suppressor T cells play an

important role In limiting the ability of the immune
system to attack a person's own body .tissues, called

immunr tnlrrance. os we shall discuss in the following

section
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TOIIRANCI OF THE ACQUIRW IMMUNFFY
SYSTEM TO ONE’S OWN TISSUES-^ROLE OF
THE THYMUS AND THE BURSA

Obviously, if a person should become immune to his

or her own tissues, the process of acquired immunity
would destroy the individual’s own body. Fortunately,

the immune mcchanism'normally “rocognrrcs" a per*

son’s own tissues as being completely distinctive from
those of invaders, and his immunity system forms very

few antibodies or activated T cells against his own
antigens. *rhis phenomenon is knowTi nc tnfemnrfi taibe

bodylajuia-UASucs.

Mechanism ofTolerance. It is believed that most of
the phenomenon of to]crancc develops during the proc*

cssing of the T_^-T»ipbnr;i-tP«» in tho thygiHQ nnft the B
Ivmphftcvtea in the B Ivmnhocvte nrocessing nrea~in
birds in the bursa of Fabncius. The reason for this belief

is that injecting a strong anligon into n fetus at the
time th^trie lymphocytes arc ^inp nroccssed in these

two areas will pre\cnt the ue%'cldpment of clones of

are gpocific for

the im'cctcd antigen. Also, experiments have shown that

s^ilic immature lymphocytes in the thymus, when
exposed to a strong antigen, become lymphoblastic,

proliferate considerably, and then combine with the
stimulating antigen-s-an effect that is bclicted to cause
the cells themselves to be destroyed before they can
migrate to and colonize the lyihphoid tissue.

i^creforel it is'bchc%ed that during the processing of

lymphocytes m the thymus and m the B l>'mphocytc

processing area, all those'cloncs'of lymphocytes that are
spcciilc for the body's own tissues are self-destroyed

because of their continual exposure to the body's anti-

gens.

However, still another method by which tolerance

might occur has recently been suggested, based on the
suppressor function of the suppressor T cells. !n a few
instances it has been noted that increase m the number
of suppressor cells is associated with reduced immunity
against some antigensl Therefore, it is theoretically

possible that autoimmunity against the bod/s own an-
tigens might be suppressed by strong development of

specific suppressor T cells; as yet, this is not entirely

clear.

Failure of the Tolerance Mechanism—Autoim-
mune Diseases. Unfortunately, people frequently lose

some of their immune tolerance to their own tissues.

This occurs to a greater extent the older a person
becomes. It usually,^occurs after destruction of some of
the body's tis^s,'^which releases considerable quan-
tities of antigens that circulate in the body and nresum-
ably cause acquired immunity in tlie term ot cither

activated T cells or antiB^ies. Some of these antigens
seem to combine with other proteins, such as proteins

from baetena or viru‘;e 8. to form a new tvne of antigen
that can then eans^ immunity. Then the resulting acti-

vated T cells and antibodies attaBe the body’s own
tissues. Also, iV IS pelievcd ihar»niiie uf lliu Tnuteins of
the bodv -are normally sequestered from the immune
system during embryonic development of tolerance so
that tolerance to these proteins never develops in the
hrst place. For instance, the proteins of the cornea do
not seem to circulate in the duids of the fetus; this is

also true of the thyroglobuhn molecule of the thyroid;

therefore, tolerance to these never develops. When dam-
age occurs to either of these two tissues, these protein
molecules can then elicit immunity, and the immunity

(

in turn can attack the cornea in the first instance or the

thynud gland in the second instance to cause corneal

opaatv or thyroiditis.

Other diseases that result from autoimmunity include

^eumatic /cfcr. in which the body becomes immunized
^gainst tissues in the joints and heart, especially the

heart valves, follo^ng exposure to a specific type of

streptococcal toviii: one type of f^lomenilnnephritis. in

which the person becomes immunized against the base-

ment membranes of glomerul i: niyaslhenia gravis, in

which'immunity develops against the acetylcholine re-

ceptor proteins of the neuromuscular lunction, causing
paralysis; and lupus erythematosus, in which the person

becomes immunized against many different body tissues

at the same time, a disease that causes extensive dam-
age and often rapid death.

VACC/NATION

Tlic process of vaccination has been used for many
years to cause acquifSd immunity against specific dis-

eases. A person can be vaccinated by injecting dead
organisms that are no longer capable ofcausing ^seas'b

but which stilt have their chemical antigens . This type

whooping cough , diphthena . and many other types of

bacterial diseases. Also, immunity can be achieved
against toxins that have been treated with chemicals so

that their toxic nature has been destroyed even though
their antigens lor causing immunity are still intact.
Thi« procedure is uftfdin v.ifcinatin^ against tetanUS,
botulism , and other similar toxic diseases. And, finally,

a pcrsw can be vaccinated by infecting him with live

organisms that have been '‘attenuated." That is, these
organisms either have been grown in special culture

mals un til they have mutated enough that they will not
cat^ disease but do stiff carry the specific antigen.

yellow fever, measles, smallpox, and many other viral
diseases .

rASSfVf IMMUNITY

Thus far, all the acquired immunity that we have
discussed has been active immun ity. That is, the person’s
body develops either antibodies or spnsrh-;^ lympho-
cytes in response to invasion of the body by a foreign
antigen However, temporary inmumty can be achieved
in a person without injecting any antiP'f'n

This is done by infusing antibodies, artivatod f
both from someone else or from some nther anim al

has been actively immunized against thp .-intirTt.,,

antibodies will last for two to three wepka~^r4 during
that time the person i9_iirct£cted against the invading
disease, rtciiyated T cells will last for a few woeW

,f
transfused from another person, an^for a few hours to
a few days if transfused from an animal. The transfusion
ofantibodies or lymphocytes to gonler immunity is cailpd
passive immunity.

ALLERGY

One of the important side effects of immunity i®
development, under some conditions, of allergy,
are several different types of allergy, some of wl>
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occur in any person, and others that occur only in

persons who have a specific allergic tendency.

AS ALLERGY THAT OCCURS IS SORMAL
PEOPLE: DELAYED-REACnOSALLERGY

This type of allergy frequently causes skin eruptions

in response to certain drugs or chemicals, particularly

some cosmetics and household chemicals, to which one's

skin IS often exposed. Another example of such an
allergy is the skin eruption caused by exposure to poison
ivy.

Delayed-reaction allergy is caused bv aMivatoH T cells

and not by ontitxMies. in the case of poison ivy, the
toxin of poison ivy in itself does not cause much harm
to the'ti'asjues ttoweser, upon repeated exppsuro it does
cause the formation ofectivatedT cells Then, following

subsequent exposure to the poison ivy toxin, within a
day or so the activated T colls diffuse in sufficient

numbers into the skin to combine with the poison ivy

toxin and elicit a cell-mediated type ofimmune reaction

Remembering that this type of immunity can cause
release of many toxic substances from the activated T
cells as well as extensive invasion of the tissues by
macrophages and their subsequent effects, one can well

understand that the eventual result of some delayed-

reaction allergies can be senous tissue damage.

AUMCI£S IS THt •ALURCIC' PERSOS

Some persons have «n “aU»r<>ie!Ltejffi»nfy Their al-

lergies arecalled atopic alUrcieib^eause they are'eaused

by a nononJlhdry rl'spo'nse ot the immune system The
allergic tendency is genetically passed on from parent

to child, and it is characterized by the presence of large

quantities ofIgE antibodies Th.ese antibodies are called

reajjtns or sensituinff anlibod(es~io uiatingm«E~them
froin tlic moT^common igu amiooilies w tien an oRergen
(defined as an antigen that reacts speafically with a
specific type of IgE reagin antibody) enter* the body, an
allergcn-reagin reaction takes place, and a subsequent

allergic reaction takes place

A special characteristic of the IgE antibodies (the

rca^ns) is o strong propensity to attach to mast cells

and basophils Indeed, these cells can bind as many as
half a million molecules of IgE antibodies Then, when
on antigen (an aliergen) that has multiple binding sites

binds with several of the IgE antibodies attached to a
single mast cell or basophil, this causes an immediate
cKange in the membrane of the cell, perhaps resulting

from a sim^e physiral ^iiect oi the antibody molecules
being pulled togetneiTiy the ondgen At any rate, many
of the mast ceils and hainnhtls nintiirp others release
their granules without rupturing and also secretejiddi-

tional substances not already preformed in the granules
borne ol the many diffeienl'subslances that are either

released immediately or secreted shortly thereafter in-

clude k islamine, slow-reacting substance ofanaphylaxis,
ef>^tnr>niiil ciiemolactie supslance, oTprotease, a neuiropk i

/

cltfmolaetic~su8stance7yi*P<Ti"in, and platelet acUvaltng
/actors These suoaianres cause such pbcilblnroa as
dnatntion of the locsLblaa(Lx£&S£ls. attraction of eosin-

the local tissues bv the timteasc. increased pcnncabili^

of thcTapillanes and loss of fluid into the tissues, aid
contraction of local smooth muscle cells Therefore, any
number of difTcrent types ot abnormal tissue responses

can occur, depending upon the type of tissue in which

the allergen-reagin reaction occurs. Among the difl'erent

types of allergic reactions caused in this manner are-

Apftphvlaxist When a specific allergen is injected

directly into the circulation it can react in wide^read
areas of the body with the basophils of the blooil and

the mast cells located immediately outside the small

blood vessels. Therefore, a widespread allergic reggtion

oCTrs tfirbughout the vasculaf~svstem and In closely

asso«ated tissues. This is called anaphylaxis. ThS hh-

pennherfll-vagQdilatatmn as well ax incased pe^ea^
bility df the capillaries and marked loss of nlasma from

the circulation. Often, persona experiencing this reaction

die of circulatory shock within a few minutes unless

treated 'with noremnephnne to oppose the effects uf the

histamine. Butalso released from the cells is~ibVsub«-

stance called sl^-reacting sub<!lnnc«‘ ot ananhvTaxU,

which sometimes causes spasm of the smooth rausde of

the bronchinlgs. eliei^g an asthma-like attack and
somelimes causing death by suffocation. I

Urticaria. Urticaria results from antigen entering

specific skin areas and causing localised anaphylflObiid
reactions, Htslamtne released locally causes (a) vasodi-

latation that indureT^TT immoH iate reiilian and (b)

increased permeability of the canillanes that leads to

swelling of the skin in another few rrmTutes. The
ings are commonly cailkl "hives

"
Admlnistratu>n of

antihistamine druw to a person nnor^ exposure will

prevent the hives.

Hay Fever. In hay fever, the ailergen-reagin reaction

o^rs m the nose Hietamine released in response to

(his causes local vascular dilatation with resultant in-

creased capillary pressure, and it also'causes tnctoasrf
capillary permeability Both of these'effecta cause fapid

fluid lealc.tffe >nto the tissues of the nose. Md the iiasal

linings become swollen and secretory Here again. UK
of antihistamine drugs can prevent this selling ^no-

tion However, other products of flie aller^ntreagin
reaction still cause irritation of the nose, still eliciting

the typical sneering syndrome despite drug therapy
Asthma. In asthma, the allergen-reagin ieactioP oc-

curs in the bronchioles of the lungs Here, the most
important productreleagpd from the mast cells .aperns to

the slow-mctwg substance of ’wbicb.

caiise8~iDasm ni the hmnchininr nmnoth mnacle Conse-

quently, the person has difBcuhv breathing until the

reactive proOucta ot the allergicTeiCtlon have been

removed Unfortunately,“adflllnislration ot antihista-

minica^has little effect on^e course of asthma, because

histamine does'not appeairto be the major factor eliciting

the asthmatic reaction
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Blood Croups;
Transfusion;
Tissue and Organ
Transplantation

ANTICENIOTYAND IMMUNE REACTIONS
or BLOOD

^^'hen blood transfusions from one person to another
were first attempted the transfusions were successful m
some instances, but in many more immediate or delayed
agglutination and hemolysis of the rod blood cells oc-

curred. Soon It was discovered that the bloods ofdifferent

persons usually ha>c different antigenic and immune
properties, so that antibodies in the plasma ofone blood

react with antigens on the surfaces of the rod cells of

another Furthermore, the antigens and the antibodies

are nlmost never precisely the same In one person as in

another For this reason, it ts easy for blood from a
donor to ^ mismatched with that of a recipient. Fortu-

nately, if proper precautions are taken, one can deter-

mine ahead of time whether or not appropriate antibod-

ies and antigens arc present tn the donor and recipient

bloods to cause a reaction, but, on the other hand, lack

of proper precautions often results m varying degrees of

red cell agglutination and hemolysis, resulting m a
rypicaf Craruii^sion r^acCion CAaCcun iasd to dea^.

Multiplicity of Antigens In (he Dlood Cells. At
least 30 commonly occurring antigens, each of which
can at times cause antigen-antibody reactions, have
been found in human blood cells, especially on the
surfaces of the cell membranes In addition to these,

more than 300 others of less potency or that occur m
individual families rather than having widespread oc-

currence ore known to exist Among the 30 or more
common antigens, certain ones ore highly antigenic and
regularly cause transfusion reactions if proper precau-

tions are not taken, whereas others are of importance

pnncipally for studying the inheritance of genes and
therefore for establishing parentage, race, and so forth

lils.sentially alt these antigens are either glycolipids or

glycoproteins

Bloods are divided into different groups and types in

accordance with the types of antigens present in the

cells Two particular groups of antigeas are more likely

than the others to cause blood transfusion reactions

Hiese are the 80<allcd 0-A-B system of antigens and
the Rh system

O-A-B BLOOD GROUPS

THE A AND B ANDCENS—
CALLED "ACCLUnNOCENS”
Two related antigcns>-type A and type B—occur on

the surfaces of the red blo^ cells m a large proportion
of the population Because of the way these antigens are
inherited, people may have neither of them on their
cells, they may have one, or they may have both simul-
taneously
As will be discussed subsequently, strong antibodies

that react specifically with either the type A or type B
antigen almost always occur in the plasmas of persor*
who do not have the antigens on their red cells,

antibodies bind with the red cell antigens to (ums
agglutination of the red cells Therefore, the type A an
type B antigens are called agglutinogens, and the plasm
antibodies that cause the agglutination are called

gluUmns It is on the basis of the presence or absenc
of the agglutinogens in the red blo<^ cells that blo^ i

grouped for the puipose of transfusion.

The Four Major O-A-B Blood Groups. In transfui

ing blood from one person to another, the bloods c

donors and recipients arc normally classified into fou

major 0-A-B groups, as illustrate In Table 7-1, d«
pending on the presence or absence of the two agglutir

ogens WTien neither A nor B agglutinogen is prescni

the blood group is group 0 When only type A agglutir

ogen la present, the blcm is group A IVhcn only type ]

agglutinogen is present, the blood \i group B And v he:

both A and B agglutinogens are present, the blood i

group AB
Ro/ativc Frequenc/ea of the Different B/oo,

Types. The prevalence of the different blood type

among caucasoids is approximately as follows

Type rer tent

O 47
A 41

B 9
AB y

It IS obvious from these percentages that the O and i

gencsoccurfrequently whereas the B gene is ir' **<111001

70
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Genetic Determination of the Agglutinogens.
Genes on two adjacent chromosomes, one gene on each
chromosome, determine the O-A-B blood groups. These
are allelomorphic genes that can be any one of three

dilTerent types, but only one type on each chromosome:
type 0, type A, or type B. There is no dominance among
die three different allelomorphs. However, the type O
gene is either functionless or almost functionless, so

that it causes either no type 0 agglutinogen in the cells

or such a weak agglutinogen that it is normally insig*

nificant. On the other hand, the type A and type B genes
do cause strong agglutinogens in the cells. Therefore, if

either of the genes on the two respective chromosomes
is type A, the red blood cells will contain type A
agglutinogen, and likewise, if either of the two genes is

type B, the red blood cells will contain type B agglutin-

ogen. Or, if the gene on one chromosome is type A and
on the other is type B, the red blood cells will contam
both A and B agglutinogens.

The six possible combinations of genes, as shown in

Table 7-1, are 00, OA, OB, AA, BB, and AB These
different combinations of genes are known as the geno-
types, and each person is one of the six different geno-
types.

One can observe from the table that a person with
genotype 00 produces no agglutinogens at all, and.
therefore, the blood group is 0. A person with either

genotype OA or AA produces type A agglutinogens and.
dierefore, has blood group A. Genotypes OB and BB
give group B blood, and genotype AB gives group AB
blood.

THEACGLUTISINS

When type A agglutinogen is not present in a person’s

red blood cells, antibodies known as “anti-A" agglutinins
develop in his plasma. Also, when type B agglutinogen
IS not present in the red blood cells, antibodies known
as ‘'anti-B” agglutinins develop in the plasma.
Thus referring once again to Table 7-1, it will be

observed that group 0 blood, though containing no
agglutinogens, does contain both anti-A and anti-B
agglutinins, while group A blood contains type A agglu-
tinogens and anti-B ogg/utinins, and group B blood
contains tj^e B agglutinogens and anli-A agglulcnins.

Finally, group AB blood contains both A and B agglu-

tinogens but no agglutinins at all.

Titer of the Agglutinins at Different Ages, imme-
diately after birth the quantity of agglutinins in the
plasma is almost zero. Two to eight months after birth,

the infant begins to produce agglutinins— anti-A agglu-
tinins when type A agglutinogens are not present in the
cells and anti-B agglutinins when type B agglutinogens
are not in the cells. Figure 7-1 illustrates the changing

Table 7-1 THE BLOOD CROUPS WITH THEIR
GENOTYPES AND THEIR CONSTITUENT
AGGLUTINOGENS AND AGGLUTININS

Genotypes
Blood
Croups Assludnogens Agglutinins

OO O
Antt-A

and

OA or AA A A
Ant|.B

AnU-B
OBorBB B B Antt-A

AB AB AandB

flgute 7-1. Average titers of antf-A and antl-D agglutinins In

the blood of persons In group B and group A at different ages.

titer of the anti-A and anti-B agglutinins at different

ages. A maximum titer is usually reached at 8 to 10

years of age, and this gradually declines throughout the
remaining years of life

Origin of Agglutinins in the Plasma. The agglutin-

ins are gamma globulins, as are other antibodies, and
are produced by the same cells that produce antibodies

to any other antigens. Most of them are IgM and IgG
immunoglobulin molecules.

But why are these agglutinins produced in individuals

who do not have the antigenic substances in their red
blood cells? The answer to this seems to be that small
amounts of group A and B antigens enter the body m
the food, in bacteria, and in other ways, and these
substances initiate the development of the anti-A or

anti-B agglutinms. One of the reasons for believing this

IS that injection of group A or group B antigen into a

recipient having another blood type causes a typical

immune response with formation of greater quantities

of agglutinins than ever Also, the newborn baby has

few if any agglutinins, showing that agglutinin forma-

tion occurs almost entirely after birth

THCACCLUTINATIOS PROCESS IN
TRANSrUSION REACTIONS

tVhen bloods are mismatched so that anti-A or anti-B

agglutinms are mixed with red blood cells containing A
or B agglutinogens respectively, the red cells agglutin-

ate by the following process: The agglutinins attach

themselves to the red blood cells Because the agglutin-

ins have two binding sites (IgG tj-pe) or ten sites (IgM
type), a single agglutinin can attach to Iho or more
different red blood cells at the same time, thereby
causing the cells to adhere to each other. This causes
the cells to clump. Then these clumps plug small blood
\essels throughout the circulatory sjstem. Dunng the
ensuing few hours to few days, the phagocytic white
blood cells and the reticuloendothelial system destroy
the agglutinated cells, releasing hemoglobin into the
plasma.
Hemolysis in Transfusion Reactions. Sometimes

when recipient and donor bloods are mismatched, im-
mediate hemolysis of red cells occurs in the circulating
blood. In this case the antibodies cause lysis of the red
blood cells by activating the complement system. This
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in turn releases proteolytic enzymes (the lytic conv>^)
that rupture the cell membranes, as was desenb^ in

Chapter 6.

However, immediate intravascular hemolysis is far

less common than agglutination, because not only does
there have to be a very high titer of antibodies Ibr this

to occur but also a different type of antibody seems to

be required, mainly the IgM antibodies, these antibodies
are called hemolysins However, even agglutination

eventually leads to hemolysis of the agglutinated red
cells because the phagoiylic white ble<^ cells and the
reticuloendothelial cells rupture the agglutinated cells

within a few hours after agglutination has taken place

BLOOD nriSG

Prior to giving a transfusion, it is necessary to deter-

mine the blood group of the recipient and the group of
the donor blood so that the bloods will be appropnately
matched. This is called blood typing, and it is performed
In the following way The red blood colls arc first diluted
with saline. One portion is then mixed with anti-A
agglutinin while another portion is mixed with anti-B
agglutinin After several minutes, the mixture is ob-
served under a microscope. If the red blood cells have
become clumped—that is. “agglutinated"—one knows
that an antibody-antigen reaction has resulted

Table 7-2 illustrates the reactions that occur with
each of the four different types of blood. Group O red
blood cells have no agglutinogens and, therefore, do not
react with either the anti-A or the anti-B serum. Group
A blood has A agglutinogens and therefore agglutinates

with anti-A agglutinins Group B blood has B agglutin-

ogens and agglutinates with anti-D scrum. Group AB
blood has both A and B agglutinogens and agglutinates

with both types of serum.

THE Rh BLOOD TYPES

In addition to the O-A-0 blood group system, several

other systems are sometimes important in the transfu-

sion of blood The most important of these is the Rh
system. The one major difTcrenee between the 0-A-B
system and the Rh system is the following: In the 0-A-
B system, the agglutinins responsible for causing trans-

fusion reactions develop spontaneously, while in the Rh
system spontaneous aggluCfnina almost never occur
Instead, the person must first be massively exposed to

an Rh antigen, usually by transfusion of blood, before

enough agglutinins to cause a significant transfusion

reaction will develop

The Rh Antigens—“Rh PoslUve" and “Rh Nega-
tive" Persons. There arc six common types of Rh
antigens, each of which is called an Rh factor. These

Table 7-2 BLOOD TYriNG—SHOWING
AGGLUTINATION OF CELLS OF THE DIFFERENT BLOOD
GROUPS WITH ANTI-A AND ANTI-B AGGLUTININS

Red Blood Sere
CcUi AntS-A Anti B

types arc designated C, D, E, c, d, and e. A perso'' who

has a C antigen will not have the c antigen,

person missing the C antigen wiU always have c

antigen. The same is true for the D-d and E-e ant >S^''^

Also, because of the manner of inheritance of these

factors, each person will have one of each of the three

pairs of anti gens.

The type D antigen is widely prevalent in the popu-

lation, and it is also considerably more antigenic^ than

the other Rh antigens Therefore, anyone who ha^ this

type of antigen is said to be Bh positive, while those

persons who do not have type D antigen are said to be

Rh negative. However, it must be noted that even ^
negative persons some of the other Rh antigens can still

cause transfusion reactions.

Approximately S5 per cent of all caucasoids afo Rh

positive and 15 per cent, Rh negative In Ara^rioan

Blacks, the percentage of Rh positives is aboiit 95,

whereas in African Blacks it is virtually 100 per <*nt.

Typing Bloods for Rh Factors. Typing for fac-

tors 13 performed in a manner similar to that

typing the A-B-0 agglutinogens. This is usually

achieved using from 4 to 6 different anti-Rh sera How-

ever, the anti-Rh antibodies are far less potent in their

capability of causing red cell agglutination than af^
anti-A and the anti-B antibodies Therefore, to cause

agglutination in the presence of the Rh antibodies, a

small amount of protein must be added to the

mixture: this protein provides cross-linkages

the antibodies after they attach to the red blood c^ils-

Wl Rh IMMUNE RISPONSE

Fonnation of Anti-Rh Agglutinins. When red
cells containing Rh factor, or even protein break*}®'*^

products of such cells, are ii^jected into a person wilii®ui

the factor—that is, into the Rh negative person—
Rh agglutinins develop very slowly, the maximunt c®*'"

centration of agglutinins occurring approximately
to four months later. This immune response occurs I® ®

much greater extent in some people than in others- P®
multiple exposure to the factor, the Rh negu^ive

person eventually becomes strongly “sensitized” t® Lhe

Rh factor—that la, he or she develops a very high
anW-Wn ag'B\M\ST»'wa

Characteristics of Rh Transfusion Rcactioil®- R
an Rh negative person has never before been expos®*^ i®

Rh positive blood, transfusion of Rh positive blood 'uL®

him causes no immediate reaction at all Howev^t, >u

some of these persona anti-Rh antibodies dcvel(7P i®

sufficient quantities dunng the next two to four w'®®k8

to cause agglutination of the transfused cells that are

still in the blood. These cells are then hemolyzed b/ the

tissue macrophage system. Thus, a delayed transfU^'®®

reaction occurs, though it is usually mild. Yet, on
Sequent transfusion of Rh positive blood into the
person, who la now immunized against the Rh factor,

the transfusion reaction is greatly enhanced and ci>®

as severe as the reactions that occur with types A
B bloods

Erythroblastosis Fetalis, Erythroblastosis fetal'® I*

a disease of the fetus and newborn infant character'®®^

by progressive agglutination and subsequent pha^®®>’'

tosls of the red blood cells In most instances of

roblastosis fetalis the mother is Rh negative, and 1^®

father is Rh positive; the baby has inhenled tlii^JR’

positive characteristic from the father, and the
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has developed anti*Rh agglutinins that have diHused

through the placenta into the fetus to cause red blood

cell agglutination.

Prevalence of the Disease. An Rh negative mother
having her iirst Rh positive child usually does not

develop sufficient anti-Rh agglutinins to cause any
harm. However, an Rh negative mother having her

second Rh positive child often will have become “sensi-

tized" by the first child and therefore will often develop

anti-Rh agglutinins rapidly upon becoming pregnant
with the second child. Approximately 3 per cent of these

second babies exhibit some signs of erythroblastosis

fetalis; approximately 10 per cent of the third babies

exhibit the disease; and the incidence rises progressively

with subsequent pregnancies.

The Rh negative mother develops anti-Rh agglutinins

only when the fetus is Rh positive, hlany of the Rh
positive fathers are heterozygous (about 55 per cent),

causing about one fourth of the offspring to be Rh
negative. Therefore, after an erythroblastotic chitd has
been bom, it is not certain that future children will also

be erythroblastotic.

Effect of the Mother’s Antibodies on the Fetus.

After anti-Rh antibodies have formed in the mother,
they diffuse very slowly through the placental mem-
brane into the fetus’ blood. There they cause slow agglu-

tination of the fetus’ blood. The agglutinated red blood

cells gradually hemolyze, releasing hemoglobin into the

blood. The macrophages then convert the hemoglobin
into bilirubin, which causes yellowness (jaundice) of the

skin. The antibodies probably also attack and damage
many of the other cells of the body.

Clinical Picture ofErythroblastosis. Tho newborn,
jaundiced, erythroblastotic baby is usually anemic at

birth, and the anti-Rh agglutinins from the mother
usually circulate in the baby’s blood for one to two
months after birth, destroying more and more red blood
cells.

The hemopoietic tissues of the baby attempt to replace

the bemolyzing red blood cells. The liver and the spleen

become greatly enlarged and produce red blood cells in

the same manner that they normally do during the
middle of gestation. Because of the very rapid production
of cells, many early forms, including many nucleated
blastic forms, are emptied into the circulatory system,
and it is because of the presence of these in the blood
that the disease has been called "erythroblastosis fe-

talis."

Though the severe anemia of erythroblastosis fetalis

is usually the cause of death, many children who barely

survive from the anemia exhibit permanent mental
impairment or damage to motor areas of the brain

because of precipitation of bilirubin in the neuronal
cells, causing their destruction, a rondition called her-

nicterus.

Treatment oftheErythroblastotic Baby. The usual

treatment for erythroblastosis fetalis is to replace the

newborn infant’s blood with Rh negative blood. Approx-

imately 400 ml of Rh negative blood is infused over a
period of 1.5 or more hours while the baby’s own Rb
positive blood is being removed. This procedure may be
repeated several times during the first few weeks oflife,

mainly to keep the bilirubin level low and thereby to

prevent kernicterus. By the time these transfused Rh
negative cells are replaced with the baby's own Rh
positive cells, a process that requires six or more weeks,
the anti-Rh agglutinins that had come from the mother
will have been destroyed.

OTHER BLOOD FACTORS

Many antigenic proteins besides the 0, A, B, and Rh
factors arc present in red blood cells of different persons,

but these other factors only rarely cause transfusion

reactions and, therefore, are mainly of academic and
legal importance. Some of these different blood factors

are the M, N, S, s, P, Kell, Lewis, Duffy, Kidd, Diego,
and Lutheran factors. Occasionally, multiple transfu-

sions of red cells containing one of these factors cause
specific agglutinins to develop in the recipient, and
transfusion reactions can then occur when the same
type of blood is infused again.

Method for Studying Obscure Blood Factors. One
of the means by which different blood factors, including
the Rh factor, have been studied in the human being

has been to immimize lower animals, such as rabbits,

with human blood cells. Specific antibodies develop in

the animal against the antigens of the human cells, and
specific immune sera prepared from the plasma of these
animals can then be used for determining the presence
or absence of the same antigens in red blood cells of

other persons

Blood Typing in Legal Medicine. In the past three

decades the use of blood typing has become an important
legal procedure In cases of disputed parentage. Including

all the blood types, as many as 50 common blood group
genes can be determined for each person by blood-typing

procedures. After the mother's and child’s genes have
been determined, many of the father's genes and his

corresponding blood factors are then known immedi-
ately, because any gene present in a child but not

present in the mother must be present tn the father. If

a suspected man is missing any one of the necessary

blood factors, he is not the father. A falsely charged
man can be cleared in about 75 per cent of the cases

using commonly available antisera for blood typing, and
in essentially all cases using all possible types of anti-

sera.

TRANSFUSION

Indications for Transfusion. The most common rea-

son for transfusion is decreased blood volume, which
will be discussed in detail in Chapter 28 in relation to

shock. Also, transfusions are often used for treating

anemia or to supply the recipient with some other
constituent of whole blood besides red blood cells, such
as to supply a thrombocytopenic patient with new plate-

lets. Also, hemophilic patients can be rendered tempo-
rarily nonhemophilic by plasma transfusion, and, occa-

sion^ly, the quantity of “complement" in a recipient

must be supplemented by fresh plasma infusions before
certain antigen-antibody reactions can take place.

TItANSrUSION REACTIONS RESULTING
FROM M/5AMrCH£0 BLOOD CROUPS

If blood of one blood group is transfused to a reapient
of another blood group, a transfusion reaction is likely

to occur in which the red blood cells of the donor blood
are agglutinated. It is very rare that the transfused
blood ever causes agglutination of the recipient’s cells t
for the following reason: The plasma portion of the donor \
blood immediately becomes diluted by all the plasma of- '

the recipient, thereby decreasing the titer of the
' '
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egglutimns to a level too low to cause agglutination. On
the other hand, the infused blood does not dilute the
agglutinins in the recipient's plasma to a major extent.

Therefore, the recipient's agglutinins con still agglutin-

ate the donor cells

Hemolysis of Red Cells Following Transfusion
Reactions. All transfusion reactions resulting from
mismatched blood groups eventually cause hemolysis of
the red blood cells. Occasionally, the antibodies are
potent enough and are composed of the appropriate class

of immunoglobulins to cause immediate hemolysis, but
more frequently the cells agglutinate first and then are
mainly entrapped in the penpheral vessels. Over a
period of hours to days the entrapped cells are phago-
cytizcd, thereby liberating hemoglobin into the circula-

tory system
When the rate ofhemolysis is rapid, the concentration

of hemoglobin in the plasma can rise to extremely high
values A smalt quantity of hemoglobin can become
attached to one of the plasma proteins, haploglobin, and
continue to circulate in the blood without causing any
harm. However, above the threshold value of 100 mg of

hemoglobin per 100 ml ofplasma, the excess hemoglobin
remains in the free form and diffuses out of the circu-

lation into the tissue spaces or through the renal glo-

meruli into the kidney tubules, as is discussed below.

The hemoglobin remaining m the circulation or passing

into the tissue spaces is gradually ingested by phagocytic

cells and converted into bilirubin and later excreted into

the bile by the liver, which will be discussed in Chapter
70. The concentration of bilirubin m the body fluids

often nses high enough to cause jaundice—that is. the

person's tissues become tinged with yellow pigment.

Out, if liver function is normal, jaundice usually does

not appear unless more than 300 to 500 ml of blood is

hemolysed m less than a day.

Acute Kidney Shutdown Following Transfusion
Reactions. One of the most lethal effects of transfusion

reactions is acute kidney shutdown, which can begin

within a few minutes to a few hours and continue until

the person dies of renal failure.

The kidney shutdown seems to result from three

different causes First, the antigen-antibody reaction of

the transfusion reaction rcleo-ses toxic substances from

the hemolyzing blood that cause powerful renal vasocon-

striction Second, the loss of circulating red celis along

with production of toxic substances from the hemolyied
cells and from the immune reaction often causes cimi-
latory shock, the arterial blood pressure falls very low

and the renal blood flow and urinary output decrease

Third, if the total amount of free hemoglobin in the

circulating blood is greater than that quantity which

can bind with haptoglobin, much of the excess leaks

through the glomerular membranes into the kidney
' tubules Ifthisamount is still slight, it can be reabsorbed

through the tubular epithelium into the blood and will

cause no harm, but, if it is great, then only a small

percentage Is reabsorbed Yet water continues to be

reabsorbed, causing the tubular hemoglobin concentra-

tion to nse 60 high ih.st it precipitates and blocks many
of the tubules, this is especially true if the urine is

acidic Thus, renal vasoconstriction, circulatory shock,

and tubular blockage all add together to cause acute

renal shutdown If the shutdown is complete, tho patient

dies within a week to 12 days, as explained in Chapter

38, unless treated with the artificial kidney.

TRANSPLANTATION OF TISSUES
AND ORGANS

Relntion of Genotypes to Transplantation. In thi

modem age of surgery, many attempts are being mad
to transplant tissues and organs f^m one person t

another, or, occasionally, from lower animals to th

human being. Many of the different antigenic protein

of red blood cells that cause transfusion reactions plu

still many more are present in the other cells of th

body as well. Consequently, any foreign cells tram
planted into a recipient can cause immune response
and immune reactions. In other words, most recipient

are just as able to resist invasion by foreign cells as t

resist invasion by foreign bacteria

Isografta, Allografts, and Xenografts. A traasplan

of a tissue or whole organ from one identical twin t

another is called an tsografl. A transplant firom on

human being to another or from any animal to anothe
animal of the same species is called an aUogmfl Finallj

a transplant from a lower animal to a human being o

from an animal of one species to one of another specie

is called a xenograft.

Transplantation of Cellular Tissues. In the case c

tsografls, cells in the transplant will almost always liv

indefinitely ifan adequate blood supply is provided, bul

in the cose of allografls and xenografts, immune reac

lions almost always occur, causing death of all the cell

in the graft within two to five weeks after transplants

tion unless some specific therapy is used to prevent th
immune reaction The cells of allografts usually persis

much longer than those of xenografts because the anti

genic makeup of the allograft is more nearly the sam'
as that of the recipient's tissues than is true f^or th'

xenograft. And when the tissues are properly ^yped
and are very similar prior to transplant, completel;

successful allografls occasionally result

Some of the different cellular tissues and organs tha

have been transplanted either experimentally or fo

therapeutic benefit from one person to another are skin

kidney, heart, liver, glandular tissue, bone marrow, an(

lung. Many kidney allografts have been successful foi

os long as five to ten years, and a few liver and hear
transplants for one to ten years
Transplantation of Noncellular Tissues. Certair

tissues that have no cells or in which the cells an
unimportant to the purpose of the graft, such as th<

cornea, tendon, fascia, and bone, can olten be graitec

from one person to another with considerable success

In these instances the grafts act merely as a supporting

latticework into which or around which the surroundini

living tissues of the recipient grow Indeed, some suef

grafts—bone and fascia—are occasionally successfu!

even when they come from n lower animal rather thar

from another human being.

ATTIMITS TO OVEKCOME THE
ANTICEN-ANTIBODY REACHONS
IN TRANSPLANTED TISSUE

Because of the extreme potential importance of trans-

planting certain tissues and organs, such as skm, kid-

neys, and lungs, serious attempts have been made to

prevent the antigen-antibody reactions associated with
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transplants. The following specific procedures have met
with certain degrees of clinical or expenmental success.

Tissue Typing. In the same way that red blood cells

can be typed to prevent reactions between recipient and
donor, so also is it possible to “type” tissues to help

prevent graft rejection, though thus far this procedure

has met with far less success than has been a^ieved in

red blood cell typing.

The most important antigens that cause graft rejection

are a group of antigens called the HLA antigens. This
group of about XOO different antigens in the tissue cell

membranes are determined by four separate genes at

the so-called HLA genetic locus. The genes are allelo-

morphic and, therefore, can code for only four of the

HLA antigens in any one person. That is, only four of
the antigens can occur in any one individual, but even
this represents a multitude of possible different combi-
nations.

The HLA antigens occur in the white blood cells as
well as in the tissue cells. Therefore, tissue typing for

these antigens is done in the membranes of lymphocytes
that have been separated fiom the person’s blood. The
lymphocytes are mixed with appropriate antisera and
complement, and after appropriate incubation the cells

are tested for membrane damage, usually by testing the
rate of uptake by the lymphocytic cells of a supravital

dye.

Fortunately, some of the HLA antigens are not se-

verely antigenic, for which reason precise match ofsome
of the antigens between donor and reapient is not
absolutely essential to allow allograft acceptance

Nevertheless, by obtaining the best possible match be-

tween donor and recipient, the grafting procedure has
become far less hata^ous. The best success has been
tissue-type matches between members of the same fam-
ily. Of course, the match in identical twins is exact so
that transplants between identical twins almost never
reject because of immune reactions.

Prevention of Graft Rejection by Suppressing the
Immune System. Obviously, if the immune system
were completely suppressed, graft rejection would not
occur. In fact, in an occasional person who has senous
depression of the immune system, grafts can be success-

ful without the use of any therapy at all to prevent
rejection. However, in the normal person, even with the
best possible tissue typing, allografts will rarely resist

rejection for more than a few weeks to few months
Without the employment of some therapeutic procedure
to suppress the immune system. Furthermore, since the
T cells are mainly impxirtant for killing the cells of the
grafts, their suppression is much more important than
suppression of the human antibodies. Some of the ther-

apeutic agents that have been used for this purpose
include the following;

(1) Glucocorticoid hormones (or drugs with glucocor-

ticoid activity), that suppress the groi^lh of all lymphoid
tissue and therefore decrease the formation of both
antibodies and T cells.

(2) Venous drugs that hate a toxic effect on the

limphoid system and therefore block the formation of

antibodies and T cells, especially the drug azathiopnne
(Imuran).

(3> Cyclosponn A, that has a specific cytotoxic effect

on T cells and therefore is especially efficacious in

blocking the rejection reaction.

Unfortunately, use of these agents leaves the person

unprotected from disease; therefore, bacterial and viral

infections sometimes become rampant. In addition, the
incidence of cancer is several times as great in an
immunosuppressed person, presumably because the im-
mune system is important in destroying many early
cancers before they can really begin to develop.

To summarize, transplantation of living tissues in
human beings until the present has been mainly an
experiment except in the case of kidney transplants,
which are now successful in the majority of the cases
for at least a few years, but only when massive immu-
nosuppressive treatment is used simultaneously. On the
other hand, when someone succeeds in blocking the
immune response of the recipient to a donor oi^an
without at the same time destroying the recipient's
specific immunity for disease, the story will change
overnight.
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8
Hemostasis and
Blood Coagulation

EVENTS IN HEMOSTASIS

The term hemostasis means prevention of blood loss

\Vhenever a vessel is severed or ruptured, hemostasis is

achieved by several different mechanisms, including^(l)

vascular spasm, (2) formation of a platelet plug, (3)

blood coagulation, and (4) eventual grovrth of fibrous

tissue into the blood clot to close the hole in the vessel

permanently

VA5CUIAR SPASM

Immediately after a blood vessel is cut or ruptured,

the stimulus of the traumatized vessel causes the wall

of the vessel to contract; this instantaneously reduces

the flow ofblood from the vessel rupture The contraction

results from both nervous reflexes and local myogenjc

spasm The nervous reHexes presumably arc initiated

by pain or other impulses onginating from the trau-

matized vessel or from nearby tissues. However, most
of the spasm probably results from local myogenic con-

traction of the blood vessels initiated by direct damage
to the vascular wall, which presumably causes trans-

mission of action potentials along the vessel wall for

several centimeters and results in constriction of the

vessel. The more of the vessel that is traumatized, the

greater the degree of spasm, this means that a sharply

cut blood vessel usually bleeds much more than does a
vessel ruptured by crushing. This local vascular spasm

can last for many minutes or even hours, during which

time the ensuing processes ofplatelet plug^ngsnd blood

coagulation can take place

The value of vascular spasm as a mean of hemostasis

IS illustrated by the fact that persons whoso tegs have
boon severed by crushing types of trauma sometimes
have such intense spasm in vessels as large as the
anterior tibial artery that there is not lethal loss of

blood

roRMATJos or THE riATmrnuG

If the rent in the blood vessel is very small—and many
very small vascular holes do develop each day—it is

often sealed by a platelet plug rather than by a blood

cloL To understand this it is important that we first

discuss the nature of platelets themselves.

PhysiCA] Anil ChemlcAl Ch»rActerisHcs of
Platelets

Platelets are minute round or oval discs 2 to 4 microns

in diameter. They are formed m the bone marrow from

megakaryocytes, which are extremely large cells of the

hemopoietic series in the bone marrow that do not

themselves leave the marrow to enter the blood. Instead,

platelets form as buds on the surfaces of the megakar-
yo«7tes and pinch off to be released into the blood. The
normal concentration ofplatelets in the blood is between
ISO.OOO and 350,000 per cubic millimeter.

Platelets have many functional characteristics of

whole cells, even though they do not have nuclei and
cannot reproduce In their cytopIasnT arO 6U£ll active

factors as (1) ociin and myosen moleeules, similar to

those found in muscle cells, (hat can cause the platelets

to contract, (2) residuals of both the endoplasmic retie*

ulum and the Coi^i apparatus that synthesize various

enzymes and store large quantities of calcium ions; (3)

enzyme systems that are capable of forming ATP and
ADP; (4) enzyme systems that synthesize prostaglan-

(fmsj which are local hormones that cause many SiflTr-

ent types of vascular and other local tissue reactions;

(5) an important protein called fibrin'StabilUing factor,

which we will discuss later m relation'tiTblood coagu-

lation; and (6) a grouth factor that can cause vascular

endothelial cells, vascular smooth muscle cells, and
fibroblasts to multiply and grow, thus causing cellular

growth that helps repair damaged vascular walls.

The cell membrane of the platelets is also important.

On its surface is a coat ofglycoproteins that causes it to

adhere to injured areas of the vessel wall, especially to

iiyured endothelial cells and even more so to any exposed

collagen from deeper in the vessel wall. In addition, the

membrane contains large amounts ofphospholipids that

con activate one of the blood-clotting systems, the so-

called ‘‘intrinsic" system that we shall discus.s later.

Also, the membrane contains the protein enzyme aden'

ylatecyclase, which when activated causes the formation

of cyclic AMP inside the platelets, and this in turn

excites other activities In the platelet.

Thus, the platelet is a very active structure. It has a

haltlUejn the blood of 8 to_^Jays, at the end of which -

tiRie its life processes appeS to run out Then it is f

eliminated from the circulation mainly by the tissue

macrophage system; more than’ half the platelets are

removed by the macrophages in the spleen where the

blood passes through a latticework of tight trabeculae

76
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Mechanism of the Platelet Plug. Platelet repair of

vascular openings is based on several important func-

tions of the platelet itself. \Vhen platelets come in

contact with a damaged vascular surface, such as Uie

collagen fibers m the vascular wall or even damaged
endothelial cells, they immediately change their char-

acteristics drastically. They begin to swell; they assume
irregular forms with numerous irradiating processes

protruding from their surfaces; they become sticky so

that they stick to the collagen fibers: and they secrete

large quantities ofADP, and their enzymes form throm-
boxane A^& type of prostaglandin, that is also secreted

by the platelets into the blood. The ADP and thrombox-
ane A, m turn, act on nearby platelets to activate them
as well, and the stickiness of these additional platelets

causes them to adhere to the onginally activatra plate-

lets. Therefore, at the site of any rent m a vessel^ the

damaged vascular wall or extravascular tissues elicit a
vicious cycle of activation of successively increasing

numbers of platelets; these accumulate to form a platelet

plug. This is a fairly loose plug, but it is usually

successful in blocking the blood loss if the vascular

opening is small. Then, during the subsequent process

of blo^ coagulation, to be described in subsequent

paragraphs, fibnn threads form that attach to the plate-

lets, thus forming a tight and unyielding plug.

Importance of the Platelet Method for Closing

Vascular Holes. If the rent in a vessel is small, the

platelet plug by itself can stop blood loss completely,

but if there is a large hole, a blood clot in addition to

the platelet plug is required to stop the bleeding.

The platelet-plugging mechanism is extremely impor-

tant for closing the minute ruptures in very smjU biqpd

vessels that occur hundreds of times daily, including

those through the endothelial cells themelves. A person

who has very few platelets develops Uterally hundreds
of small hemorrhagic areas under the skin and through-

out the internal tissues, but this does not occur in the

normal person. The platelet-plugging mechanism usu-

ally does not occlude the vessel itself but merely plugs

the hole^ so that the vessel continues to function nor-

mally. This often is not true when a blood clot occurs.

BLOOD COACUlAnON
IN THE RUPTURED VESSEL

1. Severed

vessel

2. Platelets 4. Fibrin clot

agglutinate forms

3. Fibrin 5.Clot retroctlon

appears occurs

figure I The cIoRing process in the traumatized blood
vessel (Modified from Seegersi Hemostatic Agents. Charles C
Thomas)

flBROUS ORGANIZATION OR
DISSOLUnON Of THE BLOOD CLOT

Once a blood clot has formed, it can follow two sepa-

rate courses: it can become invaded by fibroblasts, which
subsequently form connective tissue all through the clot;

or it can dissolute. The usual course for a clot ^at forms
in a small hole ofa vessel wall is invasion by fibroblasts,

beginning within a few hours after the clot la formed
(which 18 promoted.at. least partially, by. the growth
factor secreted by platelets) and continuing to~complete

organization of the clot into fibrous tissue within ap-

proximately seven to ten days. On the other hand, when
a large amount of blood coagulates to form one large
blood clot, such as blood that has leaked into tissues,

special substances within the clot itself become acti-

vated. and these then function as enzymes to dissolute

the clot itself, as will be discussed later in the chapter.

The third mechanism for hemostasis is formation of
the blood clot. The clot begins to develop in 15 to 20
seconds if the trauma of the vascular wall has been
severe and m 1 to 2 minutes if the trauma has been
minor. Activator substances both from the traumatized
vascular wall and from platelets and blood proteins

adhering to the' traumatized vascular wall initiate the
clotting process. The physical events of this process are
illustrated in Figure 8-1, and the chemical events will

be discussed in detail later in the chapter.
Within three to six minutes after rupture of a vessel,

if the vessel opening is not too large, the entire opening
or broken end of the vessel is filled with clot. After 30
minutes to an hour, the clot retracts; this closes the
vessel still further. Platelets play an important role in
this clot retraction, as will also be discussed later in the
chapter.

MECHANISM OF
BLOOD COAGULATION

Basic Theory- Over 40 different substances that
affect blood coagulation have been found in the blood
and tissues, some promoting coagulation, called proco-
agulants, and others inhibiting coagulation, called an-
ticoagulants. Whether or not the blood will coagulate
depends on the degree of balance between these two
groups of substances. Normally the anticoagulants pre-
dominate and the blood does not coagulate, but when a
vessel is ruptured the activity of the procoagulants in
the area of damage becomes much greater than that of
tile anticoagulants, and then a clot does develop.
General Mechanism. All research workers in the

field of blood coagulation agree that clotting takes place
in three essential steps;
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First, a substance or complex of substances
called protbrombin activator is formed in response
to rupture of the vessel or damage to the blood
iUeir.

Second, the prothrombin activator catalyzes the

conversion of prothrombin into tbromb/n.

Third, the thrombin acts as an enzyme to convert

fibrinogen into fibrin threads that enmesh platelets,

blood cells, and plasma to form the clot itself.

Let us first discuss the mechanism by which the blood

clot itself is formed, beginning with the conversion of

prothrombin to thrombin, then we will come back to the

initiating stages in the clotting process by which pro-

thrombin activator is formed

CONVERSION or PROTHROMBIN
TO THROMBIN

After prothrombin activator has been formed as a
result of rupture of the blood vessel or as a result of

damage to special activator substances in the blood

Itself, the prothrombin activator can then cause conver-

sion of prothrombin to thrombin, which in turn causes

polymerization of fibrinogen molecules into fibrin

threads within another 10 to 15 seconds. Thus the rate-

limiting factor in causing blood coagulation is usually

the formation of prothrombin activator and not the

subsequent reactions beyond that point, for these nor-

mally occur very rapidly to form the clot itself.

Prothrombin and Thrombin, Prothrombin is a
plasma protein, on alpha,-globulin, having a molecular

weight of 68,700 It is present in normal plasma in a
concentration ofabout IS mg'di It is an unstable protein

that can split easily into smaller compounds, one of
which is Ihrombin, which hos a molecular weight of

33,700, almost exactly half that of prothrombin

Promthrombm is formed contmuallv bv.the liver, and
it IS continually 'Eilng used throughout the body for

blood clotting If the liver falls to produce prothrombin.

Its concentration m the plasma falls too low to provide

normal blood coagulation within 24 hours. Vitamin K
is required by the liver for normal formation of pfpr-

thrombin as well as three other clotting factors we shall

discuss later; therefore, either lack of \ntamm K or the

presence of liver disease that prevents normal prolhrom-

bm formation can often decrease the prothrombin level

so low that a bleeding tendency results.

Effect of Prothrombin Activator on Forming
Thrombin from Prothrombin. Figure S-2 illustrates

the consersion of prothrombin to thrombin under the

influence of prothrombin activator and calcium ions

The rale of formation of thrombin from prothrombin is

) almost directly proportional to the quantity ofprothrom-

bin activator available, which itself is approximately

proportional to the degree of trauma to the vessel wall

or to the blood In turn, the rapidity of the clotting

process is proportional to the quantity of thrombm
formed

CONVERSION or HBRINOCEN TO
riBRIN—rORMAVON OT THE CLOT

Fibrinogen. Fibrinogen is a high molecular weight

protein (340,000) occurring m the plasma in quantities

of 100 to 700 mg-'di Fibrinogen Is formed In the liver,

and liver disease occasionally decre.ises the concentra-

Ogaf* 5-2. Schema for conversion of prothrombin to thrombin

and polymerfiatlon of fibrinogen to form fibrin threads

tion of circulating fibnnogen, as it docs the concentra
tion of prothrombin as was pointed out previously.

Because of its large molecular size, very little fibrin

ogen normally leaks into the interstitial fluids, and
since it is one of the essential factors in the coagulatioi

process, interstitial fluids ordinarily coagulate poorly i

at all Yet, when the permeability of the capillarie:

becomes pothologicslly increased, Bbnnegen does thei

appear m the tissue fluids in sufficient quantities tr

allow clotting in much the same way that plasma anr

whole blood clot

Action of Thrombin on Fibrinogen to Form Fi

brin. Thrombin is a protein enzyme with proteolytii

capabilities It acts on fibnnogen to remove four lov

molecular weight peptides from each molecule of fibnn
ogen, forming a molecule oifibrin monomer that has thi

automatic capability of polymenzing with other fibril

monomer molecules. Therefore, many fibrin monomei
molecules polymerize within seconds into long fibril

threodz that form the retKulum of the clot.

In the early stages of this polyraenzatlon, the fibrir

monomer molecules are held together by weak noneov
alent bonds, and the threads siso are not cross-linked

with each ether; therefore, the resultant clot is weak
and can be broken apart with ease. However, still

another process occurs dunng the following few minutes
that greatly strengthens the fibrin reticulum This in-

volves a substance called fibrin-stabilaing factor that is

normally present m small amounts in the plasma glob-

ulins but that is also released from platelets entrapped
in the clot Before fibrin-stabilizing factor can have an
effect on the fibrin threads it must itself be activated.

Fortunately, the same thrombin that causes fibnn for-

mation also activates the fibrin-stabilizing factor. Then
this activated substance operates as an enzyme to cause
covalent bonds between the fibnn monomer molecules
as well as multiple cross-linkages between the adjacent
fibrin threads, thus adding tremendously to the three-

dimensional strength of the fibnn meshwork.
The Blood Clot The clot is composed of a meshwork

offibrin threads running in all directions and entrapping
blood cells, platelets, and plasma The fibrin threads

odherc to damaged surfaces of blood vessels, therefore,

the blood dot becomes adherent to any vascular opening
and thereby prevents blood loss

Clot Retraction—Serum. Within a few minutes
after a dot is formed, it begins to contract and usually

expresses most of the fluid from the dot within 30 to 60
minutes The fluid expressed is called serum, because

ail its fibnnogen and mwt of the other clotting factors,

have been removed, m t}y3_way._£ei3irnjdiffers from

plasma. Serum obviously cannot dot because of lack of

these factors.

Platelets are necessary for dot retraction to occur.

Therefore, failurgof dot l etiaetlqn Is .iirlndiSTion that
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the number of platelets m the circulating blood is low.

Electron micrographs of platelets in blood clots show
that they become attached to the fibrin threads in such
a way that they actually bond different threads together.

Furthermore, platelets entrapped in the clot continue to

release procoagulant substances, one of which is fibrin-

stabilizing factor that causes more and more cross-

linking bonds between the adjacent fibrin threads. In

addition, the platelets themselves contribute directly to

clot contraction by activating the platelet actin and
myosin molecules, which are contractile proteins and
cause strong contraction of the platelet spicules attached

to the fibrin. Obviously, this also helps compress the

fibrin meshwork into a smaller mass. The contraction

of the actin and myosin molecules is probably activated
by thrombin as well as by calcium ions released from
the calcium stores in the endoplasmic reticulum and
Golgi apparatus of the platelets.

As the clot retracts, the edges of the broken blood
vessel arc pulled together, thus possibly or probably
contributing to the ultimate state of hemostasis.

THE Viaous ORCLE OF CLOTFORMATION

Once a blood clot has started to develop, it normally
extends within minutes into the surrounding blood That
is, the clot itself initiates a vicious circle ta promote
more clotting. One of the most important causes of this
is the fact that the proteolytic action of thrombin,aHow8
it to act on many of the other blood<IoUing factors in

addition to fibnnogen. For instance, thrombin has a
direct proteolytic effect on prothrombin itself, tending
to split this into still more thrombin, and it acts on some
of iho blood-clotting factors responsible for the formation
of prothrombin activator. (These effects, to be discussed
In subsequent paragraphs, include (a) acceleration of
the actions of factors VIII, IX. X. XI. and XU. and (b)

aggregation of platelets.) Once a critical amount of
thrombin is formed, a vicious circle develops that causes
still more blood clotting^and more thrombin to be formed;
thus, the blood clot continues to grow until something
stops its growth.

BLOCK OF CLOT GROWTH
BY BLOOD FLOW

Fortunately, when a clot develops, the vicious circle

of continued clot formation occurs only where the blood
is not moving because flowing blood carries away the
thrombin and the other procoagulants released during
the clotting process so rapidly that their concentrations
cannot rise high enough to promote further dotting
Thus, extension of the clot almost always stops where it

Comes in contact with blood that is flowing faster than
a certain velocity.

The clotting process fortunately is not self-propagat-

ing when the concentrations of the procoagulants are
below critical concentrations. At these lower concentra-

tions, many inhibitor substances in the blood, some of

which will be discussed later in the chapter, continually
block the actions of the procoagulants or destroy them.
In addition, the macrophage system, particularly the
Kupffer cells of th^ liver and the macrophages of the
spleen and bone marrow, removes most of the circulating

procoagulants within a few minutes.
'

INITIATION OF COAGULATION:
FORMATION OFPROTHROMBIN
ACTIVATOR

Now that we have discussed the clotting process ini-

tiated by the formation of thrombin from prothrombin,
we must turn to the more complex mechanisms that
activate the prothrombin. These mechanisms can be set

into play by trauma to the tissues, trauma to the blood,

or contact of the blood with damaged endothelial cells

or with collagen and other tissue elements outside the
blood vessel endothelium. In each instance, they lead to

the formation of prothrombin activator, which then
causes prothrombin conversion to thrombin.
Prothrombin activator can be formed in two basic

ways: (1) by the extrinsic pathway that begins with
trauma to the vascular wall and surrounding tissues, or

(2) by the intrinsic pathway that begins in the blood
Itself.

In both the extnnsie and intnnsic pathways a series

of different plasma proteins, especially beta-globuhns,
play major roles These, along with the other factors

already discussed that enter into the clotting process,

arc called blood-clotting /actors and for the most part

they are inactive forms of proteolytic enzymes. When
converted to the active forms, their enzymatic actions

cause (he successive, cascading reactions of the clotting

process.

Most of the clotting factors are designated by Roman
numerals, as listed in Table 8-1

The Extrinsic Mechanism
for Initiating aotting

The extrinsic mechanism for initiating the formation

of prothrombin activator begins with blood coming in

contact with traumatized vascular wall or extravascular

tissues and occurs according to the following three basic

steps, as illustrated in Figure 8-3
(1) R^ase of 1‘ssue Ihnmboplaslin. Traumatued tis-

sue releases a'^roniplex of several factors called tissue

thromboplastin. This includes especially phospholipids

Table 8-1 CLOTTING FAaORS IN THE BLOOD
AND THEIR SYNONYMS

dotting
Factor Synonyms

Fibrinogen Factor I

(YoUiroinbln Factor ir

Tissue Factor III, tissue factor

thiombopUstIn
Calcium Factor IV

Factor V Proiccelerin; labile /actor.

Factor Vii

Ac-globulln. Ac-C
Serum prothrombin conversion accelera-

Factor VIII

tor, proconvertin: SPCA; stable factor

Antihemophilic factor; AHF; antihemophilic

factor IX

globulin; AHG, antihemophilic factor A
Plasma thromboplastin component. PTC,

Factor X
Christmas factor, antihemophilic factor D

Stuart factor. Stuart-Prower factor

FactorM Plasma thromboplastin antecedent, PTA'

Factor XU
antihemophilic factor C

Hageman factor

Factor XIU Fibrln-stablllzlng factor

HUetets
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EXTRINSIC PATHWAY

(1) Tmuctrjuma

C»**

mure ft-). Tl^e extnn^ pathway ter InKiatlng blood clotting.

from the membranea of the ti&suca and at least one
important glycopivlein, which functions os a proteolytic

emyme
<21 Acldulion of factor X to form acUi’aled factor X—

role of factor VII and tissue factor The tissue Rlycopro-

lein complexes with blood coagulation factor VII. and
this complex, in the presence of tissue phospholipids,

nets enzymaticully on factor X to form acrtcalrti factor

X
(3) Effect of actimled factor X to form prothrombin

oetiintor—role of factor The activated factor X com-

plexes immediately with the tissue phospholipids re-

leased 03 part of the tissue thromboplastin and also with

factor V to form the complex call^ prothrombin aeit-

i-ator Within a few seconds this splits prothrombin to

form thrombin, and the clotting process proceeds as ha.s

already been explained At first, the factor V in the

prothrombin activator complex is inactive, but once

clotting begins the proteolytic action of thrombin arti-

vales factor V. this then becomes an additional strong

accelerator of prothrombin activation Thus, in the final

i prclhrombin activator complex, activated factor X is the

actual protease that causes splitting of prothrombin to

thrombin, activated factor V greatly accelerates this

protease activity, and phospholipids net as a vehicle that

further accelerates the process Note especially the pus-

itiir fenlhack effect of thrombin, acting through factor

V, m accelerating the entire process once 11 beings.

The Intrinsic Meclunism
for Inltlstlng Clotting

The second mechanism for initiating the formation of

prothrombin nctivntor, and therefore for Initialing clot-

ting, begins with trauma to the blood itself and contin-

ues through the following senes of cascading reactions,

as illustrated m Figure^
(1) Aeiii'Qtion of factor Xll and refeose of platelet

phospholipids by blood trauma. Trauma to the blood
altera two important clotting factorsm the blood—factor
XII and the platelets. When factor XII is disturbed, such
as by coming into contact with collagen or with a
wcttable surface such as glass (particularly a negatively

charged surface), it takes on a new configuration that
converts it into a prolcolytic enzyme called “activated

factor XII

'

Simultaneously, the blood trauma also damoges the
platelets, either because of adherence to collagen or to

0 wettabic surface (or by damage in other ways), and
this releases platelet phospholipid which also plays a
role in subsequent clotting reactions.

(2) Actication of factor XI The activated factor XII
acts enzymatically on factor XI to activate this as well,

which is the second step in the intrinsic pathway. This
reaction also requires HMW kmogen, and it is acceler-

ated by prekallikrcin.

(3) Acdcadon of factor IX by aetiivted factor XI The
activated factor XI then acta enzymatically on factor IX
to activate this factor, also.

(4) Aclualion of factor X—ro!e of factor Vlll. The
activated factor IX, acting in concert with factor VTII

and with the platelet phospholipids from the trauma-
tized platelets, activates factor X. It is clear that wthen

either factor VIH or platelets are in short supply, this

step is deficient. Factor VIII is the factor that is missing

in the person who has classic fiemophilio, for which

reason it is called aniihemophilic factor. Platelets are

the clotting factor that is lacking in the bleeding disease

called thrombocytopenia.
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^^fTH|^SlC PATHWAY

Proibrombm Thrombin
t

Ca-
figure fM. TTie Intrlnsjc pathway for Initialing blood clotting.

(5) Action of activated factor X to form prothrombin
activator—role of factor V. Thia step m the mtrittgic
pathway is essentially the some as the last step in the
extnnsic pathway. That is, activated factor X combines
with factor V and platelet phospholipids to form tiie

complex called prothrombin activator. The only dittcr'

ence is that the phospholipids m this instance comc
from the traumatized platelets rather than from trau-
matized tissues. The prothrombin activator in turn ini-
tiates within seconds the cleavage of prothrombin to
form thrombin, thereby setting into motion the ^a|
clotting process, as described earlier.

Role of Calcium Ions In the Intrinsic

and Extrinsic Pathways

Except for the first two steps in the intrinsic pathway,
calcium ions are required for promotion of all the reac-
tions. Therefore, in the absence of calcium ions, blood
clotting will not occur.

Fortunately, in the living body the calcium ion con-
centration rarely falls low enough to affect significantly

the kinetics of blood clotting. The reason for this is that
before calcium ion concentration can fall this low, the
diminished level of calcium ions will likely kill the
person by causing muscle tetany throughout the body,
especially of the respiratory muscles.

On the other hand, when blood is removed from a
person, it can be prevented from clotting by reducing
ihecalciatti am-Xtitrstcov: beisn' if.V.’isyAwW lerei
for clotting, either by deionizing the calcium by reacting
it with substances such as citrate ion or by precipitating

the calcium with substances such as oxalate ion.

Summary of Blood Clotting Initiation

It is clear from the above schemas of the intrinsic and
extrinsic systems for initiating blood clotting that clot-

ting is initiated after rupture of blood vessels by both
the pathways. The tissue thromboplastin initiates the
extrinsic pathway, whereas contact offactor Xil and the
platelets with collagen m the vascular wall initiates the
mtnnsic pathway

In contrast, when blood is removed from the body and
held m a test tube, the intrinsic pathway atone must
elicit the clotting. This usually results from contact of
factor XU and platelets with the wall of the vessel
which activates both of these and initiates the intrinsic
mechanism. If the surface of the container is very
“nonwcttable," such as a siliconized surface, blood clot-
ting can sometimes be prevented for an hour or more
Intravascular clotting sometimes results also from

other factors that activate the intrinsic pathway. Fq.
instanre, antigen-antibody reactions sometimes

initiate
the clotting process, and file same is true of some drup«
or debris that aught happen to enter the circulation

^
An especially import^t difference between the e

trinsic and Intrinsic pathways is that the extrinsic

loay can be explosive in nature; once initiated, its sn^'
of occurrence is limited only by the amount of tiss
thromboplastin released from the traumatized

and by the quantities of factors X, VII, and V m
blood. With severe tissue trauma, clotting can ocn,,
as little as 15 seconds. On the other hand, fiie mtj-
pathmiy is much slcH’cr tc proceed,

two to six minutes to cause •

’

inhibitors m the blood set up roadbic

for Uie intrinsic pathway. At times,
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block the intrinsic pathway entirely; some of them will

be discussed in more detail later in the chapter.

PRlVINnON OFBLOOD CLOTTISC IS THE
NORMAL VASCULAR SYSTEM—THE
INTRAVASCULAR ANTICOACUIANTS

Endothelial Surface Factors. Probably the two most
important factors for preventing clotting in the normal
vascular system are, first, the smoothness of the endo-

thelium that prevents contact activation of the intrinsic

dotting system and, second, a monomolecular layer of

protein adsorbed to the inner surface of the endothelium
that repels the clotting factors and platelets, thereby
preventing activation of clotting When the endothelial

wall is damaged, its smoothness and protein layer are
both lost, which activates both factor XII and the plate*

lets, thus setting off the mtnnsic pathway of clotting.

And, if factor XII and platelets come in contact with the
subendothelial collagen, the activation is even more
powerful.

The Antithrombin Action of Fibrin and of Anti-
thrombin III. Among the most important anticoagu-

lants in the blood itself are those that remove thrombin
from the blood The two most powerful of these are the

j56nn threads formed during the process of clotting and
an alpha-globulin called antithrombin III or also anti-

(Aram6in-Aeporin co/be/or.

While a dot is forming, approximately 85 to 90 per

cent of the thrombin formed from the prothrombin
becomes adsorbed to the fibrin threads as they develop

This obviously helps prevent the spread of thrombin
into the remaining blood and therefore prevents exces-

sive spread of the clot

The thrombin that does not adsorb to the fibrin

threads soon combines with antithrombin HI, which
blocks the effect of the thrombin on the fibrinogen and
then inactivates the bound thrombin dunng the next 12

to 20 minutes
Heparin. Hepann is another powerful anticoagulant.

Yet, its concentration m the blood is normally very

slight, so that only under some physiological conditions

does it have significant anticoagulant effects. On the

other hand, it is used veiy widely In medical practice to

prevent intravascular clotting.

The heparin molecule is a highly negatively charged

coiyugated polysaccharide By itself it has little or no

anticoagulant property, but it combines with anlithrom-

bin III and increases as much as a thousandfold the

effectiveness of antithrombin III to remove thrombin

and thus to act as an anticoagulant. Therefore, m the

presence of excess hepann the removal of thrombin from

the circulating blood is almost instantaneous

\ The complex of hepann and antithrombin III also

• removes several other actuated coagulation factors in

V * addition to thrombin, thus further enhancing the effec-

tiveness of anticoagulation. These others include factors

Xn. X!. IX. and X
Hepann is produced by many different cells of the

human body, though especially large quantities are

formed by the basophilic mast cells locat^ in the peri-

capiliary connective tt&>ue turougnout the body. TTiese

cells continually secrete small quantities ofhepann, and

minute quantities also diffuse into the circulatory sys-

tem. The basophil cells of the blood, which seem to be

functionally almost identical with the mast ceils, also

release small quantities of heparin into the plasma.

Mast cells are extremely abundant in the tissue sur-

rounding the capillaries of the lungs and to a lesser

extent the capillaries of the liver. It is easy to under-

stand why large quantities of heparin might be needd
in these areas, for the capillanes of the lungs and liver

receive many embolic clots formed in the slowly flowing

venous bloo<3: sufficient formation of hepann might
prevent further growth of the clots.

Alphaj-Macroglobulin. Alpha,-macivglobulin is a

veiy large globulin molecule having a molecular weight
of360,000. It is similar to antithrombin-heparin cofactor

in that it combines with the proteolytic coagulation

factors However, its activity is not accelerated by hep-

ann Its function is mainly to act as a binding agent for

the coagulation factors and prevent their proteolytic

actions until they can be destroyed in various ways, but

not by the alpha,-macroglobulin itself In this way it

probably plays an important role even normally in

preventing blood clotting

LYSIS OF BLOOD CLOTS—PIASMIS ‘
"

The plasma proteins contain a euglobulin called plas-

minogen or profibrinolysin which, when activated, be-

comes a substance called plasmin or fibnnolysin, Plas-

mm 18 a proteolytic enryme tharfesembles trypsin, the

most important digestive enzyme ofpancrcatic secretion

It digests tbe fibrin threads and also digests other

{,. substances iq tne ^ffounding blood, such as fibrinogen,

^'’’fdetor V, faetbr VIII, prothrombin, and factor XlLThere-
fore, whenever plasmm is formed m a blood dot, it can
cause lysis of the dot and also destruction of many of

the clotting" JafiLori, thereby causing hypocoagulability
of the blood

Formation of Plasmin and Lysis of Clots. When a

clot is formed a large amount of plasminogen is incor-

porated in the dot along with other plasma proteins.

However, this will not become plasmin and will not
cause lysis of the dot until it is activated. Fortunately,
the (issues and blood contain substances that can acti-

vate plasminogen to plasmin, including (1) thrombin,
(2) activated factor XII, (3) lysosomal eiuymesTrom
damaged tissues, and (4) factors from the vaScuIar en-
dothelium Within a day or two after blood has leaked

into a tissue and clotted, these activators usually cause
the formation of enough plasmin that it in turn begins

to dissolve the dot
Clots that occur inside blood vessels can also be

dissolved, though this occurs more readily in the small
vessels than in the large ones This illustrates that
activator systems also occur within the blood itself,

especially the thrombin formed during the clotting proc-

ess

An activator called uroAmase^is found m the unne
and is believed to be Important in the lysis of dots that

develop in the renal tubules It is possible that urokinase
also plays a role*as ah intTsvascular activator before it

is excreted into the unne by the kidneys
Certain bacteria also release activator enzymes; for

instance, streptococci release a substance called strep-

tokinase, whidi act.s on plasminogen

J

g fopn
,

plasmin
When streptococcal infection occurs in the tissues, the

plasmin generated in response to the streptokinase dis-

solves dotted lymph and clotted tissue fluids and allots

the streptococci to spread extensively through the tis-

sues instead of being blocked by the body's “walling olT

process described in Chapter 5.
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A Plasmin Inhibitor, a,>Antip!asmin. Plasmin not

only destroys fibrin threads but also functions as a
proteolytic enzyme to digest fibrinogen and a number of

other clotting factors as well. Small amounts ofplasmin

are formed in the blood all the time, which could seri-

ously impede the activation of the clotting system were
it not for the fact that the blood also contains another

factor, aj-ontiplasmin, that binds with plasmin and
inhibits it. Therefore, the rate of plasmin formation

must rise above a certain critical level before it becomes
effective.

Significance of the Fibrinolysin System. The lysis

of blood clots allows slow cleanng (over a penod of

several days) of extraneous blood m the tissues and
sometimes allows reopening of clotted vessels. Unfortu-

nately, reopening of large vessels occurs only rarely

But an important function of the fibrinolysin system is

to remove very minute clots from the millions of tiny
peripheral vesselsThat eventually would an become
occluded were there nn way tn rlennsp them.

CONDITIONS THAT CAUSE
EXCESSIVE BLEEDING IN HUMAN
BEINGS

Excessive bleeding can result from deficiency of any
one of the many different blood clotting factors. Three
particular types of bleeding tendencies that have been
studied to the greatest extent will be discussed: (1)

bleeding caused by vitamin K deficiency, (2) hemophilia,

and (3) thrombocytopenia (platelet deficiency).

0£Cft£45££» PROTHROMBIS, FACTOR Vllj,

FACTO^X, ASD FACTOR X CAUSED BY
VITAMIN K DEFICitNCY

With few exceptions, almost all the blood-clotting

factors are formed by the liver. Therefore, diseases of

the liver such as hepatitis, cirrhosis, and acute yellow

atrophy all can depress the clotting system so greatly

that the patient develops a severe tendency to bleed.

Another cause of depressed formation of dotting fac-

tors by the liver is vitamin K deficiency. Vitamin K is

necessary to promote the formation of four of

importan^clotting factor, prothrombin, factor Vlt,fae-

to/wAf^na^^tor'Ar’m the absence of vitamin K,
insuificiency of these coagulation factors can also lead

to a serious bleeding tendency.
Fortunately, vitamin K is continually synthesized m

the intestinal tract by bacteria so that vitamin K defi-

ciency rarely if ever occurs simply because ofits absence
Trom the diet, except in newborn children before they

establish their intestinal bacterial flora. However, vi-

tamin K deficiency does often occur as a result of poor
absorption of fats from the gastrointestinal tract, be-

cause vitamin K is fat-soluble and ordinarily is absorbed
into the blood along with the fats.

One of the most prevalent causes of vitamin K. defi-

ciency is failure of the liver to secrete bile into the
gastrointestinal tract (which occurs either as a result of
obstruction of the bile ducts or as a result of liver

disease), for lack of bile prevents adequate fat digestion
and absorption. Therefore, liver disease often causes
decreased production of prothrombin and the other fac-
tors both because of poor vitamin K absorption and

because of dysfunctional liver cells. Because of this,

vitamin K is injected into all patients with liver disease

or obstructed bile ducts prior to performing any surgical

procedure. Ordinarily, ifvitamin K is given to a deficient

patient four to eight hours prior to operation and the

liver parenchymal cells are at least one-half normal in

function, sufficient clotting factors will be produced to

prevent excessive bleeding during the operation.

HEMOPHILIA

Hemophilia is a bleeding tendency that occurs almost
exclusively in males In 85,per,cent of cases it is caused
by deficiency of factor hemophilia is

called hemophilia A or classic hemophilia. About one of

every 10,000 males in the United States has classic

hemophilia. In the other 15 per cent of the patients, the

bleeding tendency is caused by deficiency of factor IX.

Both these factors are transmitted genetically by way
of the female chromosome as a recessive trait. Therefore,

almost never will a woman have hemophilia because at

least one of her two X chromosomes will have the

appropriate genes However, if one of her X chromo-
somes IS deficient, she will be a hemophilia earner,

transmitting the disease to half her male offspring and
transmitting the earner state to half her female off-

spnng
The bleeding trait m hemophilia can have various

degrees of seventy, depending upon the seventy of the
genetic deficiency. Usually, bleeding will not occur ex-

cept after trauma, but the degree of trauma required to

cause severe and prolonged bleeding may be so mild

that It is hardly noticeable For instance, even falling

on a knee may cause severe bleeding into the knee joint.

Likewise, a mild blow to the head can frequently cause
intracranial bleeding, or bleeding can occur in fascial

compartments in the arm or leg and compress both
nerves and blood vessels to the extent of causing severe

atrophy of the limbs. And bleeding can often last for

literally weeks after extraction of a tooth.

The blood iilotting factor VIII_is composed of two
separate components, a very large component with a
molecular weight in the millions and another smaller
component with a molecular weight of about 230,000.

This smaller component is most important in the intrin-

sic pathway for clotting, and it is deficiency of this part

of factor VIII that causes' classic hemophilia. Another
blowing disease with somewhat different charactens-
tics, called von Willebrand’s disease, results from loss

ofthe large component.
When a person with classic hemophilia develops se-

vere, prolonged bleeding, almost the only therapy that
IS truly effective is injection of purified dotting factor

VIII This usually relieves the person’s bleeding ten-

dency for several days, and blood vessel repair is often
attained during this period of time. Unfortunately, the
cost of factor^II is very high, and its availability is

limited becau5e_i_t can be gathered only from human
blood McTohly in extremely small'quantitiesr

THROMBOCYTOPENIA

Thrombocytopenia means the presence of a very low
quantity of platelets in the circulatory system. Persons
with thrombocytopenia haye_ajfndency to bleed as_do_
hemopfailjacSt-except that the bleeding is usually from
many small capillanes rather than from larger vessels,
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asjn hemophtlia. As a result, small punctata hemor-
rhages occur throughout all the body tissues. The akin

ofsuch a person displays many small, purplish blotches,

giving the disease the name thivmbo<^op«nic_purpura

it will be remembered that platelets are especially

important for repair of minute breaks in capillaries and
other small vessels Indeed, platelets can aggregate to

fill such ruptures without actually causing clots.

Ordinarily, bleeding does not occur until the number
of platelets in the blood falls below ii value of apprcai-

jnatcly 50,000 per cubic millimeter rather than tiie

norma) 150,000 to 350,000. Levels ns low ns 10,000 per
cubic millimeter ore frequently lethal.

Even without making specific platelet counts on the
blood, one can sometimes suggest the existence ofthrom-
bocytopenia by simply noting whether or not a clot of

the person’s blood retracts, for, as pointed out earlier,

clot retraction is normally dependent upon the presence

of large uumbers of platelets entrap;^ in the fibrin

mesh of the clot

Most persons with thrombocytopenia have the disease

known as idiopathic fArombocVo/ienia, which means
simply "thrombocjiopenia ofunknown cause " iiowever.

in the past few years it has been discovered that in most
of these persona specific antibodies are destroying the

platelet.a. Occasionally these have developed because of

transfusions from other persons, but usually they result

from development of autoimmunity to the person's own
platelets, the cause of which, however, is not known.

In addition to idiopathic thrombocytopenia, the num-
ber of thrombocytes (platelets) m the blood may be
greatly depressed by any abnormality that causes apla-

sia of the bone marrow. For Instance, imdiation imury
to the bone marrow, aplasia of the bone marrow result-

ing from drug tensitivily, and even pernicious onemio
can cause sufTlcicnt decrease in the total number of

platelets that thrombocytopenic bleeding results.

Itclief from bleeding fur one to four days can oAen be

ctTected in the thrombocytopenic patient by giving /resA

whole blond iransfuatons To do this, the blood is best

removed from the donor into a siUconited chamber and
then rapidly placed in the recipient so that the platelets

are d<amagcd as little as possible IVednlsone pnd aza-

thiopnne, which suppress the formation driantibodies,

arc often beneficial in the idiopathic t>'pe of thrombo-

cytopenia. And, jpleneclomy is usually very helpful,

sometimes effecting almost a complete cure, because the

spleen removes large numbers of platelets, particularly

damaged ones, from the blood

THROMBOEMBOLIC CONDITIONS
IN THE HUMAN BEING

Thrombi and Emboli. An abnormal clot that devel-

ops in a blood vessel is called a Ihrombus. Once a clot

has developed, continued flow of blood past the clot »
likely to break it oway from lU attachment, and such
freely flowing clots arc known as cm6o/i Emboli gen-
cr.slly do not stop flowing until they come to a narrow
point in the circulatory system *rhus, emboli originating
m large arteries or in theleft side ofthe heart eventually
plug cither smaller systemic arteries or arterioles,

maybe m the bnim. the kidneys, or elsewhere On the
other hand, emboli originating in the venous system
And m the right side of the heart flow into the vessels

of the lung to cause pulmonary arterial embolism

Causes of Thromboembolic CondiWons. The
causes of thromboembolic conditionsm the human being

are usually twofold- First, any roughened endothelud

surface ofa vessel—as may be caused by artenosclero^is,

infection, or trauma—is likely to initiate the clotting

process Second, blood often clots when it (lows ce/y

slouly through blood vessels, for small quantities of

thrombin and other procoagulants are always being

formed These are generally removed from the blood by

the macrophage system, mainly the Kupfter cells of the

liver. If the blood is flowing too slowly, the concentra-

tions of the procoagulants in local areas often nse high

enough to initiate clotting, but when the blood flows

rapidly these are rapidly mixed with largo quantities of

blood and are removed during passage through the liver.

lUAORAl mHOMBOStS AND MASSm
PUmOSARY £AffiOU5M

Because clotting almost always occurs when blood

flow IS blocked for many hours in any vessel of the body,

the immobility of bed patients plus the practice of

propping the knees with underlying pillows often causes

intravascular clotting because of blood stasis m one or

more of the leg veins for hours at a time Then the clot

grows, mainly in the direction of the slowly moving
blood, sometimes growing the entire length of the leg

veins and occasionally even up into the common iliac

vein and infenor vena eava Then, about one time out

of every ten, a large part of the clot disengages from its

attachments to the vessel wall end flows freely with the

venous blood into the nghi.8idg of the heart and thence
into the pulmonary arteries to cause massive pulmonary
embolism If the clot is large enough to occlude both the
pulmonary arteries, immediate death ensues. If only one
pulmonory artery or a smaller branch is blocked, death
raoy not occur, or the embolism may lead to death a few
hours to several days later because of further growth of
the clot within the pulmonary vessels.

DISSEMINATID IhfTRAVASCUlAR CIOTTINC

Occasionally, the clotting mechanism becomes acti-

voted m vridespread areas of the circulation, giving nse
to the condition called disseminated in/roi-oscu/ar clot-

ting This often results from the presence of large
amounts of traumatized or dying tissue in the body that
releases ti'isuo thromboplastin into the blood Fre-
quently, the clots are small but numerous, and they
plug a large share of the small peripheral blood vessels
This occurs espeaalJy in septicemic shock, in which
either nrculating bacteria or bacterial tox-

ins—especially endotarms—activate the clotting mech-
anisms. The plugging of the small peripheral vessels

greatly diminishes the delivery of oxygen and other
nutrients to the tissues—a situation which exacerbates
the shock picture. It is partly for this reason that full-

blown septicemic shock is lethal In 85 per cent or more
of the patients.

A peculiar effect of disseminated intravascular clot-

ting is that the patient frequently begins to bleed The
rea-son for this is that so many of the clotting factors

arc removed by the widespread clotting that loo few

procoagulants remain to allow normal hemostasis of the

remaining blood.
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AiimCOAGULANTS
FOR CLINICAL USE

In some thromboembolic conditions it is desirable to

delay the coagulation process to a certain degree. There-
fore, various anticoagulants have been developed for

treatment of these conditions. The ones most useful

clinically are heparin and the coumarins.

ISTRAVESOU5 ASTICOACULANT

Commercial heparin is extracted from animal tissues

from several organs and is prepared in almost pure
form. Injection of relatively small quantities, approxi-

mately 0.5 to 1 mg per kilogram of body weight, causes
the blood clotting time to increase from a normal of

approximately 6 minutes to 30 or more minutes. Fur-
thermore, this change in clotting time occurs instanta-

neously, thereby immediately preventing further devel-

opment of the thromboembolic condition

The action of heparin lasts approximately three to

four hours. It is believed that the injec^ heparin is

destroyed by an enzyme in the blood known as kepari-

nasc.~"' —^ ^
In the treatment of a patient with heparin, too much

heparin is sometimes given, and serious bleeding crises

occur, In these instancea, protamine speeifieallv-as

art antiheparm. and CHe clotting mechanism can be
reverted to normal by administering this substance.

Protamine combines with heparin and inactivates it

because_it carries strong, positive electneal charges^
whereasHeparin carriM strong negative charges.

COUMARINS AS ANTICOACUIANTS

a coumarin, such as warfarin, is given to a
patient, the plasma levels of prothrombin and factors

yil, lX,_^d ^all formed by thejiyer, begin to fall,

indicating that wartann has a potent depressant effect

on liver formation of all these compounds. Warfarin
causes this eifect by competing with vitamin K for

reactive sites in the enzymatic processes for formation
of prothrombin and the other three clotting factors,

thereby blocking the action of vitamin K.
After administration of an effective dose of warfarin,

'the coagulant activity of the blood decreases to approx-
imately 50 per cent of normal by the end of 12 hours
and to approximately 20 per cent of normal by the end
of 24 hours. In other words, the coagulation process is

not blocked immediately, but must await the consump-
tion of the prothrombin and other factors already present
in the plasma. Normal coagulation returns one to three
days after discontinuing t^rapy.

PREVENTION Of BLOOD COAGULATION
OUTSIDE THE BODY

Though blood removed from the body and held in a
glass test tube normally clots in about six minutes,
blood collected in mliconized containersJilten does not
clot for as long as an liour or more. The reason for this

delay is that preparing the surfaces of the containers
with silicone prevents contact activation of factor XII,

^hich initiates the intrinsic clotting mechanism. On the

other hand, untreated glass containers allow contact

activation and rapid development of clots.

Heparin, can be used for preventing coagulation of

blood outside the body as well as in the body, and
heparin is occasionally used as an anticoagulant when
blood IS removed from a donor to be transfused later

into a recipient Also, heparin is used in all surgical

procedures in which the blood is passed through a heart-

lung machine or artifical kidney and then back into the

person
Various substances that decrease Che concenCmCjon of

calcium ions in the blood can be used for preventing
blood coagulation outside the body For instance, soluble

oxalate compounds mixed in very small quantity with a

satnpre of blood cause precipitation of calcium oxalate
from the plasma and thereby decrease the ionic calcium
levels so much that blood coagulation is blocked.

A second calcium deionizing agent used for preventing

coagulation is sodium, ammonium, or potassium citrate

The citrate ion combines with calcium in thfe-bloocTto

cause an un-ionized calcium compound, and the lack of

ionic calcium prevents coagulation Citrate anticoagu-
lants have a very important advantage over the oxalate

anticoagulants, for oxalate is toxic to the body, whereas
moderate quantities of citrate can be injected intrave-

nously After injection, the citrate ion is removed from
the body within a few minutes by the liver and is

polymenzed into glucose or metabolized directly for

energy. Consequently, 500 ml of blood that has been
rendered incoagulable by citrate can ordinarily be in-

jected into a recipient within a few minutes without any
dire consequences If the liver is damaged or if large

quantities of citrated blood or plasma are given too

rapidly, the citrate ion may not be removed quickly

enough, and the citrate can then greatly depress the

level of calcium ion in the blood, which results in tetany

and convulsive death

BLOOD COAGULATION TESTS

BLEEDING TIME

When a sharp knife is used to pierce the tip of the

finger or lobe of the ear, bleeding ordinarily lasts three

to SIX minutes. However, the time depends largely on

the depth of the wound and on the degree of hyperemia

in the finger at the time of the test Lack of several of

the clotting factors can prolong the bleeding time, but

this IS especially prolonged by lack of platelets

Many methods have been devised for determining

clotting times. The one most widely used is to collect

blood in a chemically clean glass test tube and then to

tip the tube back and forth approximately every 30
seconds until the blood has clotted. By this method, the

normal clotting time is about five to eight minutes.

Iht)cedures using multiple test tubes have been de-

vised for determining clotting time more accurately.

However, clotting times are also very dependent on the

condition of the glass itself and even on the size of the

tube, which makes a high degree of standardization

necessary to obtain accurate results. A typical condition

that causes a prolonged clotting time is hemophilia, but
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Hsure &-S. RcUtlonshIp oF prothrombin and conceniratioit let

the blood to the prothrombin time

deficiency of any of the factors in the intrinsic pathway
for clotting can be the culprit.

PROTHROMBIN TIME '

The prothrombin time gives an indication of the total

quantity of prothrombin in the blood Figure S-5 shows

the relationship of prothrombin concentration to pro*

thrombin time The means for determining prothrombin

time IS the following

Blood removed from the patient is immediately oxa*

lated so that none of the prothrombin can change into

thrombin At any time later, a large excess of calaum
ion' on? tissue thromboplastin is suddenly mixed with

the oxalate? blo^ Th'e 'calcium nullifies the effect of

the oxalate, and the tissue thromboplastin activates the

prothrombm-to-thrombin reaction by means of the ex-

trinsic clotting pathway. The time required for coagu-

lation to take place is knowTi as the **Drothrombul tune.*

The normal prothrombin time is approximaUly_I2-sec-

onds. though this depends to a certain extent on the

exact procedure employed In each laboratory a curve

relating prothrombin concentration to prothrombin

time, such as that shown in Figure 8-5, is ordinanly

drown for the method used so that the significance of

the prothrombin time can be evaluated

Tests similar to that for prothrombin time have been

devised to determine the relative quantities of other

clotting factors in the body In performing the tests

excesses of calcium ions and all the other factors besides

the one being tested are added to oxalated blood all at

once, and then the time of coagulation is determined in

the same manner as the usual prothrombin time. If the

factor is deficient, the time will be considerably pro-

longed.
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The fluid >n§id<L.thaj:ell5-^^. i^p h»<^y. called

intmceU^ar fluid, is very dilTorent from that out-

side the cells, called extracellular, fluid. The extra-

cellular HuTd includes both the interstitial fluid

that circulates in the spaces between the cells and
also fluid of the fcfood.p/osffia^lbot^rntxes freely

with the interstitial fluid through the capillary

walls. It is the extracellular fluid that supplies the

cells with nutrients and other substances needed

for cellular function. Out ^forc the cell can utilize

these substances, they must also be transported

through the cell membrane.
Figure gives the approximate compositions

of both the extracellular and intracellular fluids.

Note that the ext^ellular fluid.contains. large

quantities^of sodiunTbui^lyjmall quantities of

potassium'. Exaclly'^the" oppo3ite“is^frue—6nKe
intfScctlular fluid. Also, the extracellular fluid

coiTtaln.s large quantities of ..chlonde, while the

intracelUilacjlMldlftQnlajDij'jiaJitlie. But the

concentrations of phosphaU?«i. essentially all of
which arc organic metabo*'*'

proteins in tho intracellular fluid are.considcrably

greater thnn'ih theVxtracillular fluid These dif-

ferences bctwwn tHi* components of the intracel-

lular and extracellular fluids ore extremely impor-

tant to the life of the cell. It is the purpose of this

chapter to explain how these differences are

brought about by the transport mechanisms in the

cell membrane.

The Uptd Barrier and the Transport
Proteins of the Cell Membrane

The Btructure of the cell membrane was dis-

cussed in Chapter 2 and shown m Figure 2-3
Ba-sically. it consists of a Itptd bdayer with large
numbers of protein molecules floating in the lipid,

many if not most of them penetrating all the way
through, as illustrated in Figure 9-2.

The lipid bilayer is not miscible with cither the
extracellular or the intracellular fluid Therefore,
it cnnstitutea a iMirncr for the movement of most
w.nlcr-5oIuble substances between the extracellu-

lar and intracellular fluid compartments. How-
55

ever, as illustrated by the left-hand arrow of F’if*

ure 9-2, a few substances can penetretj* this

bilayer and can either enter the ce!I_or lea'^®

passing directly through the lipid substance itself.

The protein molecules, on the other'hand7 have

entirely different transport properties. Theif "i®*

lecular structures interrupt the continuity tff the

lipid bilayer and therefore constitute an altel^te
pathway through the cell membrane. Most of these

proteins, therefore, are /mnsport proteins^^^^i’

ent proteins function ‘difiereniiy. 5om^’tinyjt-V*j
tery spaces all the way through the
allow free"movemenr of certain ions or moletful®®?

these arc called channel proteins. Others, called

carrier proteins, bind with_Bu,^taiices that of® to

be troa^porteurand conformational changes if* the

protein molecules then move the subsU***®®®

through the interstices of the molecules td the

other side of the membrane. Both the chaD**®!

FLUiD
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Carrier

diltuxlGD dlHutlon

DIFFUSION ACTIVE TRANSPORT
Fisure 9-2. Traruport pathways through the ceB membrane, and the basic mechanisms* of transport

proteins and the carrier proteins are highly selec-

tive in the type or types of rholSCQlea'or lons^hai
are allowed to cross the membrane.

Diffusion Versus Active Transport Trans-

port through the cell membrane, either directly

through the lipid bilayer or through the proteins,

occurs by one ofJwo]^sic dif/usion

(which is also called'^'passive transport”) or act{t!£

transport. Though there are many different varia-

tions of these two basic mechanisms, as we shall

see later in this chapter, difEtsion means random
molecular movement of.substanccs eTther^rough
openings m the membrane or in combination with
a carrier protein causc(Lb_y the normal kinetic

motion of matterT”By contrast, active transport

means movement of ions or pthersubslaHceslicross
the membrane in corneaiio'nvdth.CLcarrler pro-

tein but additionally,agamrt anjnergy_gradient,
such as from a low concentration state to a high
concentration stale, a process that requires chem-
ical energy to cause the movement. Let us explain
in more detail the basic physics and physical chem-
istry of these two separate processes.

DIFFUSION

All molecules and ions in the body fluids, includ-

ing both water molecules and dissolved substances,

are in constant motion, each particle moving its

own separate way. Motion of these particles is

what physicists call heat—the greater the motion,
the higher the temperature—and motion never
ceases under any conditions except at absolute
zero temperature. When a moving molecule, A,
approaches a stationary molecule, B, the electro-

static and intemuclear forces of molecule A repel

molecule B, adding some of the energy of motion
to molecule B. Consequently, molecule B gains
kinetic energy of motion while molecule A slows
down, losing some of its kinetic energy. Thus, as
shown in Figure 9-3, a single molecule in solution

bounces among the other molecules first in one

direction, then another, then another, and so forth,

bouncing randomly billions of times each second.

This continual movement of molecules among
each other in liquids, or in gases, is called diffu-

sion Ions diffuse in exactly the same manner as

whole molecules, and even suspended colloid par-

ticles diffuse in a similar manner, except that they
diffuse far less rapidly than molecular substances

because of their very large sizes.

DinUSlON THROUGH
THB cm MEMBRANE

Simple Diffusion

Diffusion through the cell membrane is divided

into two separate subprqce^ses called simple dif’

fusion and facilitated diffusion. SimpI^dmiSbn
roeanV the molecular kinetic movement of mole-
cules or ions through a membrane openTng^ilhout

the necessity of binding with carrier proteins in

the membrane. The rate of diffusion igjetermined
by theSmount of'substance wailabl^by the ve-

locity of kinetic motion, and^y the number of

openings in the cell membrane through which the
moleculea'orions'camnuver-On-the'Other Hand,

facilitate diffusion requires the, interaction of the
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molecules or ions with a carrier protein that aids

its passage through the membrane.' probably"t»y

binding chemically with it and shuttling it through
the membrane in this fbrrnr*

SimpladifTusjonjean ?^ur through the cellmciu-

brane by two pathwayl^hrou^ the intcrsticesjof

the hpid bilayer and througE^oterj’ channels in

some of the transport proteins, as illustrated to

the left in Figure ^2. . ‘

Dlffuston Through the Upld BUnyer

Diffusion of Lipid-Soluble Substances. In ex-

perimental studies, the lipids of cells have been
separated from the proteins and then reconstituted

as artificial membranes consisting ofa lipid btlayer

but without any transport proteins. Using such an,

artificial membrane, the transport properties of

the Vip'id bilayer by itself have been determined.

One of the most important factors that deter-

mines how rapidly a substance will move through

the lipid bilayer is the hpid solubility of the sub-

stance. For instance, thsJipid solubilities of oxy -

gen, nitrogen, and^Icghols ^ejveryhigh, so that

all these Cah dissolve directlyJn“the_Upid bilayei
“ and diffiwe through IRe cell m^ernbrane in cxactl)

the samcTharihef that difrusion occurs in a watcrj

solution. For obvious reasonSrthV rate brdlffusior

of these substances through the membrane is di-

rectly proportional to their Uptd solubility Note
especially that tremendous quantities of oxygen
can be transported in this way; therefore, oxygen

is delivered to the interior of the cell almost as

though the cell membrane did not exist.

Transport of Water and Other Lipid-Insolu-

ble Molecules. Even though water is highly jn-

soluble in.the membrane lipids, nevertheless >t

penetrates the cell membrane very-readily, most

of it passing directly thoughjheiipid bilayer and

.still more passing through protein channels os

well. The rapidity svllh which water m^ecules can

penetrate the cell membrane is astounding. As an
example, the total amount of water that diffuses

in each direction through the red cell membrane
during each second is approximately 100 times as

great ns the volume of the red cell itself

The reason for the extreme diffusion of water
through the h pid bilayer is still not certain, but »t

IS believed that the waTer mdle^cule'3~are small

enough and tHelr kinetic ^ergy great enough that

they can simpIy^elTelrafeniRe bullets though the

lipid portion of the membranVb'efofe nir’‘hy3ro-

phobic” dharacterbflhe lipids cafi-sto^them
Ollier lipid-msoluble molecules also can pass

} through the hpid bilayer in the same way as water
molecules if they are small enough However, as
they become larger, their penetration falls off ex-

tremely rapidly. For instance, the diameter of the
urea molecule is only 20 per cent greater than that
of water. Yet its penetration of the cell membrane
is about a thousand times less than that of u'ater.

Even so, remembering the astonishing rate of

water penetration, this amount of penetration still

allows rapid transport of urea through the cell

membrane. The glucose molecule, which has a

diameter of less than three times that of the water

molecule, penetrates the lipid bilayer 100,000

times less rapidly than water, thus illustrating

that the only lipid-insoluble molecules that can

penetrate thelipid bT!aye'r''are'th0’very'^alI ones

Failure ofTons to DiffascThroUglrTtnflnpid
Bilayer. Even though water and other very small

uncharged molecules diffuse easily through the

lipid bilayer, ions—even small ones such as hydro-

gen ions, sodium ions, potassium ions, and so

forth—penetrate the lipid bilayer about one mil-

lion times less rapidly than does water. Therefore,

any significant transport of these through the cell

membrane must occur through channels in the

proteins, as we shall discuss shortly. •

The reason for the impenetrabilityjifjthe lipid

bilayer to ions is the electing 'charge~of the ions;

this impedesiorilc movement ih'lw'o'separafe ways'

(11 The electrical charge of these ions causes mul-

tiple molecules of water to become bonded-to the

ions, forming so-called ftydrofed ions. This greatly

increases the sizes’ ’of lonsTTvinjlralone impedes
penetration of the lipid bilayer. (2) Even, more
important, the electrical charge.of theT^^so
interacts with the charges o^thVlimrbila F̂Sn
the lOllowing—way.lt wiirbe'recalled^tSOach
half of the bilayej is c'orapo'se’H’bT^poIar" lipids

that have-an'excess of 'negati^_jharge focing

toward the surfaces of the membrane and an excess

of positive chargein the central portion of the

membraTfC.'Therefore, when a charged ion tries to

penetrate either the negative or the positive elec-

trical barrier, it is instantaneously repulsed.

To summarize, Table 9-1 gives the relativ

permeabilities of the lipid bilayer to a number o

diflerent molecules or ions of different diameters
Note especially the extremely poor permeance o

the tons because of their electrical charges and th(

poor permeance ofglucose because of its molecula:
diameter. But note also that glycerol penetrate:

the membrane almost as easily as urea cvci

though its diameter is almost twice as great. Thi

reason for this is a slight degree of lipid solubility

f

Table 9-1 REIATIONSHIP OF EFFlcflVE DIAMETERS
OF DIFFERENT SUBSTANCES TO THEIR

LIPID BILAYER PERMEABltmES

Subtunce
DUmeter
(nm)

KeUdve
rermeablllty

Water molecule
Utejmolecule''

/H^aT«rOTarfde ion

Hjdwled pousslum ion

^Hydtetetf sodium ton

Clycerol''.

Ctifcme

03
OJ6
0 386
0396
OS12
06Z
086

1 0
00006
oooooooot
00000000006
00000000002
00006
0000009
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Diffusion Through Protein Channels, and
''Cadng'' of These Channels

The protein channels are believed to be watery
pathways through the interstices of the protein

mol^ules. Therefore, substances can diffuse di-

rectly through these channels from one side of the

membrane to the other. However, the protein chan-

nels ax§ distinguished by two important charScfer-
isticsrTt7“The3rare often selecjiyj^yjjermeaBKto
certain substancesr(2rMany of the channels can
be opened oi^losed by gates.

~ ~

Selective t^ermeability of Different Protein
Channels. Most, but not all, protein channels are

highly^selective fof~the transport pfone^or more
speanc ions or molecules. This results from the

characteristics of the channel itself, such as its

diameter, its shape, and the nature ofthe electrical

charges aIong'iU~surfaces'.'Td~give'a'h example,
one of the most important of the protein charmels,

the so-called sodium^hanMlSj,3xe only Q.3 by 0.5

nm in size, but more Importantly the inner sur-
faces of these channels are^lrongly ne^lively
charged, as illustrated by the negative signs in

the top panel of Figvme 9-4. These strong negative
charges pull the sodium ior^ more than they pull

other physiologically impor^nt ions into the chan-
nels, because the ratio of pulling force to ionic

diameter is far greater for sodium than for the
others. Once in the channel, the sodium ion then
diffuses in either direction according to the usual
laws of diffusion. Thus, the sodium channel is

specifically selective for the passage ofsodium ions.

On the other hand, another set of protein chan-
nels is selective for potassium transport, illus-

OuUlde '

IntIde

Hsure 9—4. Transport of sodium and potassium Ions through
protein channels. Also shown are conformational changes ot die
Oiannel protein molecules that open or dose the “gates" guard-
>"S the channels.

trated in the lower panel of Figure 9—4. These
channels are slightly smaller than the sodium
channels, only 0.3 by 0.3 nm, but they are not
negatively charged. Therefore, no strong attractive

force is pu^ng..ions_ mto the channels. On the
other hand, tfieliydrated form ofTEe pofasSiQm
ion is considerably smallerTHan tHe Hydraled form
of sodlunTbeCause" the" sodium ion Has'one whole
orbital set of electrons less than th_e potassium ion,

which allows the sodium nucl^s to attract far

more water molecules -th&n _can__thfi_ potassium.
Therefore, the smaller hydrated potassium ions
can pass easily through this'channel’WhCreas so-

dium ions are mainly rejectedpthiis once again
providing selective permeability for a specific ion.

Gating of Protein Channels. Gating.sf.protein
channels provides a means for.-£ontrolling the
permeaBility'oTthe channels. This is illustrated in

the upper and lower panels of Figure 9—4 for both
the s^ium and the potassium ion It is believed
that the gates are actual, gate-like extensions of
the transport protein molecule, which '‘can'” cldse

over-the'opening of the channel or can be lifted

away from the opening by a conformational change
m the shape of the protein molecule itself. In the

case of the sodium channels, this gate opens and
closes on the outer surface of tHe cell tn^mbr|ipe,

whereas for the potassium channels it opens and
closes orrihe~inner surface - .g- ..

The opening and'cTosihg of gates are con frolled

by at least two principaTways:

(1) VoZ/cge“gcfi'n/.''in*tIus instance, the molecu-
lar conformation of the gate respond to the elec-

trical potential acjoss the cell membrane. For
instance, when there is a strong negative charge

on the inside of the cell membrane,"the sodium
gates remain lightly”closed; yer^'en the inside of

the'meinbrdne loses its negative charge these gates

open suddenly and'allow tremendous'quahtities of

s^ium to pass'inward'through the sodium pores

(until still another"set of gates'at'the cytoplasmic

ends of the channels closes them, as explained in

Chapter 10). This is the basic cause of action

potentials in nerves that are responsible for nerve

signals. The potassium gates also open when the

cell men^ran^bgcome3~po~sltivet)rcharged'1nside

the celf. However, this'response'is-diflerenrfrom

that of the sodium gates for they open much more
slowly; the resulting outflow of potassium ions

from the cell Hel^ in the recovery of the nerve

fiber membrane at the'end of the action potential.

These events will be dircussed in the following

chapter.

(2) Ligand gating. Some protein channel gates

are opened by the binding of anathet-Oiolecule

witli the protein,' thus causTng a conformational

change in the'protein molecule that opensj^cjoses

the gate. This'is called hga^ gating,

substance that binds is the ligand. One of

important instances of ligand gating is

ofacetylcholine on the so-called acg/p
' '

nelJXhis opens the gate of tfilichanneir
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a pore about 0 65 nm in diameter that allows all

molecules and positive ions smaller than this di-

ameter to pass through. This gate is exceedingly

important in the transmission of signals from one
nerve cell to another (Chapter 46) and from nerve

cells to muscle cells (Chapter 12).

Figure 9-5 illustrates an especially interesUng
characteristic of voltage-gated channels. This fig-

ure shows two recordings ofelectrical current flow-

ing through a sodium channel when there was an
approximate 25 millivolt potential gradient across

the pore. Note that the pore conducts current

either all or none. That is, the gate of the pore

snaps open and then snaps closed, each snapping
event occurring within a few millionths of a sec-

ond. This illustrates the rapidity with which the
conformational changes can occur in the shape of

the protein molecular gates. The figure also shows
in the lower recording another important charac-

teristic; at one voltage potential the pore may
remain closed all the time or almost all the time,

whereas at another voltage level it may remain
open either all or most of the time. However, at

in-between voltages, the pores tend to snap open
and closed as illustrated in the upper recording,

giving an average current How somewhere be-

tween the minimum and the maximum.

tudlHated Diffusion

Facilitated diffusion is also called cormr^me-
diated diffusion, hec&nse a substanceTrinsporfed
in this inahnerjusuaJIyJcannot'pa_ss‘3li«>ugh»the

membrane without a‘'8pMific carrier protein help-

ing it. That is. the carrier facilitates the diffusion

of the substance to the other side.

Facilitated dilTusion difiTers from simple diffu-

sion through an open channel in the following very

important way: whereas the rate of diffusion

through an open channel increases proportionately

nsure 9-5. Record ol correrti (low ihrou^ a itngle volcage-

gated wdium pore, dcmomirattng the aIl-of-i>of»e prtncipte lor

opening the pore (This type of record Is obulned using a "patch-

cUmp," whxh Is a minute (^pette the dp of which abuts tightly

agalmt a small area of the cell membrane and allows curreni flow

to be measured through Individual pores.)

figure 9-S. EKeci of concentration of a substance on
diffusion through (a) a membrane In which there Is simple dl'^'^n
arwl (b) a membrane In which there Is facintated dlffuslo"-^
llustraies that facilitated diffusion approaches a maxlmui”
caned the

with the concentration of the diffusing substance,

in iaciiitaled^iiiusion thT^Sle^f^diffusioi^ ®P'

proaches a maximuTnrCanad"V„iij^,' as the concen-

tration of’the substaitce’increVses. T^is diffefence

between simple diffusion and facilitated diffusion

is illustrated in Figure 9-6, showing that aS the

concentration of the substance increases the

of simple diffusion continues to increase propor-

tionately, but showing also the limitation of foci!*

italed diflusion to the V,„^ level.

What is it that limits the rate of facilitated

diffusion? A probable answer is the mechanism
illustrated in Figure 9-7. This shows a ca^^ner

protein with a channel large enough to tran^po*^

a specific molecule part way hut not all the way
through the membrane. It also .shows a bjpding

'^receptof^ on tVie pro^n carrier. moieenyrtT'i-'O

be transporTSd'^fefs ,the channel^ and theP he-

TfiRipsrled

moleculi

ngur« 9-7. A postulated mechanism for fadliuted dlfhrsl®'^
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comes bound. Then in a fraction of a second a
conrormaflorial change occurs in the carrier pro-

tein so that the channel^ow opens to thoTjpposite

side of the'membranerBecaliselhe binding force
of the receptor is rather weak, the thermal motion

of the attacHed molecule causes it to Break away
and to be released on the opposite slHe. Obviously,

the rate at which molecules can be transported by
this mechanism can never be greater than the rate

at which the carrier protein molecule can undergo
conformational change back and forth between its

two states; this is believed to occur at a constant

maximum rate that is determined by the thermal

motion of the carrier molecule. Note specifically

that this mechanism allows the transported mole-

cule to “diffuse” in either direction through the

membrane.
Among the most important substances that cross

cell membrai^S’bjrfacnitated'difrusion are gluctwe

and the nminn nrirff! . of gluCOSC'.'lhe

carrier molecule is known to have a molecular

weight of about 45,000; it can also~transport sev-

eral other monosaccharides that have" structures

similar to that or'glucosy,' including mannose,
galactose, xylose, and arabinoseTAlsonaSulin can
increase the rate of facllitateiTdl^uirdn of glucose

as much as 10- to 20-fold. This'lrthe' principal
mechanism by which insulin controls glucose uti-

lization in the body, as we shall discuss in Chapter
78.

S£r DIFFUSION THROUGH THt PROTUN
CHANNELS OF THE CEU MEMBRANE AND
FACTORS THATAFFECTTT

By now it is evident that many different sub-

stances can diffuse either through the lipid bilayer

of the cell membrane or through protein channels.

However, please under^nd clearly that .sub-

stances that diffuse m one direction can also dif^

fuse in the opposite direction. Usually, what is

important to the cell is not the total substance
diffusing in both directions but the difference be-

tween these two, which is tl^e net rate of diffusion
in one direction. The factors tKaraffwrthis are (1)

the permeability of the membrane, (2) the differi

ence in~c5ncenfran'on diffusing substanre
between t^a_twD_ sides of the membrane, tarthe
pressuredUferen^ across the membrane“and'(4)
in the c^e "of ibns7the*electrical potentiaf-differ-

ence between'the two'sides of the'membrane.
The Permeability “of the' Membrane,

permeability of a membrane is defined as the rate

a given concentratiorLdifference. Among the fac-

tors that affect the total pent\eability of the mem-
brane protein cl^nnels^ are: faT^the 'nur êr'oT
channels through whiclTthe substance can diffuse,

(b) the length of the channels, ‘(c)' the^degr^ of
impediment to :moYemenX'_l^>^gb—
nel—that is, the resistance *of the chapel, (d) the
molecular weight of the'"difrusing"suBstance,.and

(e) temperature. The effect of each of these on
the permeabilityTs“bbvious, with the possible ex-

ceptiomjrtefflp-erariirelind'molecular weight.

A higher temperature increases the permeabil-

ity because the thermal motion of all the molecules
and ions in a solution increases directly with the
temperature, thus more diffusion through the
channels.

The molecular weight affects diffusion of mole-
cules and ions mainly because the velocity of
kinetic motion in a solution is inversely propor-

tional to the square root of the molecular weight.

Therefore, in general, the permeability of the
membrane is also approximately inversely propor-

tional to the square root of the molecular weight.

The following formula gives the approximate
effect of all the above factors together on the

permeability of the membrane for diffusion of any
given substance:

Number of channels per unit

Permeability = area x temperature

Resistance of channels per unit

length X length of channel x
square root of molecular weight

Effect of a Concentration Difference. Figure

9-8A illustrates a membrane with a substance in

high concentration on the outside and low concen-

tration on the inside. The rate at which the sub-

stance diffuses inward is proportional to the con-

A.

OUTSIDE Membrane inside

ngure 9-8. Effect of (A) concentration difference. (B) electrical

difference, and (C) pressure difference on nel diffusion of mole-
cules and Ions through a cell membrarie.
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centration of molecules on_the outside, for this

concentration determines how many of the mole'
cules strike the outside of the channel each second.

On the other hand, the rate at which the molecules
diffuse outivard is proportional to their concentra-

tion inside the membrane. Obviously, therefore,

the rate ofnet diffusion into the cell is proportional

to the concentration on the outside minus the
concentratin on the inside or

Net diffusion « P (C, - C,1

in which Co IS the concentration on the outside, C,

is the concentration on the inside, and P is the

permeability of the membrane for the substance.

Effect of an Electrical Potential Difference.
If an electrical 'potential is'applied across the
membrane as shown in Figure 9-8B, because of

their electrical charges ions will move through the

membrane even though no concentration differ-

ence exists to cause their movement. Thus, to the

left m the figure, the concentrations of negative

ions are exactly the same on both sides of the

membrane, but a positive charge has been applied

to the right side of the membrane and a negative

charge to the left, creating an electrical gradient

across the membrane. The positive charge attracts

the negative ions while the negative charge repels

them Therefore, net diffusion occurs from left to

right. After much time large quantities ofnegative

ions will have moved to the right (if we neglect,

for the time being, the disturbing effects of the

positive ions of the solution), creating the condition

illustrated on the nght in Figure 9-fiB. in which
a concentration difference of the same ions has
developed m the direction opposite to the electrical

potential difference. Obviously, the concentration

difference is now tending to move the ions to the

left, while the electrical difference is tending to

move them to the right When the concentration

difference rises high enough, the two effects will

exactly balance each other. At normal body tem-
perature (38°C), the electrical difference that will

exactly balance a given concentration difference of

univalent ions, such as Na*. K', or Cl', can be
determined from the following formula called the

Nernst equation.

Q
EMF (m millivolts) »_±_61_Iog^

f
in which EMF is the electromotive force (voltage)

between side 1 and side 2 of the membrane, C, is

the concentration on side 1, and C, is the concen-
tration on side 2 The polarity of the voltage on
side 1 m the above equation is + for negative ions

and - for positive ions. This relationship is ex-

tremely important in understanding the transmis-

sion of nerve impulses, for which reason it is

discussed in even greater detail in Chapter 10.

Effect of a Pressure Difference. At times
considerable pressure difference develops between

the tivo sides of a membrane. This occurs, for

instance, at the capillary membrane, which has a

pressure approximatelyj23"mrnTf&^eater inside

the capillary than oufsiSeT Pressure actuallj

means the sum of all the forces of the different

molecules striking a unit surface area at a given

instant. Therefore, when the pressure is higher on

one side of a membrane than the other, this means
that the sum of all the forces of the molecules

striking the channels on that side of the membrane
is greater than on the other side. This can result

either from greater numbers of molecules striking:

the membrane per second or from greater kinetic

energy of the average molecule striking the mem-
brane. In either event, increased amounts of en-

ergy are available to cause net movement of mol-

ecules from the high pressure side toward the low

pressure side. This effect is illustrated in Figure

9-SC, which shows a piston developing high pres-

sure on one side of a cell membrane, thereby

causing net diffusion through the membrane to

the other side.

For the usual red cell membrane, I mm Hg
pressure difference causes approximately lO'* cu-

bic micron of net diffusion of water through each

sqiuare micron of membrane each second. This

appears to be only a very minute rate of fluid

movement through the membrane, but in relation

to the normal cell size and the very large diffusion

pressure that can develop at the cell membrane
because of osmotic forces, as discussed later In the

chapter, this rote can represent tremendous trans-

port of fluid in only a few seconds.

OSMOSIS AOtOSS SmCTJVELY
FIXMEABLE MEMBRASES—
SET Dirrusios or water

By far the most abundant substance to diffuse

through the cell membrane is water. It should be
recalled again that enough water ordinarily dif-

fuses in each direction through the red cell mem-
brane per second to equal about 100 times the

volume of the cell itself Yet, normally, the amount
that diffuses in the two directions is so precisely

balanced that not even the slightest net movement
of water occurs. Therefore, the volume of the cell

remains constant However, under certain condi-

tions. a concentration difference for water can de-

velop across a membrane, just as concentration

differences for other substances can also occur.

When this happens, net movement of water does

occur across the cell membrane, causing the cell

either to swell or to shrink, depending on the

direction of the net movement. This process of ne*

movement of water caused by a concentratioi

difference of water is called osmosis.

To give an example of osmosis, let us assum'

the conditions shown in Figure 9-9, with pur

vrater on one side of the cell membrane and i

solution of sodium chloride on the other side

Referring back to Table 9-1, we see that wate
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tralion in terms of mass is of no value in deter-

mining osmotic pressure To express the concen-

tration in terms of numbers of particles, the unit

called the osmole is used m place of grams.

One osmole is the number of particles (mole-

cules) m 1 gfgnmiBTec^ar.weigbl of undissociated
solute ThiSrTBO~pams of glucose, wTiTcITls one
gram molecular weight of glucose, is equal to 1

osmole of glucose, because glucose does not disso-

ciate On the other hand, if the solute dissociates

into two ions, 1 gram molecular weight of the

solute equals 2 osmoles, because the number of

osmotically active particles is now twice as great

as is the case In the undissociated solute. There-

fore, 1 gram molecular weight of sodium chloride.

58.5 grams, is equal to 2 osmoles.

A .solution that has 1 osmole of solute dissolved

tn each kilogram of water is said to have an
osmolality ofl osmole per kilogram, and a solution

that has 1/1000 osmole dissolved per kilogram has
an osmolality of 1 milliosmol per kilogram The
normal osmolality of the extracellular and intra-

cellular fluids is about 300 milliosmoles per kilo-

gram.
Relationship of Osmolality to Osmotic Pres-

sure- At normal body temperature, 38* C. a con-

centration of 1 osmole per liter will cause 19J300
mm llg osmotic pressure m the solution Likeivise.

1 milliosmolc per liter concentration is equivalent

to 193 mm llg osmotic pressure Multiplying this

value times the 300 mtlliosmolar concentration of

the body fluids gives a total calculated osmotic

pressure of thes-e fluids of 5790 mm Hg. The meas-
ured values for this, however, average only about

6500 mm Hg The reason for this difference is that

many of the ions In the body fluids, such as the

sodium and the chloride ions, are highly attracted

to each other; consequenliy, they cannot move
totally unrestrained in the fluids and create their

full osmotic potential Therefore, on the average,

the actual osmotic pres.sure of the body fluids is

about 0 93 times the calculated value
The Term “Osmolarity Because of the difBcully of

measuring kilograms of i»ater m a solution, which is

required to measure the “osmolality," one usu.ally uses

another term, "osmolanty," which is the osmolar con-

centration expressed os osmoles per liter of solution

rather than o'lmoles per kilogram of water Though,
strictly speaking, it is osmoles per kilogram of water
(o«molalilyi that determines the osmotic pressure,

nevertheless, for dilute solutions such as occur in the

body, the quantitative differences between osmolanty
and osmolality are less than 1 per cent Since it is far

more practical to measure osmolanty than osmolality,

this is the usual practice m almost all physiological

studies

A (iuandnry; How- Is It Possible for the Osmotic
Pressure of a Solution to Be Greater Than the

Atmospheric Pressure? The discerning student will

have noted that the csmotic pressure of the body fluids

is greater than the atmospheric pressure If this U true,

whv* is It that the body does not explode?

The answer to this question U that osmotic pressure

is nnt the force of water raoieculcs attempting to escape

out of the body, because tbc water molecules arc ini

toally attract^ to each other, which mostly nullifii

their escape force except for the so-called “vapor pre

sure” of the water (see Chapter 40). On the other hani

the mutual attraction does not diminish the force of tfc

water molecules attempting to pass through water chai

nels in a membrane because the molecules are ah

attnmted by the molecules inside the channels T1
simple analysis in Figure 9-11 can be helpful m unde
standing this diflerencc.

The dashed line m the figure represents a membrar
selectively permeable to water molecules; to the lefl

'

represented a very large molecule that cannot |

through the membrane, and m the center are sma
water molecules that can go through The presence >

large molecules above the membrane has diluted ti

water molecules so that the concentration of watt

molecules above the membrane is less than the concei

tration below Putting numbers to this, the pure watt

beneath the membrane has a concentration of 55
oi^moies per liter Multiplying this by 19,300 gives

total potential pressure of the water molecules bencat

the membrane of 1,073,000 mm lig. which is a mcasui
of the so-called "chemical potential" of the water. No»

for the top side of the membrane In the body fluk

there are approximately 0 3 osmole of dissolved su1

stances, as we just calculated this accounts for 6500m
Hg of potential pressure Since this dilutes the wati

molecules by this same omount. subtracting 5500 froi

1,073,000 mm Hg leaves a potential pressure of tl

diluted water molecules above the membrane of on)

1.0C7.500 mm Hg Thus, the forces of the vvater mok
cules striking the membrane both from below and frOi

above arc tremendous, but the difference between ihei

two forces is only a small amount and is equal to t>

force exerted by the nondiffusible partielcs. Therefor
to the nght m Figure 9-11, it is shown that the pressw
difference acrots the membrane that is forcing wati

molecules through the water channels is equal to 55C

mm Hg This is called the osmotic pressure, but it i

actually a pressure difference that is causing net difft

Bion of water molecules m one direction through tb

membrane

“Bulk flow'' of Water Thmugh Membrane
Channels In Response to Hydrostatic and
Osmotic Pressure Gradients

When either a hydrostatic or an osmotic pressur

gradient is created across a membrane, the rate (

movement of water molecules through the membran

Potential

pressure

of nondiffusible

particles

Potentlol

pressure

of woter

molecutei

Osmotic

pressure

difference

ocross membrone

^i.06vqo__ t
|l,073 j

000 Tssoo"

(pressures ere in mnHg)
njureP-tl. KJoefles of osmosis. (S« text /or discussion)
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channels is often many times as great as the rate that

can be accounted for by net di^usion alone. This is

caused by a phenomenon called “bulk flow," which
means simply that since large numbers of molecules are

moving in the same direction, they tend to “stream"

through the pores in unison rather Uian to move ran*

domly as occurs in pure diffusion. As examples of this

phenomenon, the osmotic movement of water through

the red cell membrane is about four times as great and
through the capillary membrane as much as ten times

as great as can be accounted for by simple diflfusion.

Dulk flow will bo discussed in greater detail in Chapter
30 in relation to the dynamics of transport through the

capillary membrane.

ACTIVE TRANSPORT

Often only a minute concentration ofa substance
is present in the~cxtrace!!uraFTIatdfrTtnd'yotirtarge

concentraTloir'Of~lh'S~sulislance la^requircd'irnhe
intraceUulai^uT3r*Vor instance ftiio of

potassium ions. Conversely, othcr^bstances fre-

quentiy enter cells and must bo removed even
though their concentrations inside are far less than
outside. This is true oCsodium Ions.

From the discussion thus far it is evident that
no substances can diffuse against an “elccirochcm^

uat gradient," "which is the sum of oil the diffusion

forces acting at the membrano—the forces caused
by concentration difrcrcncc, electrical dtiTcrenco,

and pressure difTercnce. That is, it is often said

that substances cannot diffuse '‘uphill.’* To cause
movement of a substance uphill, energy must be
imparted to the substance. This is analogous to

the compression of air by a pump. Compression
causes the concentration of the air molecules to

increase but to create this greater concentration,
energy must be imparted to the air molecules by
the piston of the pump as they are compressed.
Likewise, as molecules are transported through a
cell membrane from a dilute solution to a concen-
trated solution, energy must be imparted to the
molecules to concentrate them. When a cell mepi-

brane moves molecules uphill against a’concenlra-
tion gradient (or uphnt^galHsr'an electrical or
pressure gradient) the process is called active

transport.

Among the different substances that are actively

transported through cell membranes are sodium 'v,

ions, potassium ions, calcium ions, iron ions, hy- ;

drogen ions, chloride ions, iodide ions, urate ions,

several different sugars, and the amino acids. /

BASIC MTCHANISM OFACTiVC TRASSPOKT

Active transport deppnda gp jr.insDortj)f sub-

stances by carrier proteins th^at penetrate.through
the membrane, the same as is true for facilitated

diffusion. However, in active transport, the carrier

functions dilTcrently from the carrier in facilitated

diffusion, because the carrier protein must now
impart energy to the substance that is being trans-

ported to move it against an electrochemical gra-

dient. The energy for this purBogeis.deriY.ed from
ATP. Furthermore, the active transport carrier

protefns.haye, ATPasci. activity, which' means that

they can cleave ATP to form ADP or AMP with
release of the energy from the high energy phos-

phate bonds. Unfortunately, though, the manner
in which this energy is coupled to cause transport

of the substance against the electrochemical gra-

dient is not yet clear. ..«

The Sodium-Potassium “Pump" ^
The most ubiquitous active transport mecha-

nism in the body is the one that transports sodium
ions out of cells to the exterior and at the same
time purnpa potas5mm..VQns jTom'thc, the
inside‘^^_isjcalled the jodium-potassiupi^pump.
This pump is present in all cells of the body, and
it IS responsible lor maintaTnmg~lKe sodium and
potassium concentration difference^ across the cell

membrane ds'wcii as for'establishij^ a negative

electrical potential instda^tHe cells. Indeed, we
shall see in the next chapter that this pump is the

basis of nerve function to transmit signals

throughout the nervous system.

Figure 9-12 illustrates the basic components of

the Na‘-K’ pump. The cornerpfy/et'nJ^a^eQmplex
of two gcparate^glo^lar^ proteins, a larger one

with a molecular .^^Le)ght of about 100,000 and a

smaller one with a moIcculaj^N^jght of 46,000.

Though the function of the smalleF prot'eih'IsTlot

known, the larger protein has three specific fea-

tures that are important for function of the pump;
(1) ft h.i9 thrcej^cepfor sife.9 fothindin^ sodium

ions on the portion^Df.ihe protein that protniefes

to the interior of the cell.

(2) It has two recc£^r_ri/es for potassium ions

on the outside.
*”

(3) The inside portion of this protein adjacent to

or near to the sodium , binding-sites has ATPase
activity.

Now to put the pump into perspective; When
three sodium ions bind on the inside of the carrier

^-Na^

ftsure 9-12. The postulated mechanism of the sodium-potas-
sium pump
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protein and two potassium ions on the outside, the

ATPase function of the protein becomes activated.

.

This then cleaves I molecule of ATP, splitting it

to ADP and liberating a high energy phosphate

bond of energy. This energy is then believed toi

cause a conformational change in the protein car-

rier molecule, extruding the sodium ions to the
outside and the potassium ions to the inside.

Note also in Figure 9-12 that the concentration

of sodium on the inside, as designated by the small

size of the Na* symbol, is very slight, whereas the

concentration of the sodium on the outside is very

great. Conversely, the potassium ion concentration

on the outside is very slight whereas its concentra-

tion on the inside is very great. Thus, both these

ions are transported against very large energy

gradients.

Importance of the Na‘'-K'^ Pump in Control-

ling CeirVolume “OSfe“tir'!HVThost imporunt
—-fonCttSnS'^orth'g'SlSflmmjotassium pumpjs to con-

trol the volume of the rellsT^VithoutfLinrtion of

this pump, most cells o! the body would swell until

they burst. The me6h*anism for controlling the

volume IS the following: Inside the cell are large

numbers of proteins and other organic compounds
that cannot escape from the cell. Klost of these are

jiepativelv chartr^d and therefore collect around
them large numbers of positive ions as well. All

these substances then tend to cause osmosis of

water to the interior of the cell, and unless this is

checked, the cell will swell'indefinitely until it

bursts. However, the normal mechanism for pre-

venting this 18 the Na'-K* pump. Note again that

this pump pumps 3 Na* ions to the outside of the

cell for every 2 K^lons pumped to the interior

Also, the mcm'Efane is far less permeable to so-

dium ions than to potassium ions, so that once the
sodium ions are on the outside they have a strong

tendency to stay there. Thus, this represents a
continual net loss of ionic substances out of the

tell, whi^ mitiates an opposite osmotic tendency

to move water out of the cell. Furthermore, when
the cell begins to swell, this automatically acti-

vates the sodium-potassium pump, moving still

more ions to the extenor and carrying water with
them. Therefore, the sodium-potassium pump per-

forms a continual surveillance role m maintaining
normal cell volume.
Tha_Elcctrogenic Nature of the Na*-K* Pump.

The fact that the Na'-K^ pump moves three sodium
ions to the exterior for every two potassium ions to the

interior means that a net of one positive charge is moved
, from the interior of the cell to the exterior for each

/ revolution of the pump This obviously creates positivity

outside the cell but leaves a deficit of positive ions made
the cell, that is, it causes negativity on the inside.

Therefore, the sodium-potassium pump is said to be
eUctrogenic, because it creates an electrical potential

across the cell membrane as it pumps.

The Calcium Pump

Another very important pump is the calcium

pump. Calcium ions are mjpnally maintainei-®^

extremely low concentration ipJheLintracellulaf,
fluid, at a concentration,abo^ut.lO.OOO^tiTnes less

than that in the extracellular fluid. This is

achieved by two calcium pumps: One is in the celt

membrane and pumps calcium to the outside of

the cell. The other pumps calcium ions into one or

more of the internal vesicular organelles of the

cell, such as into the sarcoplasmic reticulum of

muscle cells and into the mitochondria in all cells.

In both instances, the carrier protein responsible

for pumping the calcium ions is an ATPase having

the same capability to cleave ATP as the ATPase
sodium carrier protein. The difference is that this

protein has a binding site for calcium instead of

sodium.

Saturation ofActive Transport

Active transport saturates in exactly the same
/ way that facilitated diffusion saturates. When the

« concentration of the substance to be transported is

\ small, the rate of transport increases approxi-
* mately in proportion to the increase in concentra-

tion. However, at large concentrations, transport

approaches a maximum, which is also called the

V*.,, as IS also true for facilitated diffusion. The
saturation is caused by limitation of the rates at

') which the chemical reactions of binding, release,

' and carrier conformational changes can occur.

Energetics ofActive Transport

The amount of energy required to transport a

substance actively through a membrane (aside

from energy lost as heat in the chemical reactions)

IS determined by the degree that the substance is

concentrated during transport Compared to the

energy required to concentrate a substance tenfold,

to concentrate it lOO-fold requires twice as much
energy, and to concentrate it 1000-fold requires

three times as much. In other words, the energy
required Is proportional to the logarithm of the

degree that the substance is concentrated, as ex-

pressed by the following formula:

Energy (in calories per osmole) = 1400 log ^

That is. in terms of calories, the amount ofenergy

required to concentrate 1 osmole of substance ten-

fold is about 1400 calories. One can see that the

energy expenditure for concentrating substances

in cells or for removing substances from cells

against a concentration gradient can be tremen-

dous. Some cells, such as those lining the renal

tubules as well as many glandular cells, perhaps

expend as much as 90 per cent of their energy for

this purpose alone.
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SECONDARY ACTIVE TRANSPORT:
SODIUM ' COTRANSPORr OF GLUCOSE
AND AMINO ACIDS

Glucose and amino acids are transported into

some cells against very large concentration gra-

dients, even though the carrier protein for trans-

port of these substances cannot cleave ATP to

provide the required energy. Tns^dTlK^energy
IS provided by'the^concentfalloh gradient of the

sodium ions across thecell'Tnem^ranfr.-The med»-
anism of this fsTHustraledTirPigure 9-13. Note
that the carrier protein has two binding sites on
its exterior side, one for sodium and one for glu-

cose. But note also that the concentration of so-

dium is very high on the outside and very low on
the inside. Therefore, sodium ions are always at-

tempting to move down their energy gradient to

the interior of the cell, causing continual stress on
the carrier protein to let the sodium ions pass on
through to the interior. However, another property

of this carrier protein is that the conformational
change of the prQteimnolecQtg^wi H not occur*R
allow the'sodium to nuTve to the mfenor"unless a
glucose molec^le^ff*ais(rattacl^^*"ffuronce"troth
the sodium ion and* tKe^glucdse molecule are at-

tached, then the conformational change takes
place and both the sodium and glucose are trans-

ported to the inside of the cell at the same time.
‘ Furthermore, this can occur even though the glu-
' cose must be transported “uphill” from a low con-

centration on the outside to a high concentration

inside. That is, the energy gradient of the sodium
ions literally pulls the glucose to the interior, thus
utilizing energy from the sodium gradient to cause
the uphill transport of the glucose. For obvious

‘ reasons, this type of transport has received both
' the names secondary active transport and sodium-
! glucose cotransport.

Sodium cotransportofjh^mmo acids occurs in
* the same manner as for glucose 'excepC-tfea^ it

' utilizes a different set of transport'proteins. Five
® separate ammo acttt'lransporrproieins Have been
= identified, each"bn.vKich is r^ponsiBle^for trans-

! porting one subset of ammo acids with specific

‘ molecular characteristics.

' Sodium cotransport of glucose and amino acids

occurs especially in the epithelial cells of the in-

testinal tract and renal tubules to aid in the

absorption of these substances into the blood, as
we shall discuss later.

Sodium cQuntertran/tpqrt mpphAnisYng also occur;
these can cause transport in the opposite direction
from the movement of the sodium. That is, a
receptor site is present on the outside ofthe carrier

protein for sodium but on the inside for the other
substance, and movement of the sodium down its

energy gradient to the inside of the cell causes the
other substance to be transported to the exterior.

Transport of this type has been observed in some
cells for exchange of sodium and other ions, such
as potassium or calcium, across the membrane.

It IS clear that the ultimate source of the energy
for sodium cotransport or countertransport is once
again ATP, which drives the sodium-potassium
pump to build up the necessary sodium concentra-
tion gradient.

ACTIVE TRANSPORT
THROUGH CELLULAR SHEETS

At many places in the body, substances must be
transported through a cellular sheet instead of

simply through the cell membrane. Transport of

this type occurs through the intestinal epithelium,

the epithelium of the-renal tubules, the epithelium

of all exocrine glands, the^epithelium^f the gall

bladder, the membrane of the choroid,rplexus of

the brain, alTd many other membranes.
The basic mechanism for transport of a sub-

stance through a cellular sheet is (1) to provide
active transport through the cell membrane, on one
side of the'sh'eefarid'thenJ2) to provide for either
simple diffusion or Facilitated diffusion through
the membrane on the oppostfe side of the sheet.

Figure 9-14 illi^lFates the mechanism' for trans-

port of sodium ions through the epithelium of the
intestines, the gall bladder, and the renal tubules.

This figure shows that the epithelial cells are
connected together only at the luminal pole, but
the junctions at this point are all tight junctions,
thus mainly blocking sodium ion difTasion between
the cells. However, the luminal surface.*} of the
cells are very permeable to both sodium ions and
to water. Therefore, both sodium ioms and water
diffuse readily to the interior of the cell. Then, at
the basal and lateral membranes of the cells the
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sodium ions are actively transported into the ex-

tracellular fluid. This creates a high sodium ion

concentration gradient across these membranes,
which in turn causes osmosis of water as well.

Thus, the active transport of sodium ions at the

basolateral poles of the epithelial cells results not

only in the transport of sodium ion but of water
also.

Furthermore, any other substances that might
be linked with the sodium can be transported in

this same way. For instance, the positive charges
of the sodium ions usually pull negatively charged
chloride ions along with the sodium. Likewise,

when glucose (or ammo acids) is cotransported

along with sodium through the luminal surface of

the cell, the concentration of the glucose increases

inside the cell Then this glucose is transported by
facilitated diffusion through the basaoiateral bor-

ders of the cell, finally entering the extracellular

fluid along with the sodium ions, the chloride tons,

and the water.

Thus, these are the mechanisms by which almost

all the nutrients, the ions, and other substances

are absorbed into the blood from the intestine;

they are also the way m which these same sub-

stances are reabsorbed from the glomerular filtrate

by the renal tubules.
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10
Membrane Potentials

and Action Potentials

-<

Electrical potentials exist across the membranes
of essentially all cells of the body, and some cells,

such as nerve and muscle cells, are “excita-

ble”—that is, capable of self-generation of electro-

fllemical impulses at their membranej_and, in

some instances, employment drihese impulses to

transmit signals along the membranes In still

other types of cells, such as glandular celts, mac-
rophages, and ciliated cells, changes in membrane
potentials probably play significant roles in con-
trolling many of the cell's functions. However, the
present discussion is concerned with membrane
potentials generated both at rest and during action
by nerve and muscle cells.

BASIC PHYSICS OF
MEMBRANE POTENTIALS

Before beginning this discussion, let us Brst
recall that the fluids both inside and outside the
cells are electrolytic solutions containing J50- to-
160 mEq per liter of positive ions and the same
concentration of negatlve'ionsrGeneraHyryv^rv
minute exESSs’bf negative' lons^lanions) accumu-
lates immediately .inside the celLmembrad© along
its inner surface^, as illustrated in Figures 10-lA
and 10-2, anH an equal number of positive ions
(cations) accumulates immediately outside the
membrane. The effect of this is the establishment
of a memftrgne notenital between the inside and
outside of the cell.

The two basic means by which membrane poten-
tials’ can develop are (1) diffusion of ions through
the membrane as a result_oOon_concentfatfon
differences betweenIK^two sides.ofJ.he membrane,
thus creating an imbalance' of negative and*i>osi-

Uve charges on the two sides of the membrane,
and (2) active transport of ions_ through the mem-

brane, thus also creating an irnbalance ofehai^es.

membrane potentials
CAUSED BY DIFTUSION

Figures 10-lA and B illustrate a nerve fiber

when there is no active transport of either sodium

DIFFUSION POTENTIALS

NtRVS FIBER

(Anions)*ri“(Aniorn)“
“

WEfiVEFIBER

(At\ion»rrij,(Anion»}”

A B
Flgufe lO-J. A tstAbli&hmem of a diffusion potential across a

ceD membrane, caused by potassium Ions diffusing from Inside

the edi to the outside through a membrane chat is selectively

permeable only to potassium B Establishment of a diffusion

potential when the membrane is permeable only to sodium ions

Note that the /nternaf membrane potential Is negative when
potassium ions diffuse and positive when sodium ions diffuse

because of opposite concentration gradients of these two ions

or potassium. In Figure 10-lA the potassium con-

centration IS very great inside the membrane while

that outside is very low Furthermore, the mem-
brane is very permeable to the potassium ions but

not to any other ions. Because of the large potas-

sium concentration gradient from the inside to-

ward the outside, there is a strong tendency for

potassium ions to diffuse outward. As they do^,
they^ddfry positi^ charge^ to" the otitside, thus

creating a'^state or'^ctropositivitv outside the
membrane, an~d~'el^'fonegalmty on tfie inside
because ofthenegative ariiSRs th^j;£i^iiiJ)ehind,

which 'do HoT^difruse outwarS^ong witli the po-

tassium. This potential difference across the mem-
brane tends to repel the potassium ions in a back-

ward direction fromTJutside toWardTlhe inside. And
within a millisecond or so the^potential becomes
great eftoUgH'to' blocIT fiTrUier diffusion of potas-

sium ions to the exterior. Thp .poteptial at this

poin'ns'tlieWernsf potential for the potassium ions,

as we stiall discussT -

Figure lO-lB illustrates the same e/Iect as
in Figure 10-lA but with a high >

s(^um ions outside the membrane and
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sodium concentration inside. These ions are also

positively charged. However, this time the mem-
brane is highly permeable to the sodium ions and
impermeable to all other ions. Diffusion of the
sodium ions to the inside creates a membrane
potential now of opposite polarity, with negativity

outside and positivity inside, and, again, the mem-
brane potential rises high enough within milli-

seconds to block further net diffusion ofthe sodium
Ions to th^n^de, but this time_the potential is

called the Jvernsr poterftial fortk^odium tons

Thus, in both Figures lO-lA and B we see that

a concentration difference of ions across a semi-

permeable membrane can, under appropriate con-

ditions, cause the creation of a membrane poten-

tial. In later .sections of this chapter, we shall also

see that many of the membrane potential changes
observed during the course of nerve and muscle
impulse transmission result from the occurrence

of rapidly changing diffusion membrane potentials

of this nature
Relationship of the Diffusion Potential to

the Concentration Difference—^The Nernst
Equation. When a concentration difference of a

single type of ion across a membrane causes dif-

fusion of ions through the membrane, thus creat-

ing a membrane potential, the magnitude of the

potential inmde the membrane versus the outside

is determined by the ratio of the tendency for the

ions to diffuse in one direction or the other direc-

tion, which is determined for positive ions by the

following formula (at body temperature, 55® C>.

EMF (millivolts) - -61 Iqg
Cone, inside •

Cone, outside

Thus, when the concentration of positive ions on
the inside of a membran».i«.-tpn times that on the

outside, the log of 10 is I. and^ the_potentiai
difference calculates to be —61 millivolts, .This

equaiion is* called theNernsl equation, and the

developed potential is the Nernst potential

However, two conditions are necessary for this

Nernst potential to develop as a result ofdiffusion-

(1) The membrane must be selectively permeable,

allowing a single type ofidn to'dilTuseThrougli the

channels while all other joh^^o not diffuse (2)

The concentration of the diffusible ions must be
greater -on ‘Ofie'feTde "of the metiTbran^fli^n on Ihc

other sider*" ' * "
~~~

U.sing the Nernst equation, let us now calculate

the Nernst potential across the nerve membrane,
first, when the membrane is permeable only to

sodium ions and, second, when the membrane is

permeable only to potassium ions:

I

The normal concentration of sodium ions inside

the nen-c membrane is aDproximatci v 14 mEg and
outside approximately 1 42 mEtrJTiusTtheTmio of

these two is 0.10, and the logarithm of 0.10 is

- 1.00. Multiplying this by -61 millivolts givesa

Nernst potential for sodium of -i-Sl millivolts ir

Mde the nerve fiber membrane.
Theiiuuiml uumentration of potassium lonsic

side the nerve fiber is approximately 140 tnEqpe
liter and 4 mEq per liter on the outside. The rati

ofthese two is 35. The logarithm of35 is 1.54; thi

times -6 1 mflliyolts equajyhj^ernst

p

otential fn

potai^m’of - sJTmniiv(5Tt.s insld&ibe membmnf
There?B?Brnf'^ere were TiO pumping ol "iop

through the nen’e membrane and if the membrar
were permeable only to sodium but not at all l

other ions, the potential inside the nerve fibt

would be -<-61 millivolts Conversely, if the men
brane were permeable to potassium but not pennt

able to any other ions, the membrane potentii

would be - 94 milUvoIta. We shall see later in thi

discussion that under resting conditions the men
brane potential averages about -90 millivolt

which is very near the -94 millivoTfs'potaisaii

Nernst poteiUial, This is true because in the res'

ing state the membrane is very permeable t

potassium and only slightly permeable to sodiun

On the other hand, when a nerve impulse is tram

milted, the membrane, for a minute fraction of

second, becomes much more permeable to sodiui

than to potassium. Therefore, during this spli

second, the membrane potential rises to approx

matoly_* 45Jiiltivnlls. which is much nearer th

sodium Nernst potential than the potassiui

Nernst potential.

Calculation of the Diffusion Potential
When the Membrane Is Permeable to

Several Different Ions

When a membrane is permeable to several di

ferent ions, the diffusion potential that will di

velop depends on three factors: (1) the polarity t

the electrical charge of each ion, (2) the permei
bility of the membrane (Pj to each ion, and (3) th

concentration (C) of the respective ions on th

inside fi) and outside (o) of the membrane. Thu:
the following formula, called the constant fieh

equation, the Goldman equation, or the Goldman
Hodgkin-KaU equation, gives the calculated mem
brane potential on the inside of the membran
when two univalent positive ions, sodium (Na'
and potassium (K*), and one univalent negativi

ion, chloride ion fCI"), are involved.

EMF (milhvoHs) =
Cw

-61- log^ .P„.. + Cg.p,..

+ Ck- Pk-

c„ .Pf,

+ "Cc, 'pn

Now, let us study the importance and the mean
ing of this equation. First, sodium, potassium, and

chionde ions are the ions most importantly in'

volved In the development ofmembrane potential

in nerve and muscle fibers, as well as in th<

neuronal cells in the central nervous system The
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concentration gradient of each of these ions across

the membrane helps determine the voltage of the
• e potential.

Second, the degree of importance of each of the
ions in determining the voltage is proportional to

the membrane permeability for that particular ion.

Thus, if the membrane is impermeable to both
potassium and chloride ions, then the membrane
potential becomes entirely determined by the con-

centration gradient of sodium ions alone, and the
resulting potential will be exactly equal to the
Nemst potential for sodium. The same principle

holds for each of the other two ions if the mem-
brane should become selectively permeable for

either one of them alone.

Third, a positive ion concentration gradient from
inside the membrane to the outside causes electro-

negativity inside the membrane. The reason for

this is that positive ions diffuse to the outside
when their concentration is higher inside than
outside. This carries positive charges to the outside
but leaves the negative anions on the inside. Ex-
actly the opposite effect occurs when there is a
negative ion gradient. That is, a chloride ion gra-

dient from the outside to the inside causes negativ-
ity inside the cell, because negatively charged
chloride ions then diffuse to the inside while leav-

ing the positive ions on the outside.

Fourth, we shall see later that the permeabilities

oC.^Oc6C>ilium and- potassium’ channels ‘undergo
y^^^apid changes dunng_condu?tioirof the n^erve',,

irf^st^whereaa tHe‘^penmcability„of the chfonde
cfmiicI£doe^'riot changS^rcgtJy dunng'thjs'proc-
es8.‘ 'nfereforSr^fie^Ka'hges in tKe*‘sodium and
potassium permeabilities are primarily responsi-
ble for signal transmission m the nerves, which is

the subject ofmost of.the remainder of this chapter.

MEMBRANE P07ZVrL4I5 CAUSED BY
ACTIVE TRANSPORT—THE SODIUM^
POTASSIUM "EUCTROCENIC PUMP ’

Figure 10-2 illustrates another method by--

which a membran? potential can develop—by ac-

ELECTROGENIC POTENTIAL

(Anions)" + - (Anions)" -

(-90mV)

Figure lO-Z. Establishment of a membrane potential as a result

of sodium and potassium being pumped through the nerve
membrane by the Na*—K* electrogenlc pump, with three sodium
kms passlrtg outward through the membrar^e for each two po-
tassium Ions passing Inward

live transport. It will be recalled from the discus-

sions in the last chapter that the sodium-potassium
pump pumps three sodium ions out of the cell for

every two potassium ions pumped in. Thus, for

each cycle of the pump the inside of the nerve fiber

loses one positive charge. Because the membrane
is not permeable to most of the negatively charged
ions (anions) inside the cell, continuation of this

process will lead to an excess of positive charges
on the outside and an excess of negative charges
inside, as illustrated in Figure 10-2. Thus, once
again, the nerve membrane becomes negatively
charged on the inside. And, because of the ability

otJhLlJiUI^EPJTI>-toj:rgate_guc^
potential, it is called an electrvgenic jiumiy.

It 'was also clear froiirthe 'discussions of the

previous chapter that the Na*-K'‘ pump is respon-
sible for establishing the normal sodium and po-

is, th’Fcontinual pumpihg^^diUl^Td^^Mtenor
leads to the normally greatly reduced podium con-

centration inside the nerve fiber, whereas the

pumping of the potassium jons tothe interior helps

establish high concentration of potassium on
the’inside.lw^ shall see later in’the chapter that

after manyTi^e impulses have been transmitted,

the concentration gradients across the cell mem-
brane of both sodium and potassium decrease be-

cause of diitusion of these ions through the mem-
brane during the action potentials. But the Na*-
K‘ pump will soon re^tablish the appropriate

concentration gradients.V

MEASURING THE MEMBRANE POTENTIAL

The method for measuring the membrane potential is

simple in theory but often very difficult m practice

because.of the small sizes of many of the fibeis Figure

10-3 illustrates a small pipette filled with a very strong

electrolyte solution (KCl) that is impaled through the

cell menibrane lo'the interior of the fiber Then another

electrode, called the^ndifferent electrode,” is placed in

the interstitial fluids,' ahd'lh^' potStial difference be-

tween the inside and outsjde of the fiber is measured
using anfappropriate Voltmeter This is a highly sophis-

ticab^ electronic apparaiusTEat is capable ofmeasunng
very small voltages despite^xtremejy hish resistance

to eiectrical~flow through the. tip of the micropipette.
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which hasadianij^tei^suMly W*; fh>in i miwm and a
resistflTRfoltenas great asli^inidn nhmg^For recording

rapIcTcAort^s’in the memBranejJotenttaJ duong the
trahsmrssion of nerve impulses the mKroelcctrode is

connected to an psciilpscppe, as wiil be cxpiained iatcr

in the chapter;

THE cm MEMBRANE AS
AN ELECTRICAL CAPAOTOR

In each of the figures shown thus far, the negative
and positive ionic charges that cause the membrane
potential have been shown to bo lined up against the

membrane, and we have not spoken of the arrangement
of the charges elsewhere In the fluids, cither inside the
nerve fiber or on the outside In the interstitial fluid.

However, Figure 10-4 illustrates this, showing that

everywhere except adjacent to the surfaces of the cell

membrane itself, the negative and positive chai^ are
exactly equal This Is called the principle of electneal

neutrality, that is, for every positive ion there is a
negative ion nearby to ncutralixe it, or otherwise elec-

trical potentials of billions of volts would appear within

the fluids

When positive charges are pumped to the outside of

the membrane, these positive charges line up along the
outside of the membrane, and on the inside the anions

line up that have been Ich behind This creates a dipole

la^er of positive and negative charges between the

outside and mside of the membrane, but it still leaves

equal numbers of negative end positive charges every-

where else w ithm the fluids. This is the same effect that

occurs when the plates ofan electneal capacitor becomes
electrically charged—that is. lining up of negative and
positive charges on the opposite sides of the dielectric

^membrane between the plates. Therefore. the_Uaiii»i-
Ajaver of the cell membrane-aetual lv function^ as a

j

^rffffrnSir ot « c«»ii w\cmSf<^pc» fflpacitof. much as mica,^ paper, and Mylar function as dietectnes m electneal

capacitors

Because of the extreme thinness of the cell membrane

ngure 10-4. Distribution of positively and negatively charged

Ions in the intersticial fluid surrounding a nerve fiber and In the

fluid Inside the fiber; note the dipolar alignment of negative

charges ^ong the Inside surface of the membrane and posiflve

charges along the outside surface In the lower panel are Ihis-

bated the abrupt changes In membrane potential that occur at

the membranes on the two sides of the fiber

(only? to 10 nanomctorsl, its capacitance is tretnendoui I

for its area—about 1 microfarad per square centimeter. <

The lower port oTFRJuYtTlO^ illuslrates the electrical
1

potential that will be recorded at each point in or pear
|

the nerve fiber membrane, beginning at the left sidr-

the figure and passing to the right. As long as the

electric is outside the nerve membrane, the potential

that is recorded is zero, which Is the potential of the

extracellular fluid Then, as the recording elcctfo&

passes through the electrical dipole layer at the cell

membrane, the potential decreases immediately to -90

millivolts. Again, the electrical potential remains at i

steady level as the electrode passes across the Intenor

ofthe fiber but reverses back to zero the instant it passes

through the opposite side of the membrane,
The fact that the nerve membrane functions *s t

capacitor has one especially important point of aigrufi

cance To create a negative potential inside the mem-
brane, only enough positive ions must be transported

outward to develop the electrical dipole layer at the

membrane itself Alt the remaining ions inside the nerve

liber can still be both positive and negative Ions There-

fore, an incredibly small number of ions needs (0 be

transferred through the membrane to establish the nor-

mal potential of -SO millivolts inside the nerve fi-

ber-only about 1/500,000 of the total positive charges

inside the fiber need be so transferred Also, an equally

small number of positive ions moving to the inside (d

the fiber can reverse the potential from -90 mllhvolcs

to as much as +35 millivolts within as little ns 1/10,000

of a second This rapid shifting of ions in this loaniwr

causes the nervo signals that wc will discuss in the

subsequent sections of this chapter

THE RESTING MEMBRANE
POTENTIAL OF NERVES

The membrane potential of large nerve fibers

when they ore not transmitting nerve sig-

nals—that is, when they are in the so-called "rest-

ing” state—is about fi9p mfllivnlfa (mv). That is,

the potential inside the ^bei^s 90 mv more nega-
tive than the potential in the interstitial fluid on

the outside of the fiber. In the next few paragraphs
wc will explain how this potential comes about,

but before doing bo we must describe the transport

properties of the resting nerve membrane for so-

dium and potassium.
Active Transport of Sodium and Potassium

Ions Through the Membrane—^The Sodium-
Potassium Pump. First, let us recall from the

discussions of the previous chapter that all cell

membranes of the body have a powerful sodium-
potassium pump and that this continually pumps
sodium to the outside of the fiber and potassium
to the inside. Further, let us remember that this

is an electrogenic pump, because more positive

charges are pump^ to the outside than to the

inside, leaving a net deficit of positive ions on the

inside; this is the same as causing a negative

charge inside the cell meipbrane.

This sodium-potassium pump causes the tremen-

dous concentration gradients for sodium and po-



tassium across the resting nerve membrane. These
gradients are the following:
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Na* (outside); 142 mEq/L
Na* (inside): 14 mEq/L

K* (outside): 4 mEq/L
K* (inside): 140 mEq/L

And the ratios of these two respective ions from
the inside to the outside' are

Na*’i„„ae/Np,'‘ 0.1

35 0

Leakage of Potassium and Sodium Through
the Nerve Membrane. To the right in Figure
10-5 is illustrated a channel type of transport

protein in the cell membrane through which^_po-

tassium and sodium ions can'^eak! TKe*“cKanneIs

through these proteins are called rpQ/a$.s_mm~so-

dium '‘leak’’ channels. The emphasis is. on the
potassium because 'these channels ar<^ for mnre
permeable to potassium tnarTto sodium , normally
about luu times times as ^rmpanie. Wp shall see
later tl^l thlstdllffitfijafTal in permeability is ex*

ceedingly important in the estaPi ish'mpnt. aifnhe

normal resting membrane potghti aT?

ORIGIN OF THE NORA1AL RESTING
membrane rorENTMi

Figure 10-6 illustrates the important factors in

the establishment of the normal resting membrane
potential of -90 mv, These are

Contribution of the Potassium Diffusion Po*
tential. tn Figure 10-6A, we make the assumption
that the only movem^ut of ions thxoughJhe-mem-
brane is the diffusion. oLpotassium ions, as illus-

trated by the open channel between the potassium
inside th'e n\embrane and the outside. Because of
the high ratio of potassium ions inside to. th?
potassium ions outside, 35 to' the.Nezrist poten-
tial corresponding to .this ratio is. *94 mv . That
is, the diffusion potential caused by tKepotassium

tlfure 1 0-S. The funcstoruJ chuacicrbtks oT the Na*-K* pump
*04 *ao of the potA&sfum-sodium leAk" efunnets.

A

B

K*
4 rnEg/L

G1
Ici^Eq/L _(-94mV) /

' l-94mVJ 'J

Na^ K*
l42mE<]/L 4mea/L

Q
Na^, K* '

MmEc/U I40ir£q/L (“86mV)
. HSJroV) (-94mV) y

Na*42£l'».* -

iffutisn

4 liEt/l !

pump
lUcCVl.'

figure 10-6. t$l&bll$hment of renting membrdne pocenOals in

nerve fibers under three separate conditions. A. when the meni'

brane potential is caused entirely by potassium diffusion alone; B.

when the membrane polentlaJ Is caused by diffusion of both

.

sodium and potassium ions, and C when the membrane potentlaJ

is caused by diffusion of both sodium and potassium Ions plus

pumping of both these ions by the Na'-K' pump.

would be -94i^v as illustrated to the right inside

the nerve fiber, if this were the only factor causing

the rogfinjy rjyjyp

Contribution of So'dium Diffusion Through
the Nerve Membrane. Figure 10-6B illustrates

the addition of very slight permeability of the

nerve membrane tn sodium ions, caused by the

minute diffusion of the sodium ions through the

K*-Na' leak channels. The ratio of sodium ions

from inside to outside the membrane is 0.1, and
this gives a calculated Nemst potential for the

inside ofthe membrane of + 61 mv. But also shown
in Figure 10-6B is the Nemst potential for potas-

sium diffusion of -94 mv. How do these interact

with each other, and what will be the gummated
potential? This can be answered by using the

Goldman equation described earlier. However, in-

tuitively, one can see that if the membrane is

highly permeable to potassium but only very
slightly permeable to sodium, it is logical that the

diffusion of potassium will contribute far more to

the membrane potential than will the diffusion of
sodium. In the normal nerve fiber, the permeabil-
ity of the membrane to potassium is about 100
times as great os to sodium. Using this value in

the Goldman equation gives an internal mcrabrane
potential of -86 mv, as shown to the right in the
figure. ^
Contribution of the Na'-K’ Pump- Finally,

in Figure 10-6C the additional contribution of the
sodium-potassium pump is illustrated. In this fig.
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urc, there is very eliRht diffusion of sodium ions,

much prater diffusion of potassium ions, and
continuous pumping of sodium ions to the outside

and simultaneous pumping of potassium ions to

the inside of the membrane, but with a ratio of
Kxlmm to potassium pumping of three to two, os
discussed earlier. The fact that more sodium ions

are being pumped to the outside than potassium
to the inside cau<K» a continual lass of positive

charges from inside the membrane, and this cre-

ates an additional degree of negativity on the

irvsido beyond that which can bo accounted for by
diffusion alone Therefore, as illustrated in Figure
lO-GC, the net membrane potential with all these

factors operative at the same time is -90 mv
In summary, the diffusion potentials alone

caused by pota.s.sium and sodium diffusion would
Rive a membrane potential of approximately - 66
mv, almost all of this being determined by the

potassium difTu.sion. Then, an additional -4 mv
is contributed to the membrane potential by the

electrogcnic Na’-K‘ pump, pving a net resting

membrane potential of - 90 mv
T^e resting membrane potential m large skele-

tal muscle filx'rs is approximately the same as that
J

m large nerve fibers, also -90 mv However, in

both small nerve fibers and small muscle fi-

bers—smooth muscle, for instanco—as well as In

many of the neurons of the central nervous system,

the membrane potential is often as little as -40
to -60 mv instead of -gOmv

THE NERVE ACTION POTENTIAL

Kerve signals arc transmitted by cction poten-

hals. whic^are rapid change* m the membrane
potentufLxCach action potential begins with a
sudden change from the normal resting negative

potential to a positive membrane potential and
then ends with an almo«l equally rnpid_change
back agnin to the negative potential To conducts
nen’e signal, the action potential moves along the
nene fiber until it comes to the fiber's end The
upper panel ofFigure 10-7 shows the disturbances

tliat occur at the membrane dunng the action

potential, with Irnn'ifer of pasilivc charges to the
interior of the fiber at its on*et and return of
]xi.v.tive charge's to the extenur at its end The
lower panel illustrates graphically the successive
changes tn the membrane potential over a period
of a few lO.OOOths of a second, illustrating the
exp!o«ive onset of the action potential and the
nlmo.*t etjually a.s rapid recovery

The successive stages of the action potential are
desmlicd b)' the following tenss.
llesUng Ftngc. This is the resting membrane

potential before the action potential occurs. Tlie

membrane i» ».Tid to be ‘^anred" dunpg this

stage ly^use of the very large n«.»galive membrane
potenlml that Ls present.

^

nsure 10-7. ArypicAt action potential recofded by ttteiocttwtf

Cuttraicd m the uppet panel ol the figure

Dcpolarijustion Stngc. At this time, the mcra*

brano suddenly becomes very permeable to sodiuiB

ions, allow mg tremendous numbers ofso^um ioiu

to flow to the JBtaraog-ftf the mrnn The nbrmsl
“polarired” state of -90 mv is lost, with the

potential rising rapidly in the positive djrortlon.

This is called depolarieation. In largcnervo fibers,

the membrane potential actually "ovijrshooia” be-

yond the icro level an'dlieAmes 'slightly positive,

but in some smalleijibejrs as wcll^as many centra!

nervous 'SystewTieurons, the potential merely ap-

proaches the rero level and ddtM not overshoot to

the positive stole.

RepolarUntion SUtge. Within a few lO.OOOihs
of a second after the membrane becomes highly

permeable to sodium ions, the sodium channels
clow almost os rapidly as they had opened Then,
rapid diffusion of poUussium ions to the extenor
re-establishesThe nonnalmegative resting mcm-
branci>0tentra!"nii5 is call^ "rtpoTarualTon ofthc
membrane.
To explain more fully the facloni that cause both

the dcpolaniotion and rvpolanration processes, we
need now to describe the special characlenstics of

yet two other types of tran<?port channels through
the nerve membrane the voltage-gated sodium
and potassium channels.

mi VOLTACI CATW SODIUM
AND POTASSIUM CHANNUS

Tbi^rineipa! actor m causing both depolariM-
tion and jrpoTn'ritation of the nerve membrane
during the action“J)o!entiarf!i the tolla^e'^’fffed

sodium cJidnnet. However, the loliagf-gdtrdpnlai-
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slum channel also plays an important role in some
nerve 6bera for the rapid repolarization of the

membrane. These two voltage-gated channels are

in addition to the Na*‘K* pump and also in addi-

tion to the Na*-K* leak channels.

The Voltage-Gated Sodium Channel^
'‘AedvAdon"and "Inacdvadon”
of the Channel

The upper panel of Figure 10-8 illustrates the

voltage-gated sodium channel in three separate

states. This channel Jias two separate gates, one
near the Qutsidel)ra^haHh'erc'alI^'the activation

gate anranotKeiTt^ar- the” inside called the inac-

tivation gateTTolhe left'is shown the state ofthese

two gates in the normal resting membrane when
the membrane potential is -90 mv. In this state

the activation gate is closed, which prevents any
entry of sodium ions to the interior of the fiber

through these sodium channels. On the other hand,
the inactivation gate is open and does not at this

time constitute any barrier to the movement of
sodium ions.

Activation of the Sodium Channel. When the

membrane potential becomes less negative than
during the resting state, rising from -90 mv
toward zero, it finally reaches a voltage, usually

somewhere between -- 70 and - 50 mv, that causes
a sudden conformational change in the activation

gate, flipping it to the open position. Th^ is called
the activated state, and during this state sodium

ouiiisi.

mSTlKB SLOW ACTIVATIflII

(.go nV| 1-90 ta *3S mV)

INSIDE

Figure 10-8. Characteristics of the voltage gated sodium and
potassium channels, showing both activation and Inactivation of
the sodium channels but activation of the potasshjm channels
only when the membrane potential Is changed from the normal
testing negative value to a positive value.

ions can literally pour inward through the channel,

increasing the sodium permeability of the mem-
brane as,znuch_as 500-.to 5090-foJd.

IriacTivation of the Sodium Channel. To the
far right in the upper panel of Figure 10-8 is

illustrated a final state of the sodium channel. The
same increase in voltage that opens the activation

gate also closes the inactivation gate. However,
closure of the inactivation gate occurs a few
10,000ths of a second after the activation gate
opens. That is, the conformational change that
flips the inactivation gate to thp_ state is.a

Slower process, while the conformational change
that opens the activation gate is a very rapid

grocess . ‘fHerefore.~at'ter^he sodium channel has
remained open for a few 10,000ths of a second, it

suddenly closes, and sodium ions can no longer

pour to the inside of the membrane. At this point

the membrane potential begins to recover back
toward the resting membrane state, which is the

repolarization process.

A very important characteristic of the sodium
channel inactivation process is that the inac^tya-

tion gale will n ot reopen again until tjie m^brane
potential returns eiihTr lo orii^riyto^ejoriginal
resting mem&rdne potentialjevel. Therefore, it is

not' possible for the sodium channels to open again
without the nerve fiber first repolanzIHgl*

The Voltage-Gated Potassium Channels
and Their Aetivadon

The lower panel of Figure 10-8 illustrates the

voltage-gated potassium channel in two separate

states: during the resting membrane state and
during the action potential. During the resting

state, the gate of the potassium channel is closed,

as illustrated to the left in the figure, and potas-

sium ions are prevented from passing to the exte-

rior. When the membrane potential rises from - 90
mv tQitatd-zero^t^is voltage change causes a slow

conformational opening oF’tKe'gate and allows

increased potassium diffusion outward through the

membrane. However, because of the slowness of

opening of these potassium channels, they open at

the same time that the sodium channels are becom-
ing inactivated and therefore are closing. Thus,

muitaneous increase in potassium exit from the
cell greatly spppda tha repolarization process, lead-

ing within a few lO.QoOths of a second~ to full

recovery of the resting membrane potential.

The Research Method for Measuring the Effect
of Voltage on Opening and Closing of (he Voltage-
Gated Channels—^The Voltage Clamp. The original

r^earch that led to our quantitative understanding of
the sodium and potassium channels was so ingenious
that it led to Nobel prizes for the scientists responsible,

Hodgkiri. and,iluxiey. The essence of these studies is

illustrated m Figures 10-9 and 10-10.
Figure 10-9 illustrates the experimental apparatus

called the uoZ/afleciomp,.which is used to measure the
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fljure The “volMje cUmp" method for iWdjlf'S •’<**' <•*

Ions through specific channels.

flow of ions through the different channeis Let us

explain the voltage clamp Two electrodes are inserted

into the nerve fiber One of these ta for the purpose of
measuring the.volta£e.o£tEti!hi?mhrane ^TcnTiaTThe
other is to conduct electrical current eilner fnlo or out

of the nerve fiber. This apparatuHs QSt^cf tn the following

way. The investigator dccide.s what voltage he or she

wishes to establish inside the nerve fiber fte (hen

arjjusts the electronic portion of the apparatus to the

desired voltage, and this automatically injects either

positive or negative clectncily through the current elec-

trode at whatever rate is required to hold the voltage,

as measured by the voltage electrode, at the level set by
the operator For instance, when the membrane poten-

tial ts suddenly increased by this voltage damp from
~90 mv to zero, the voltage-gated sodium and potassium
channels open, and sodium and potassium ions begin to

pour through the channels Furthermore, electncal cur-

rent IS injected through the current electrode of the

voltage clamp to maintain the intracellular voltage at

the zero level To achieve this, the current injected

through the current electrode must be exactly equal (o

but of opposite polarity to the net current flow through

the membrane channels To measure how much current

flow IS occurring at each instant, the current electrode

is connected to an oscilloscope that records the flow, as

illustrated on the screen of the oscilloscope m the figure

Hsure 10-10. Changes In conductance of sodium and potas-

sium Ion channels when Uie membrane poientia] Is suddenly
Increased fium the normal resting value of - 90 tnv 10 a poUifve
value of + to mv/or2 milliseconds. This figure Blustrates that the

sodium channels open (activate) and then dose (tnactivareJbdOre

the end of die 2 milliseconds whereas the potassium channels

only open (activate)

Finally, the investiRatOT adjusts the concentration!i of

the ions to desired levels both inside and outside tlie

nerve fiber and repents the study. This can be done voy
easily when using very large nerve fibers removed frota

(tome crustaceans, especially the giant squid axon t^at

is sometimes as large ns 1 mm in diameter. Ww
sodium IS the only permeant ion in the solutioiu iniUt

and outside the squid axon, then the voltage ddinp mil

measure current flow only through the sodium ehannfk
Wheo potassium is the only permeant ion, then curr«r'.

flow only through the potns.sium channels will be irifxv

ured
Another means for studying the flow of ions througii

individual channels is to block one type of channel sta

time. For instance, the sodium channels can be blockri

by a toxin called (efnxfofoxin when this is applied to tht

outside of the cell membrane where the sodium arti«

tion gates are located (Conversely, ulnelhyJnmmiyni'i’^

nm will block the potasaium pores when it is applied U
the interior of the nerve fiber

Figure lO-lO illustrates the change* in condurtaa«
of the voltage-gated sodium and potassium charneh

when the membrane potential is suddenly changed bj

use of the voltage clamp from -90 mv to -e 10 mvani
2 milliseconds later back again to -90 mv. Note the

sudden opening of the sodium channels (the activation

stage) within a very small fraction of a millisecond aftci’

the mcmbnine potential waa increased to the posiM^t

value However, dunng approximately the next ffilh-

second, the aodium channeis automatically closed (Ibf

inactivation stage) and were fully closed within about

1 5 milliseconds after the onset of the positive membrane
potential Thus, long before the membrane potentui

Telumed to its ©ngmal resting value, the todium «hat»‘

nets had already completely closed, or “mactivated
'

Now. noto tho diflVrente in the opening fadivatiORl

of the potos.sium channels These opened slowly, reflcb-

ing the full open state only after the sodium chann<l^

had already b^me almost completely closed Further*

more, once the potnasium channels opened, they re-

mained open for the entire duration of the positive

membrane potential and did not close again until afler

the membrane potential wm decreased back to -90mv.
Finally, let us recall that the voltage-gated channels

norraaliy flip to the open, stale or the closed state very

suddenly, which was illustrated m Figure 9-5 in the

previous chapter ThcToforc, how is it that the curves m
Figure 10-10 are so smooth’ The answer is that the®*

curves represent the flow of sodium and potassium
through literally thousands of channels at the samv

time Some open at one voltage level, others at another

voltage, and so forth Likewise, some become inactivate

at different points in the cycle from the others TTius.

the illustrate curves represent summated current fle’vs

through the many channels

SUMMARY or THE EVES7S THAT CAUSE
THEACnONPOTENTIAl

Figure 10-11 illustrates in summary form the

sequential events that occur dunng and shortly

after the action potential These are;

At the bottom of the figure are shown th®

changes in membrane conductances for sodium apu

potassium ions. During the resting state, before

the action potential begins, the cc
'
’••'•tance f®*’
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itself. During the early portion of the action poten-

tial, this ratio increases more than a thousand-
fold. Therefore, far more sodium ions now flow to

the interior of the fiber than do potassium ions to

the exterior This is what causes the membrane
potential to become positive. At this time the
sodium channels become inactivated but at the

same time the potassium channels open, and the

ratio of conductance now shifts far in favor of high
potassium conductance but low sodium conduct-

ance. This allows extremely rapid loss of potassium

ions to the exterior while essentialy no sodium
ions flow to the interior. Consequently, the action

potential quickly returns to its baseline level

le Positive After-Potentiai

figure 10>ll. ChAnses in sodium and potassium conduct-
nces durin3 the coutse of the Action pocentiAl Note chat sodium
onductAnce Increeses sevetAl thousAndfold during the eAtly

l^ges of the Action potential, wheteAS potassium conductance
Kteases only about iO-fold during the Utter stages of the action

ocential and for a short period thereafter (Curves consuucted
om data m Hodgkin and Huxley papers but transposed from
quid axon to apply to the membrane potentials of large mam
fialian nerve fibers)

ote also m Figure 10-11 that the membrane poten-

((dl becomes even more negative than the original rest-

ing membrane potential for a few milliseconds after the

aquon potential is over This is called the positwe after-

.^Unital, which is really a misnonTefbecause' the"jx)si-

tfve after-potential is actually somewhat more negative

than the resting potential However, the reason for

calling It “positive*’ is that, historically, the first poten-

tial measurements were made on the outside of the

nerve fiber membrane rather than inside, and when
measured on the outside this potential caused a positive

record on the meter rather than a negative one.

The cause of the positive after potential is mainly that

many potassium channels remain open for several mil-

liseconds after the repolanzation process of the mem-
brane IS complete This allows excess potassium ions to

diffuse out of the nerve fiber, leaving an extra deficit of

positive ions on the inside, which means more negativ-

ity

ROLES OF OTHER IONS
DURISG THE ACTION POTENTIAL

lotassium ions is shown to be already 50 to 100
imes as great as the conductance for sodium ions,

'his is caused by much greater leakage of potas-

ium ions through the leak channels than the
eakage of sodium ions However, at the onset of
he action potential, the sodium channels instan-

aneously become activated and allow an up to

iOOO-fold increase in sodium conductance. Then
•he inactivation process almost as rapidly closes

;he sodium channels within another few fractions

if a millisecond. The onset of the action potential

ilso causes voltage gating of the potassium chan-

tiels, causing them to begin opening a fraction of
a millisecond after the sodium channels open. And
at the end of the action potential, the return ofthe

membrane potential to the negative state causes
the potassium channels to close back to their

original status, but again only after a short delay.

In the middle portion of Figure 10-11 is shown
the ratio of sodium conductance to potassium con-

ductance at each instant during the action poten-

tial, and above this is shown the action potential

Thus far, we have considered only the roles of sodium
and potassium ions in the generation of the action

potential However, at least three other types of ions

must be considered These aie

The Impermeant Negatively Charged Ions (An-
ions) Inside the Axon. Inside the axon are many
negatively charged ions that cannot go through the

membrane channels. These include mnlrrnlpa

many organic phosphate compounds, sufta^compounds,
and so forth. Since these cannot leave theTntenor of the

axon, any deficit of positive ions inside the membrane
leaves an excess of the impermeant negative ions. There-

fore, these impermeant negative ions are responsible for

the negative charge inside the fiber.

Calcium Ions. The cell membranes of almost all, if

not all, cells of the body have a calcium pump similar

to the sodium pump. And, like the sodium pump, this

pump pumps calcium ions from the intcnor to the

extenor of the cell membrane, creating a calcium ion

gradient of about 10,000-fold, leaving an internal con-

centration ofcalcium ions ofabout 10 ‘ molar in contrast

to an external concentration of about 10"’ molar.

In addition, there are also voltage-gated calcium chan-
nels. These channels are slightly permeable to sodium
ions as well as to calcium ions; when they open both
calaum and sodium ions How to the intenor '

•
’ "

,
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Therefore, these channels are frequently called Ca**-
Nfl* channels The Ca**-Na* channels are very slow to

become activated, requiring 10 to 20 times as long lor

activation as the normal sodiuftrchannels.'Therefbre,

they are aKoTreqiientIy?alICd'Sftrai1fftiJrt/ins7Iif'C8ntra3t

to the normal sodiurrf'chann’Bls'thal’^are'^c'anod'/bsf

channels

The Ca*‘'Na' channels axe very numerous in both
cardiac muscle and smooth muscle. In fact, in some
types of smooth muscle, the fast sodium channels are
hardly present at all, so the action potentials then are
caused almost entirely by activation of the slow Ca"-
Na' channels

Increased Permeability of the Sodium Channels
IKhen There Is a Dedeit of Calcium Ions. The con-

centration of calcium ions in the interstitial fluid also

has a profound effect on the voltage level at which the

sodium channels become activated. When there ia a
deficit of calcium ions, the sodium channels can be
activated by very little increase of the membrane poten-

tial above the normal resting level. Therefore, the nerve
fiber becomes highly excitable, sometimes discharging

repetitively without any provocation rather than re-

maining in the resting state. In fact, the calcium ion

concentration needs to fall only 30 to 50 per cent below
normal before spontaneous discharge occurs in many
peripheral nerves, often causing muscle 7t«tany” that

can actually be lethal Ei^use of letanic contraction of

the resgiratory musclia t^ntheutherhand, an increase

in calciuffTTofTtOfiPilnlration above normal decreases

the excitability of the nerve fiber for opposite, reasons.

The probable uay in which calcium ions affect the

sodium chaneU is the following: These ions appear to

bind to the exterior surfaces of the sodium fennel
protein molecule The positive charges of these calcium

ions, in turn, alter the electrical state of the channel

protein itself, in this way increasing the voltage level

required to open the gate

Chloride Ions. Chloride ions leak through the resting

membrane in the same way that'jiti'all^quantities of

potassium and sodium ions leak through In the usual

nerve fiber, the rate of chloride diffusion through the

membrane is about one half as great as the diffusion of

potassium ions Therefore, the question must be asked
why have we not considered the chloride ions in our
explanation of the action potential? The answer is that

the chlpnde ions function .passively in this process. The
permeabiliiy of me 'chTon'deTcSk^hanliels'ddes not

change significantly during the action potential

In the normal resting state of the nerve fiber, the —90
mv inside the fiber repels most of the chlonde ions from
the fiber Therefore, the concentration of chlonde ions

inside the fiber is only 3 to 4 mEq per liter, whereas the

concentration outside the fiber is about 103 mCq per

liter The Nemst potential for this ratio of chlonde ions

IS exactly equal to the -90 mv membrane potential,

which IS what one would expect for an ion that is not

actively pumped
Dunng the action potential, small quantities of chlo-

nde ions do diffuse into the nerve fiber because of the
temporary loss of the internal negativity. This move-
ment of the chlonde ions serves to alter slightly the

timing of the successive voltage changes dunng the

action potential, but it does not alter the fundamental
process

INITIATION OF THEACTION POTENTIAL

Up to this point, we have explained the changii

sodium and potassium permeabilities of the met
brane as well as the development of the actic

potential itself, but we have not explained wh
initiates the action potential. The answer to th

is really quite simple:

First, as long as the membrane ofthe nerve fib

remains totally undisturbed, no action potenii

will occur in the normal nerve. However, if ai

event at all causes enough initial rise in t)

membrane potential from - 90 mv up toward tl

zero level, the rising voltage itself will direct

affect the voltage-gated sodium channels, causii

them to become activated (opened). This alloi

rapid inflow' of sodium ions, which causes sti

further rise of the membrane potential, thus ope:

ing still more voltage-gated sodium channels a:

more streaming of sodium ions to the interior

the fiber, with the process continuing in a positiv

feedback vicious circle until all the voltage-gati

sodium channels have become totally activate

But then within another fraction of a millisecoi

the rising membrane potential causes inactivatk

of the sodium channels, and the action potent!:

soon terminates.

Threshold for Initiation of the Action Potei

tial. An action potential will not occur until tl

initial rise in membrane potential is great enou{
to create the vicious circle described in the la

paragraph. Usually, a sudden rise In mem^
potential of 15 to 30 mv is required. Therefore,
sudden increase in the membrane potantioUn
large nerve fiber of from - 9(Lmy wpJoj»bout-=f
mv will usually cause the explosive developmei
of the action potential. This level of -65 mv
said to be the threshold for stimulation
"AiCCoimnodaTloh oi me Aietobfane—Failure i

Fire Despite Kising Voltage. If the membrane pote;

tial nses very slowly—over many milliseconds instes

of a fraction of a millisecond—the slow, inactivatir

gates of the sodium channels will then have time i

dose at the same time that the activating gates aj

opening Consequently, the opening of the activatic

gates will not be as effective in increasing the flow i

sodium ions as normally because many of the inactive

ing gates will already be closed Therefore, a slo

increase in the internal potential ofa nerve fiber eithi

will require a higher threshold voltage than normal 1

cause firing or will prevent firing entirely at times, eve
with a voltage rise all the way to zero or even to positiv

voltage This phenomenon is called accommodalion i

the membrane to the stimulus.

PROPAGATION OF THE
ACTION POTENTIAL

In the preceding paragraphs we have discussei

the action potential as it occurs at one spot on th:
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membrane. However, an action potential elicited

at any one point on an excitable membrane usually

excites adjacent portions of the membrane, result*

ing in propagation of the action potential. The
mechanism of this is illustrated in Figure
Figure 10-12A shows a normal resting nerve fiber,

and Figure 10-12B shows a nerve fiber that has
been excited in its midportion—that is, the mid-
portion has suddenly developed increased perme-
ability to sodium. The arrows illustrate a “local

circuit” of current flow between the depolarized

areas of the membrane and the adjacent resting

membrane areas; positive electrical charges flow

inward through the depolarized membrane and
then for several millimeters along the core of the
axon. These positive charges increase the voltage
for a distance of 1 to 3 mm inside large fibers to

above the threshold voltage value for initiating an
action potential. Therefore, the sodium channels
in these new areas immediately activate, and, as
illustrated in Figure 10-12C and D, the explosive

action potential spreads. And these newly depolar-
ized areas cause local circuits of current flow still

further along the membrane, causing progres-
sively more and more depolarization. Thus, the
depolarization process travels in both_directiona
along the enure extent oiihrfiSer. Thetransmis-
sion of the depolarization process along a nerve or
muscle^ber i8_^caUid_a nene.oz.muscle impulse.
Direction of Propagation. It is now obvious

that an excitable membrane has no single direction

of propagation, but that the action potential can
travel in both directions away from the stimu-
lus—and even along all branches of a nerve fi-

-----
n^ure 10-12. fropagarion of action potentials tn both direc-

tions along a conductive fiber.

Repoiarizstion

figure 10-13. Propagation of repolanzation In both directions

along a conductive fiber

ber—until the entire membrane has become de-

polarized.

The All-or-Nothing Principle. It is equally
obvious that, once an action potential has been
elicited at any point on the membrane of a norma l

fiber, the depolarization process will travel

the entire Trpmhrune. This is called the all-nr-

nothing principle, and it applies to all normal
excitable tissues. Occasionally, though, when the

fiber is in an abhormal state the action potential

will reach a point on the membrane at which it

does not generate sufficient voltage to stimulate

the adjacent area of the membrane. When this

occurs the spread of depolarization will stop.

Therefore, for, normal propagation of an impulse
to occur, the ratio o f actinn nntpnnai rn thrcchnid

forExcitation, called the safety factor, must at all

liqies be greater than 1

Propagation of Repolarization. The action

potential normally lasts almost the same length of

lime at each point along a fiber. Therefore, repo-

lanzation normally occurs first at the point of

original stimulus and then spreads progressively

along the membrane, moving m the same direction

that depolarization had previously spread. Figure
10-13 illustrates the same nerve fiber as that in

Figure 10-12, showing that the repolanzation

process is propagated in the same direction as the

depolarization process but a few lO.OQOths of a
second later.

“RECHARGING” THE FIBER

MEMBRANE AFTER ACTION
POTENTIALS--IMPORTANCE OF
ENERGY METABOLISM

Transmission of each impulse along the nerve

fiber reduces the concentration differences of so-

dium and potassium between the inside and out-

side of the membrane because of diffusion of so-

dium ions to the inside during depolarization and
diffusion of potassium ions to the outside during
repolarization. For a single action potential, this

effect is so minute that it cannot even be measured.
Indeed, 100,000 to 500,000 impulses can be trans-

mitted by nerve fibers before the concentration

differences have run down to the point that action
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potential conduction ceases. Yet, even so, with

time it becomes necessarj’ to re-establi-sh the so-

dium nnd potassiumn membrane concentration dif-

ferences, This is achieved by the action of the Na*-
K

'
pump in exactly the same way os that described

earlier in the chapter for establishment of the

original resting potential. That is. the sodium ions

that, during the action potential.", have diffused to

the interior of the cell and the potassium ions that

have diffused to the exterior are returned to ihoir

original state by the sodium and potassium pump.
Since this pump requires energy for opcmtion, this

process of “recharging" the nerve fiber is an active

metabolic one, utilizing energy derived from the
adenosine triphosphate energy “currency" system

of the cell

A special feature of the sodium-potassium
ATPase membrane pumping system is that it.s

degree of activity is very strongly stimulated by
excess sodium ions inside the cell membrane. In

fact, the pumping activity increases approximately
in proportion to the third power of the sodium
concentration That is, if the internal sodium con-

centration rises from 10 to 20 mEq per liter, the

activity of the pump does not merely double but
Instead increases approximately eightfold. There-

fore, It can easily be understood how the recharg-

ing process of the nerve fiber can rapidly be set

into motion whenever the concentration differ-

ences of sodium and potassium across the mem-
brane begin to “run down

"

Heat Production by (he Nerve Fiber, figure tO-14
illustrates the relationship of heat production mancr\-e
fiber to the number of impulses transmitted by the fiber

each second The rate of heat production is a measure
of the rate of metAbolistn in the ncr.‘c, tiocausc heat ts

always liberated as a product of the chemical reactions

of eneniy metabolism Note tliat the heat production

increases markedly as the number of impulses per sec-

ond increases It is this increased use of energy that

causes the “recharging" process

THE SPIKE POTENTIAL
AND THE AFTER.POTENTIAli

Figure 10-15 illustrates an action potential recorded
with a much slower time scale than that iliustmted in
Figure 10-7, many milliseconds of recording are shown
m comparison with only the first millisecond of the
action potential m Figure
The Spike Potential The initial, very large change

m membrane potential shown in Figure 10-15 is called
the spike potential In large, type A myelinated nerve

'I fibers It lasts for about 0 4 millisecond The spike poten-
tial is the same as the action potential that has been
discussed in the preceding paragraphs and is also called

the nene impulse
The Negative After-Potential At the termination

of the spike potential, the membrane potential some-
times fails to return all the way to its resting level for

another few milliseconds, as shown in Figure 10-15.

This IS particularly likely to occur after a scries of
rapidly repeated action potentials. This is called the

Itjuic IO>14. He»t proOutiton m a nerve fbet «l ml
piogKiWtfy Increasing /iict of sfimiAirion

negalwe ofter-fifUenluil. It is believed to result at Uart

partly from a buildup of pola«mm ions immediately

outside the membrane, this causes the conccntratice

ratio ofpotawium acros* the membrane to be temporar-

ily less than normal nnd therefore prevents full return

of the normal reeling membrane potential for a fe*

odditional mllhu-cond*
The Positive After-Potential Once the membrane

potential has returned to its resting value, U
become* n little more negaUve than ila normal restinj

value, this is the positnv after-potenuat that was d*
cussed earlier It is a fraction of n millivolt to a fe»

millivolu more negative than the normal resting mew*
branc potential but it can last from 50 milliseconds ts

as long us many seconds

The first part of Ihis positive after potential is eauwd
by the excess permeability of the nerve membrane W
potassium Ions at the end of (he spike potential as

discussed earlier However, the prolonged continuant
of this potential is caused principally by the electrogcnic

pumping of excess sodium outward through the tierve

fiber merabrnne, which is the rvcliurging process that

was diKUssed previously If the active transport proc-

esses are poisoned, this part of the positive aftcr-poion-

tial IS lost.

figure 10-15. An Idealized ncHon poteniW. showing ihe

Sfrfke followed by a negative after potential and a positive

potent!
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PIATEAU IN SOME ACTION
POTENTIALS

In some instances the excitable membrane does

not repolarize immediately after depolarization,

but, instead, the potential remains on a plateau

near the peak of the spike sometimes for many
milliseconds before rcpolarization begins. Such a
plateau is illustrated in Figure 10-16, from which

one can readily see that the plateau greatly pro*

. longs the period of depolarization. This type of

action potential occurs in the heart, where the

plateau lasts for as long as three-'" tb^four-tenths
“ second and causes contraction of the heart muscle
during this entire period of time.

The cause of the action potential plateau is a
combination of several different factors. First, in

' heart muscle, two separate types of channejs enter
’’ into the depolarization process; (1) the usual volt-

^ age-activated sodium channels, called the fast

^ channels, and (2) the voltage-activated calcium-

sodium channels, which are slow to be activated

and therefore are called slow channels—^these

3 channels allow diffusion mainly of calcium ions

3 but also of some sodium ions as well. Activation of

s the fast channels causes the spike portion of the
> action potential, whereas the slow but prolonged
' activation of the slow channels is mainly rcspon-
* sible for the plateau portion of this type of action
' potential.

j
A second factor partly responsible for the plateau

,
is that the voltage-gated potassium channels are

slow to be activated in some excitable tissues, often

3 not opening until the very end of the plateau. This
i delays the return of the membrane potential to-

ward the resting value. But, then, this opening of
3 the potassium channels at the same time that the
^ slow channels begin to close at the end of the
^ plateau causes rapid return of the action potential

from its plateau level back to the negative resting

level.

figure 10-16. An action potential from a Putklnje fiber of the

heart showing a “plateaa"
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RHYTHMICIIY OF CERTAIN
EXCITABLE TISSUES—REPETITIVE
DISCHARGE

All excitable tissues can discharge repetitively

if the threshold for stimulation is reduced low
enough. For instance, even nerve fibers and skel-
etal muscle fibers, which normally are highly sta-

ble, discharge repetitively when they are placed in
a solution contaim’ng the drug v^^-atrine or when
the calcium ion concentration falls below a critical

value. Repetitive discharges, or rhythmicity, occur
normally in the heart, in most smooth muscle, and
also in many of the neurons of the central nervous
system. It is these rhythmical discharges that
cause the heart beat, that cause peristalsis, and
that cause such neuronal events as the rhythmical
control of breathing.

The Re-Excitation Process Necessary for
Rhythmicity. For rhythmicity to occur, the mem,-
brane, even in its natural state, must already be
permeable enough to sodium ions (or to calcium
and sodium ions through the Ca* ^-Na* slow chan-
nels) to allow automatic membrane depolarization.

Thus, Figure 10-17 shows that the “resting” mem-
brane potential is only -60 to -70 millivolts.

This is not enough negative voltage to keep the
sodium and calcium-sodium channels closed. That
is, (a) sodium and calcium ions flow inward, (b)

this further increases the membrane permeability,

(c) still more ions flow inward, (d) the permeability
increases more, and so forth, thus eliciting the
regenerative process of sodium and calcium-so-

dium channel openings until an action potential

IS generated. Then, at the end of the action poten-

tial the membrane repolarizes. But shortly there-

after, the depolarization process begins again and
a new action potential occurs spontaneously—this

cycle continuing again and again and causing self-

induced rhythmical excitation of the excitable tis-

sue.

Yet, why does the membrane not depolarize

immediately after it has become repolarized rather
than delaying for nearly a second before the onset

of the next action potential? The answer to this

can be found by referring back to Figure 10-H,
which shows that toward the end of all action
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potentials, and continuing for a short period there-

after, the membrane becomes excessively permea-
ble to potassium. The excessive outflow of potas-

sium ions carries tremendous numbers of positive

charges to the outside of the membrane, creating

inside the fiber considerably more negativity than
would otherwise occur for a short period after the

preceding action potential is over, thus drawing
the membrane potential nearer to the potassium
Nernst potential. This is a state called hyperpolar-

tzation, which is illustrated in Figure 10-17. As
long as this state exists, re-excitation will not

occur: but gradually the excess potassium conduct-

ance (and the state of hyperpolarization) disap-

pears, thereby allowing the membrane potential

to increase until it reaches the threshold for exci-

tation; then suddenly a new action potential re-

sults, the process occurring again and again.

SPECIAL ASPECTS OF SIGNAL
TRANSMISSION IN NERVE TRUNKS

Myelinated and Unmyelinated Nerve Fibers. Fig-

ure 10-18 illustrates a cross-section of a typical small
nerve trunk, showing a few very large nerve fibers that

compose most of the cross-sectional area and many more
small fibers lying between the large ones The large

fibers are myelinated and the small ones are unmyeh-
nated The average nerve trunk contains about twice as

many unmyelinated fibers as myelinated fibers

Figure 10*19 illustrates a typical myelinated fiber

The central core of the fiber is the axon, and the

membrane of the axon is the actual conductive mem-
brane. The axon is filled in its center with axoplasm.

which is a viscid intracellular fluid. Surroundiiig

axon is a myelin sheath that is often thicker than

axon itself, and about once every rnillimeter along

extent of the a.xon the myelin sheath is
’

..

a node ofRanvier.
The myelin sheath is deposited around the axoni

Schwann cells in the following manner The membra^
of a Schwann cell first envelops the axon. TTien the «
rotates around the axon many times, laying down ipa

tiple layers of cellular membrane containing the I'P'

substance sphingomyelin. This substance is an excellc'

insulator that prevents almost all flow of ions In

it increases the resistance to ion flow through the

brane approximately 5000-fold and also decreases d

membrane capacitance as much as fiftyfold. Howe^^
at the juncture between each two successive Schw^r

cells along the axon, a small, uninsulated area rem^’

where ions can still flow with ease between the extr

cellular fluid and the axon. This area is the nod^

Ranvier
“Saltatory” Conduction in Myelinated Fil^'

frum Node to Node. Even though ions cannot

significantly through the thick, myelm sheaths of tPf

Imated nerves, they can flow with considerable

through the nodes of Ranvier Therefore, action po^c

tials can occur only at the nodes Yet, the action po^
tials are conducted from node to node, as lllustrat^

Figure 10-20, this is called saltatory conduelion "fb

18, eUctntal current flows tKrougKTF5TCf?o\ino^*
extracellular fluids and also through the axoplasm
node to node, exciting successive nodes one sfter^
other. Thus, the nerve impulse jumps down the fib*

which 18 the origin of the term
Saltatory conduction is of value for two reasons: Fi^

by causing the depolanzation process to jump loj

interxals along the axis of the nerve fiber, this metfh

ni$m increases the, velocity of nerve tranaimssioil '
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njure 10.19. Funcdon of the Schwann cell (o insulate nerve
fibers. A. The wrapping of a Schwann cell meotbrane around a
large axon to form the myelin sheath of the myelinated rtecve

fiber (Modified from Leeson and leesoa Atlas of Histology
Philadelphia. W B. Saunders Company. 1979 ) 6. Cvaglrtatlott of
the membrane and cytoplasm of a Schwann cell around multiple

umyel/nared nerve fibers.

myelinated libers an average of five* to sevenfold. Sec-.,/^. T^efore. at the end of the action potential when the
ond, saltatory conduction conserves energy for the axon, channels close, repolanzation occurs so rapidly
for only the nodes depolarize, allowing perhaps a that^e potassium channels usually have not yet begun
hundred times smaller loss of ions than would otherwise to open significantly. Therefore, conduction of the nerve
be necessary and therefore requiting little extra metab- impulse m the myelinated nerve fiber is accomplished
olism for re-establishing the sodium and potassium almost entirely by the sequential changesm the voltage-

concentration diiTerenccs across the membrane after a gated sodium channels, with very little contribution by
series of nerve impulses. the potassium channels

Still another feature of saltatory conduction in large

viLoan OF coNDuenoN
M N£RV£ HB£RS

The velocity of conduction in nerve fibers varies from
as little as 0 5 meter per second in very small unmye-
linated fibers to as high as lUO meters per second (the

length ofa football field) in very large myelinated fibers.

The velocity increases approximately with the fiber

diameter in myelinated nerve fibers and approximately
with the square root of fiber diameter in unmyelinated
fibers.

EXCITATION—THE PROCESS OF
ELICITING THE ACTION POTENTIAL

Chemical Stimulation. Basically, any factor that
causes sodium ions to begin to diffuse inward through

1 2 3 the membrane in sufficient numbers will set off the
nsu« 1 0-20. Saltatory conduction along a myelinated axon. automatic, regenerative opening of the sodium channels,

1

myelinated fibers is the following; The_exceHent insu-'
lation afforded by the myelin membraneand thefiltstbld^
decrease Irrmernbrane capacitance allows the renolan-
zatjon process to occur with very little transfer of lonsT
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as noted earlier m the chapter, that eventuates In the
action potential. Thus, certain chemicals can stimulate
a nerve fiber by increasing the membrane permeability.

Such chemicals include acids, bases, almost any salt

solution of very strong concentration, and, most impor-
tantly, the substance acetylcholine Many nerve fibers,

when stimulated, secrete acetylcholine at their endings
where they synapse with other neurons or wher# they
end on muscle fibers The acetylcholine in turn stimu-
lates the successive neuron or muscle fiber by opening
pores m the membrane with diameters of 06 to 07
nanometer, large enough for sodium (as well as other
ions) to go through with ease This is discussed m much
greater detail in Chapter 12, and it is one of the most
important means by which nerve and muscle fibers are
stimulated Likewise, norepinephrine secreted by sym-
pathetic neri-e endings can stimulate cardiac muscle
fibers and some smooth muscle fibers, and still other
hormonal transmitter substances can stimulate succes-

sive neurons m the central nervous system
Mechanical Stimulation. Crushing, pinching, or

pricking a nerve fiber can cause a sudden surge of
sodium influx and, for obvious reasons, can elicit on
action potential Even slight pressure on some special-

ized nerve endings can stimulate these: this will be
discussed in Chapter 48 in relation to sensory percep-

tion

Electrical Stimulation. An electrical current artifi-

eally induced through a nerve causes excess flow of ions

through the axonal membrane: this too con initiate an
action potential However, not all methods of applying

electrical stimuli result m excitation and. since this is

the usual means by which nerve fibers are excited when
they are studied in the laboratory, the process of elec-

trical excitation deserves more comment
Cnthod/ii Versus Anodal Currents. K two elec-

trodei are placed on a nerve bundle and direct electrical

current is made to flow through the electrodes with one

electrode positive and the other negative, the nerve
fibers are slimulaled at the negative electrode, called

the '‘iiithode" On the other hand, at the positive elec-

trode. called the "anode." the nerve fibers oclually be-

come more resistant to excitation than normal There-

fore, It is said that a cathodal current excites a nerve

fiber while an anodaf current inhibits u
The cause of the«e effects is the following Remember

that the action potential is initiated by the opening of

voltage-galpd sodium channels Furthermore, these

channels are opened by a decrease m the electrical

voltage across the membrane The negative current from
the cathode reduces the voltage immediately outside the

membrane, drawing this voltage nearer to the voltage

of the negative resting membrane potential inside the
fiber This decreases the electrical voltage across the

membrane and allows activotionofthe sodium channels,

thus resulting in an action potential Conversely, at the

anode, the injection of positive charges on the outside of
' the nerve membrane heightens the voltage difference

]
across the membrane rather than lessening iL And this

causes a state of *'hypcrpolanzation," which decreases

the excitability of the fiber.

'rhreshold for Excitation and “Acute Subthresh-
«ld Potential.” A very weak electrical, mechanical, or

chemical stimulus may not bo able to excite a fiber. But,

when this stimulus is progressively increased, there

comes n point at which excitation takes place. Figure

lfi-21 illustrates theeffi'cts ofsuccessively applied stim-

qulred for elicliing an action poiential

uh of progressing strength A very weak stimulus “
j

point A causes the membrane potential to change
,

-90 to -85 millivolts, but this is not sufficient cha''?* 1

for the automatic regenerative processes of the
j

potential to develop At point B the stimulus is gre^^t> >

but, here again, the intensity still is not enough to

off the automatic action potential. Nevertheless,

membrane voltage is disturbed fbr as long as a
second or more after both of the weak stimuli,

potential changes during these short intervals of t™'
are called acute subthreshold poteniiaU, as lUustr^*”
in the figure.

At point C in Figure 10-21 the stimulus elieili

acute membrane potential that is not subthreshold
slightly more than the threshold value, and, s

short, "latent period,” it initiates an action potential- At

point D the stimulus is still stronger, and the
membrane potential initiates the action potential e^J
sooner. Thus, this figure shows that even a very
stimulus always causes a local potential change at
membrane, but that the intensity of the local pofeift**

must rise to a threshold value before the automatw
action potential will he set off

Excitability Curve of Nerve Fibers. A 6o-caH®“

"excitability curve" of a nerve fiber is ehown in
10-22 To obtain this curve a high voltage clectri*^"

stimulus (4 volts, in this instance) is applied to the
anfiftie TOinimum duration ot stimulus required toet^
the fiber is found The voltage and duration are ploCt^

as point A. Then a stimulus voltage of 3 volts isappli^

ngurc 1 0-22. txclwbltlry of » Urge myeHoatcd neive fiber
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Greene.' ^ duration required is again determined; the

arc plotted as point B. The same is repeated at

GurofT.js 1 volt, 0.5 volt, and so forth, until the least

Hams.'e possible at svhich the membrane is stimulated

j.'J^^^en reached On connection of these points, the

j/lability curve is generated.
’ the excitability curve of Figure 10-22 is that of a
large m>clinatcd nerve fiber. The least possible voltage

at v.hich it will fire is called the rheobose, and the time
required for this least voltage to stimulate the fiber is

called the utilization lime Then, if the voltage is in-

creased to tnnee the rheobase voltage, the time required

to stimulate the fiber is called the cAronazie The chron-
' axle is often. used as a means of expressing relative
‘ cxcitabiUUcs of different excitable tissues For instance,

the chronaxic of a large type A fiber is about 0 0001 to

0.0002 second; of smaller m>elmated nerve fibers, ap-

proximately 0.0003 second, of unm>elinatcd fibers,

0.0005 second; of skeletal muscle fibers, 0.00025 to 0 001
second; and of heart muscle. 0 001 to 0 003 second
The Refractory Period. A second action potential

cannot occur in an excitable fiber as long as the mem-
brane IS still dcpmlanzcd from the preceding action

potential. The reason fnr this is that shortly afierlhe

actionjoteptial is initiated the sodium channels become
inactiv^CA and any Amount oi excitatory signal appli^
to these channCtrui ItiU Ixtinc v>iii not open the inacu-

vation gatej The only conomon tnat atirrcopcn tti^
Is for the membrane potential to return either to or

almost to the original resting membrane potential level

Then, within another smalt fraction of a second, the

inactivation galea of tlTe sodium channels open, and a
new action potential can then oe initiau-d

The period of time duftlfg which a second action

potential cannot be elicited, even with a very strong

stimulus, IS called the absolute refractory period This
penod for large m>elinated nerve fibers is about 1/2500
second. Therefore, one can readily calculate that such a
fiber can carry a maximum of about 2S00 impulses per
second.

Following the absolute refractory penod is a relative
^ refractory period lasting about one quarter to one half

r* as long. Dunng this tiine^^tronger than normal stimuli

can excite the fiber.TPK^Wuse of this ^el^tlverefr.^^;to-

^ nness is twofold. (1) During this Time some of the sodium
channels still have not been reversed trom their tnalji-

3 vation stale, and_iii) tna potagcn^pi channels are usually
^ vnde open_at this time! causing a state of h'

zation that makes it more difficult to stimui

1 hvpcmolari-

ilate the fi^r.

iNH/emoN Of
EXCiTABIUTY^-STABlLIZEltS'’
AND LOCAL ANESTHEHCS

Contrary to the factors that increase nerve excitabil-

ity, still o^ers, called membrane-slabiluing factors, can
decrease excitability For instance, a high extracellular

fluid calcium ion concentration decreases the membrane
permeability and simultaneously reduces its excitabil-

ity, as was explained earlier. Therefore, calcium ions
are said to be a "stabilizer." Also, low potassium ion

concentration in the extracellular fluids, because it has
the direct effect of decreasing the permeability of the
potassium channels, likewise acts as a stabilizer and
reduces membrane excitability. Indeed, m a hereditary
disease known as familial periodic paralysis, the extra-
cellular potassium ion concentration is often so greatly

reduced that the person actually becomes paralyzed but
,^verts to normal instantly after intravenous adminis-
tration of potasatum
Local Anesthetics. Among the most important sta-

bilizers are the many substances used clinically as local

anesthetics, including cocaine, procaine, tetracaine, and
many other drugs. These act directly on the activation

gates of the sodium channels, making it much more
difficult for these gates to open and thereby reducing
the membrane excitability. When the excitability has
been reduced so low that the ratio of action potential

strength to excitability threshold (called the “safety fac-

tor") IS reduced below 1.0, a nerve impulse fails to pass

through the anesthetized area

RECORDING MEMBRANE
POTENTIALS AND ACTION
POTENTIALS

The Cathode Ray Oscilloscope. Earlier in this

chapter we noted that the membrane potential changes

occur very rapidly throughout the course of an action

potential Indeed, most of the action potential complex
of large nerve fibers takes place in less than Vkmo second.

In some figures of this chapter an electrical meter has

been shown recording these potential changes However,
It must be understood that any meter capable of record-

ing them must be capable of responding extremely

rapidly For practical purposes the only type of meter

that IS capable of responding accurately to the very

rapid membrane potential changes of most excitable

fibers IS the cathode ray oscilloscope

Figure 10-23 illustrates the basic components of a

cathode ray oscilloscope The cathode ray tube itself is

composed basically of an electron gun and a fluorescent

surface against which electrons are fired Where the

electrons hit the surface, the fluorescent material glows

If the electron beam is moved across the surface, the

spot ofglowing light also moves and draws a fluorescent

line on the screen

in addition to the electron gun and fluorescent surface,

the cathode ray tube is provided w ith two sets of plates:
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one set, called the komontal defection plates, is posi-

tioned on either side of the electron beam, and the other

set, called the vertical deflection plates, is positioned

above and belovr the beam If a negative charge is

applied to the left-hand plate and a positive charge to

the right-hand plate, the electron beam will be repelled

away from the left plate and attracted toward the right

plate, thus bending the beam toward the right, and Uiis

will cause the spot of light on the fluorescent surface of
the cathode ray screen to move to the right Likewise,

positive and negative charges can be applied to the
vertical deflection plates to move the beam up or down
Since electrons travel at extremely rapid velocity and

since the plates of the cathode ray tube can be alter-

nately charged positively or negatively within less than
a millionth of a -second, it is obvious that the spot of

light on the face of the tube can also be moved to almost
any position in less than a millionth of a second. For
this reason, the cathode ray tube oscilloscope can be

.tn iu* Jie Awirfci&leai* .irAta*- v'l^nsdiip

mg with extreme fidelity almost any change m mem-
brane potential

To use the cathode ray tube for recording action

potentials, two electrical circuits must be employed
These are (1) an etecfnnic sweep circuit that controls

the voltages on the horizontal deflection plates and (2)

an electronic amplifier that controls the voltages on the

vertical deflection plates. The sweep circuit automati-
cally causes the spot of light to begin at the left-hand

side and move slowly toward the right. When the spot

reaches the right side it jumps back immediately to the

left-hand side and starts a new trace.

The electronic ampUfler amplifles signals that cone
from the nerve. If a change in membrane potential

occurs while the spot of light is moving across the screen,

this change in potential will be amplified and will cause

the spot to rise alrave or fall below the mean level of the

trace, as illustrated in the figure In other words, the

sweep circuit provides the lateral movement of the

electron beam while the amplifier provides the vertical

movement in direct proportion to the changes in mem-
brane potentials picked up by appropriate electrodes.

Figure 10-23 also shows that an electnc stimulator

is used to stimulate the nerve When the nerve Is

stimulated, a small stimulus artifact usually appears on
the oscilloscope screen prior to the action potential

Recording the Monophasic Action PotentiaL
Throughout this chapter "monophasic" action potentials

have been shown in the dilTerent diagrams. To record

these, an electrode such as that illustrated earlier in

the chapter m Figure 10-3 must be inserted into the

interior of the fiber Then, as the action potential spreads
down the fiber, the changes in the potential inside the
fiber are recorded as illustrated earlier in the chapter
m Figures 10-7, lO-ll, and 10-15
Recording a Diphasic Action Potential. ^Vhen one

I wishes to record impulses from a whole nerve trunk, it

1 is not feasible to place electrodes inside the nerve fib^
Therefore, the usual method of recording is to place two
electrodes on the outside of fibers However, the record

that IS obtained is then biphasic for the following rea-

sons When an action potential moving down the nerve

fiber reaches the first electrode, it becomes charged
negatively while the second electrode is still unaffected

This causes the oscilloscope to record in the negative

direction Then as the action potential proceeds still

farther down the nerve, there comes a point when the

figure 10-24. Recording of a biphask action potentlaJ

membrane beneath the first electrode becomes repoisi

ized while the second electrode is negative, and th

asciilascage eecards in (AeoppcsiCedircciwn. ffflen files

changes are recorded by the oscilloscope, a graphi
record such as that illustrated in Figure 10-24 is re

corded, showing a potential change first In one directioi

and then in the opposite direction.
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Contraction of
Skeletal Muscle

Approximately 40 percent of the body is skeletal

muscle and almoat atmllifer iU t)er~cent ts smooth
and cardiac muscle. Many of the same principles

of contraction apply to all these different types of

muscle, but in the present chapter the function of

skeletal muscle is considered mainly; the special*

ized functions of smooth muscle will be disicussed

in the following chapter, and cardiac muscle m
Chapter 13.

PHYSIOIOGIC^ANATOMY
or SKELtTAL MUSCLE

THl SKEUTAL MUSClf riB£lt

Figure 11-1 illustrotes the organization of skel-

etal muscle, showing that all skeletal muscles are

made of numerous fibers ranging between 10 and

60 microns m diameter. Each of these fihefp in

nsur« I l-l, OfganUJtton of skeletal musefe. from

the gross to the molecular level f. C. H. and I are

cross sections at the levels Indicated. (Drawittg by

Sylvia Colard Keene. Frotn Bloom and Fawcett A
Textbook of Haiology Philadelphia. W. B Saunders

Company. 1975)
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turn is made up of successively smaller subunits,

also illustrated in Figure 11-1, that will be de-

scribed in subsequent paragraphs:

In most muscles the fibers extend the entire

length of the muscle, ^d. except tor about 2 per

cent of the fibers ^, each is innervated by only one
nen’e ending, located near the mi^le of the

fiber.

The Sarcolemma. The sarcolemma is the cell

membrane of the muscle fiber. However, the sar-

colemma consists of a true cell membrane, called

the plasma membrane, and an outer coat consisting

of a thin layer polysaccharide matoriai contain-

ing numeroQs thin collagen fibriJlae. At the end of
the muscle fiber, inis surxace layer of the sarco*

lemma fuses with a tendon fiber, and the tendon
fibers m turn collect' into fauncries to form the

muscle tendons and thence insert into the bones.
Myofibrils; Actin and Mj^sin' Filaments.

Each muscle fiber contains several hundred to

several thousand 'myo^bnls, wHich are illustrated

by the many sm^ll open dots in the cross-sectional

view of Figure 11-lC. Each myofibril (Figure

11-lD) in turn has, lying side-by-side, about 1500
myosin filaments and 3000 actin filaments, which
are large polvm^nzed nrotein molecules that are

responsible for muscle contraction. These can be
seen inTonguudinaf View irTtfie electron micro-
graph of Figure 11-2, and are represented dia-

grammatically in Figure 11-lE. The thick fila-

mgnts are myosin and the thin filaments are aclin.

Note that tne myosin and actin filaments partially

in^rdigitate and Inus cause the^voubrila vo

alt^aieiighrand dark bands^ Ihe light bands,
which contaiiTonly actin tilanients.^ore called I

bands because they are mainly isotropic to polar-

lied ligh t. The dark bands, which contain the

myosm filaments as well as the end of the actin
(^laments ^ere they overlap the mvosi n. are

called A bands because they are anisotropic to

poTarized ligh t. Note also the small projections

from the sides of the mvosin filaments. These are

cail^ cross-bndees. They protrude from th'e sur-

faces of the mvosin filaments along the entire

extent of the filamen t, except ^in the very center.

It is*^ interaction between these cross-bridges and
the actin filaments that causes contraction.

Figure ll~l£ also shows that the actin filaments

arc attached to the so-called Z disc, and the fila-

ments extend on either side of thg disc to inter-

digitate with the myosm filaments. The Z disc,

whicK~itsBil is cdrhaOSgd Of several filamentous

proteins different from the actin ami myosin fila-

ments. also passes from my^bril to mvoiihril.

attaching the myofibriis to each other all the wav
across Ihfe'TftUscfe'hoer. Tbereiore, the entire mus-
clc fiber has light and dark bands, as is also true

of the individual myofibrils. These bands give

skeletal and cardiac muscle their striated appear-
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The portion ofa myofibril (or of the whole muscle
fiber) thaLlips between two successive Z discs ts

ca lled asorcomere. When the muscle fiber >8 at its

norroaTTTuTIy'stretched resting length,'•the length

sarcomere is about 2.0 microns. At this

length, the bctin filaments completely overlap the

myosin filaments and are just beginning Co overlap

each other We shall see later that at this length
the sarcomere also is capable of generating its

greatcst^force of contraction.

\Vhcn a muscle fiber is stretched beyond its

resting length, as it is in Figure ll-l, the ends of

the actin filaments pull apart, leaving a light area

in theegfflergt tne ATiandr This light area, callj^

the ifione. i^UustraUd in Figure 11-2. Such at»

H zone rarely occurs m the normally functioning

muscle because normal sarcomerecontraction oC'

curs when the length of the sarcomere is*betwcen

microns and 1.6 microns. In this range the

'ends of ihe UClin lilaiiienls not only overlap th«
myosin filaments but also overlap each other.* *

** Thii^arcoplasm. The myofibnls are suspended
inside the muscle fiber in a matrix called sarro^

pla.’im, which is composed of usual intraceliulai*

constituents. The fluid of the sarcoplasm containfi

large quantities of potassium. maCTPsitiih. nhos^

phate, and protein enzvrnes. Also present ore tre^

mendoiis numbers of nvtochondna that lie be^
tween and parallel to lh?Tnyo6bnls, a condition

» which is indicative of the great need of the con'
*tracting myofibnls for large amounts of ATP

t formed by the mitochondria.

The Sarcoplasmic Reticulum. Also m the sar'

coplasm is an extensive endoplasmic retieulum>
which in the mus^e fiber is called the sarcoplasmic

reticulum. This reticulum "has a special organize'

lion that is extremely important jrr^he control of
muscle contraction, which'vviltbe discussed iatel*

in the chapter. The electron micrograph of Figure

nsur« I (-3. Sarcoplumic reticulum surrounding the

fiVofibrll, showing the longitudinal system paralleling th«

myofibrils Also shown In aoss-section are the T tubul«

that lead to the exterior of the fiber membrane and tlvtf

conUin extracelluiaf nuid IJlfOws}' (I'lum Fawcett The Cri.

Miltadelphla. W B Saunders Company. 1981)

11-3 illustrates the arrangement of this sarco

plaamic reticulum and shows how extensive it coi

be. The more rapidly contracting types of muscl

have especially extensive sarcoplasmic reticula

indicating that thiViftructure is important in caus

ing rapid muscle contraction, as will also be dls

cussed later.

MOLECULAR MECHANISM
or MUSCLE CONTRACnON

. '*SIiding Mechanism of Contraction. Figuri

11-4 illustrates the basic mechanism of muscl
contract5on„lt shows the relaxed state of a sarcc

mere {above} qnd the contracted state (below). L

the relaxed state, the ends of the a^in filament

derived from two successive Z discs barely overla

each other while at the same time complete!

overlapping the myosin filaments. On the otbe

hand, in the contracted state these actm filament

A I

z t

ConiractK)

Hgurc 1 1-4. The relaxed and contracted states of a myofib'O

showlftg sliding of the aedn filaments (black) Into the channel

between die myosin filaments (red)
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have been pulled inwarfi among the myosin fila-

ments ^ that they now overlap each other to a
major extent Also, the Z discs have been pulled

by the actin filaments up to the ends of the myosin
filaments. Indeed, the actin filaments can be pulled

together so tightly that the ends of the myasin
filaments'actually buckle during very intense con-

traction. Thus, muscle contraction occurs by a
slidinp filament mechanism .

But what causes the actin filaments to slide

inward among the myosin filaments? Almost cer-

tainly, this is caused by mechanical, chemical, or

electrostatic forces generated by the interaction of

the cross-bridges of the myosin filaments with the

) actin filaments, as we shall discuss in the following

sections.
' Under resting conditions, the sliding forces be-

tween the actin and myosin filaments are inhib-

ited, but when an action p<}tential travels over the

muscle fiber membrane, this causes the release of
largf^ quantiti^ of calcium ions mm the sarco-

‘ plasm suiTOUndmg the myotibriis. These calcium

g
ions activate me torcea between the filaments and
contraetTon begins. But energy la also needed for

j
the contractile process to proceed. This energy is

2
derived from the high energy bonds of adenosine

J
triphosphate (ATP), which is degraded to. adeno-

f

sine diphosphate (ADP) to give the energy re-
' quired.

In the next few sections we will describe what
is known about the details of the molecular proc-

esses of contraction. To begin this discussion, how-
ever, we must first characterize in detail the
myosin and actin fila'ments.

AfO££Ct/£A/Z CHARACTtRISnCS
OF THE CONTRACTIU FIIAMENTS ‘

The Myosin Filament. The myosin filament is

composed of multiple myosin molecules, each hav-
ing a molecular weight of about 460,000.. Figure
11-5A illustrates an individual moTeculeTsection
B illustrates the organization of the molecules to
form a myosin filament, as well as its interaction
with the ends of two actin filaments.

The myosin molecule is comprised of six polypep-
tide chains, two /teotychams each with u molecu-
lar weight of about ji^(lO.OQ0~and four lieht chains
with mnlpgilnr wei^tk of about 20,000 each. The
two heavy chains coil around eacn other to form a
double Helix . However, one'end ol each ot these
chains is folded into a globular protein mass called

the myosin head . Thus, there are two free heads
lying side by side at one end of the double helix
myosin molecule; the other end of the coiled helix
is called the taiL The four light chains’ are'also
parts of the myosin heads, two to each head. These
light chains help confrol the function of the head
during the proems ot muscle contraction.
The myosin~/Uame^~l3~Jfia3e~\^oT abdut_2D0

individual myosin molecules. The central ponion

ACTIN FILAMENTS
N*

Creu'bridgcf HInget Body

MYOSIN FILAMENT
flgun 1 1—5. A, The myosin inolecule B, Combination of many

fnvosin molecules td-ioim amvostn {Jamenc. Also shown are the

tfoss-fefld^es and ibe Imetattion bg^^egn the «if rhi- cross-

bridgfs arid adjacent actin filament

of one of these filaments is illustrated in Figure
11-5B, showing the tails of thiL myosin molecules

bundlE^ together to form the body of the filarpehT,'

while many heads ofthe molecules hang outward
to the sides ^ofThe body. Also, part of the helix

portion of each myosin molecule extends to the
side along wittr'the head, thus nrovidine an arm
that extends the head outward irom tneTaody as
shown in the figure. The protruding arms and
heads toi^ethcr arc called cross-bridges, and each
of these is believed to^je flexible at two points

called /tinges, one where the arm leaves the.body
oF the myosm filament and Iho other where the

two heuJs ^tach to' the arm . The hinged arms
allow the^eads to be extended either far outward
rrpm_fhFr bodv~bf tho myosin filament or to be

broughtclose to the body.. The hinged heads are

belieyed to parttcipaie m the actual contraction

proc^, as we shall discuss m tne loiiovving sec-

tions.

The total length of the mvosm filament is l.fi

microns . However, note that there are no cross-

bndge^eads in the very center of the myosin
filament for a distance of about^ 2 mtcrotf becauM
thejungei-airns eytand tow.nrfT hnth onrl^i of t ho
myosin filament away from the center; therefore,

in the center there are only tails of the myosin
molecules and no heads.

Now, lo Tyrapleto 'lEe picture, the myosin fila-

ment itself isilwisted so that each successivo s,et

of cross-bridges Is^ally displaced from the nre-
vidua set by_i2Q degrees. This insures that the
cross-bndgcs extend in all directions around the
filament.

other feature of the myOsin head that is esse'nUal
for musclecoiTtraction Islhatit can funcHnn nc an
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ATPase enzyme^ As we shall see later, this prop-

^tv allows the head to cleave ATP and to use the

/tnerfry derived from thp ATP’s hiph energy phos-

phate bnn tj tn pnprgtre the contmction pracesa.

The Actln Filament. The actin filament is also

complex. It is composed ot three ditlerent comwo-
nents. actin. trdpom\o^n, and (ropontn

The b^ckbonVot tlie acim iilurneiiL"is a double-

stranded F-actin protein molecule , illustrated in

Figure n^6^he two strands arc^oundm a helix

in the same manner as the myosin moleculei but

with a complete revolution every 70 nanometers.

Each btrand of the double F-actin nehx is com-
posed of polymerized G-nctm mnlecules. each hav-

intra molecular weight of 42,000 There are ap-

the tropomyosin to the actin. The strong affinity

j>f the troponin for calcium ions is believed to

initiate the" ^traction process, as^ill be ex-

plaincd in the following section.

InterAction of Myosin And Act!n niAments
to Causc ContrAcHon

intTa molecular weight of 42,000 There are ap-

proximately 13 of these molecules in each

revolution ofeacn sii an^ ui neiix Attached to each

one oi'^e ii-ai.tm mol^ules“7s Qne_jnQlecule of

ADP. It 13 b^ieved that these ADP molecules are

the active sites on the actin tilaments with"which

the cross-bridges ofTtie hivosin niamentr interact

to-cause muscle contraction . The active sites*on

the two r-actin strands of the double helix are

staggered, giving one active site on the overall

actin filament approximately every 2 7 nanome-
ters^

“ Each actin filament js approximately 1 micron

long 'The Pab^ oi the uciin tilamenta arem^ed

strongly into the Z 'discs, wnue their other ends

protrude in Ootn (Hn-7lions_inlo the adiacent sar-

comefeTto lie in the spaces between the mvosin
molecule’s, aa illustrated in Mgure 11-4.

The Tropomyosin Strands, 'fhe actin filament

also gnntmna two flddlt iy"°l pr^fgin slrnnrf«i that

are polvmere of tropontyo^tin moleculca. each mol*

Inhibition of the Actin Filament by the Tro

Ponin-Tronomvosin Comnlex; A ctivntinn

CAicium Ions . A pure actin tilament without th

presence ol the troponin-tropomyosin comple

binds strongly with mvosin molecules m the prea

ence of magnesium ions’iiiid”ViP, both ol whicl

are ‘nbrmally” abiliidanl m Ihc iliyoflbriirBut, i

the troponm-iropomyoaln tonlplex49-added to th

oclm filament, this binding docs not take place

Therefore, it is believed that the active' .sites oi

the normal actin filament of the relaxed musci

are iniiibitcd (or perhaps physically rovered) b;

the troponm-tropomyosln complex, Consequcntlj
they canncir*mUiai.l 'rVllh the mvosin filaments t

cause contraction Before contraction can tak

place the inhibitory effect of the troponin trope

myoslivcomplox must itself be inhibited.
Now^ let us dIscu.^‘> the roieoTlhe calciunf Ions

In the presence of large amounts of cfllcium ions

the inhibitory eiicct ol tpe troponin-troppni)os»'

H on the a^n marnents is itsdl inhibilRTTlie meeb
anism of this is not Known, butane suggestion 1

ccule having a molecular weight ot 70,000 and

extending a length of40nanometer8'Mt it is believed

that each trop'OrnyosIti strand irioosely attached

to an F-actin strand and that in the resting state

it physically covers th e, active sites of the actin

strands, so that interaction cannot occur between

the actin and myosin to cause eontraction.

Conirac-

tiOn. Attaphed approximately two thirds the dis-

tance along each tropomygsin molecule is'a cotn-

plex ol three globular protein moieties called

fropod t̂.' One ot the globular proteins Uroponin D*
has g stronaluffmity lor actin, anotner (troponin

T) for frAnrimvosi n. and a third (troponin C) for

I coniplex IS believed to attach

njure 11-6. The actin tilament composed of two helical

strands of t-aedn and two tropomyosin strands that lie In the

grooves between the actin strands Attaching the iropomyo^
to the actin are several troponin complexes

.the following When calcium lons'combii^ will

\icaponin C, each molecule of which can bin'

strongly with up to lour calciumTons^even whei

they are present in minuieuuanh tiea. the troponn

complex supposedly untiertpes a conformations
change that m sflme way tugs on the tropomyosb
protein strand and suppmftrdly moves ttie trope

myosiif strand deeper into the groove between th

two actin sCrands Ilils "uni.dVefo'"the active site

of the actin, thus allowing contraction to proceed

Though this is a hypothetical mechanism, nevei

theless it does emphasize thoTthtfnormal relation

ship between the tropomyosm-troponii* comple
and actin is altered by calcium ions—,a conditioi

that leads to contraction
Interaction Between the "Activated” Actii

Filament and the Myosin Cross-Bridges—Th<

"Wnlk-Along” Theory of Contraction. As sooi

as the actin filament becomes activatedjiy thi

calcium ion3,JtjsJiehey.ed that the heads of thi

cross bridges from the mv^in filaments immedi
ately become attracted to the active sites of tht

actin filament,"ahd' this in_some wav cmises fon

traction to dccurTTUuuiiU Uiti piw.tsu manner
which'*ttrts*nTt^ction between the cross-bridge-

and the actin causes contraction is stilt unknoNVi}

a suggested hypothesis for which considerable evi-

dence exists is the
“walk-along" theory of controc-

tion. TT

Figure 11-7 illustrates the populated walk-

along mechanism for contraction. This figurr
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Actm Filament

Myotin Filament

shows the heads of two cross-faridges-attachmg to

and disengaging from the active sites oCan ^tin
filament. It is postulated that^hen the head at-
taches toan_acyvesite_thTs^ttadimentsimulta*
neously" causes proibund changes m the intramo-’^

lecular 'toixes^n the-head ancLajan of meifcmss-

bridgg. The new alignment of forces causes the
head to tilt towarcTthe arm and to drag the actm
filamenTaiong^tlritrThirtllfoFThe head oftfie

cross-bridge is calfed~the~t?o7agr strnke. Then, Im-

mediately afteftitting, t/ie head automatically

breaks away from the active site-^and-retuma io

its no^al nerpend^i^cular direction . In this position

the actin”filament, then, iv^imilar tilt takes place

again to cause a new power stroke, find the actm
filament-move^ another step, 'ihus^ the heads of

the cross-bridges bend bagk-andJbrtlx-and.step by
step ^^ITalcftig the~^tin filament, pulling the
action toward the center of the myosin filament

Each one of the cross-bridges is believed to

operate independently of all others, each attaching
and pulling in a continuous but random cycle.

Therefore, the greater the number of cross-bridges
in contact with the actin filament at any given

time, the greater, theoretically, is the force of
contraction.

ATP as the Source of Energy for Contrac-
tion—Chemical Events in the Motion of the
Myosin Heads. When a muscle contracts against
a load, w»fk is performed and energy is required.
It IS found that large amounts of ATP are cleaved
to form ADP during the contraction process. Fur-
thermore, the greater the amount ot work per-

formed by the the ^realXT iIm; amount of
ATP that I S cleav^ . which is called the

Sff^ct. Though It is still not known exactly ribw

ATP is used to provide the enejgy for contraction,

the following is a sequence of events that has been
'jdgKested as the means by which this occurs':

Before contraction begin^ the heads of the

cross-bridges bi^ with ATP. Tne ATPase activity

of the myosin head immediaielv clei^ps ihn_ATP
but leaypn tha gleavaep products. AliP nlus Pi,

bound to the head . In thjs state , the conformation
of the hpqd in Rurh thatit extends perpendicularly
toward the actin filament but is not yet attached
to the actin.

'y^sNext, when the inhibitory effec t of the tro-

ponin-tropomyosin complex is itself inhibited by
ca^liun-iflns, active sites on the actin fil.iment arc
uncovered and the mvnsin heads do then bind with
these, as illustrated in Figure

The bond between the head ofthe rross-hridue
ana the active .site of the actin filament causes a
conformational change m the head, causing the
heag to tilt backward toward the arm of the cross-

bridge. This nro^des the power stroke, for niiTi ing

the actin~filament. The energy that activates the

power siroKC is the energy already stored in the

head at the time of ripavage ot the A l'F

/ 4 )Once the head of the cross-bridge is tilted,

tnts allows release of the ADP and PPand expliscs

a site^n the head where new ATP can bind.
Therefore, a new molecule of ATP binds, and this

binding in turn causes detachmen t of the head
from the actin~

”
( 5y After the head has split away from the actin.

the ne'^molecule of ATP is also cleaved, and the
energy again ^‘cocks’’ the head back to its perper-
diclil^ condition ready to begin a new power
stroke cycle

Then, when the cocked head, wjth its stored
energy derived from thB cleaved ATp. bi^s with

a n'ew active site on the actm filamen t, it becomes
unlocked and once again provide the power
sUj^Ke.

(^Tbus, process proceeds again and again
u«il the actm hlament puiis tne / membrane up
against the ends of the myosin filamcnts^r Jntil

the load ol\‘ IheTi'-iUscie oecomes too ^eat for

further pulling to occur

DECRIE OFACTJNAND MYOSIN FILAMENT
OVERLAP—UFECT ON TENSION
DEVUOPED BY THE CONTRACTINCJiUSCLE

Figure 11-8 illustrates the effect of sarcomere
length on the tension developed by a single, con-

tracting, isolated muscle fiber. To the right .ire

tljure 1 1-8. tcn£ih i«nwon di^gr^m (or 4 vln^lc M/comoie,
UkKOAnng rrujiimunl sMengtti o( cowrACOonwheri the wrcomerc
is 2 O to 2 2 mKions In lengih. At the upper right we slWit* the

relative positions o( the actm artd iTi)-osln (ilamenis at di/feier.i

SMComere lertgths from point A to point O (Modified Irom

Cordon Huxley, and Ju'ian / rh/vcV, !7I l&P. 1904 )



contraction
Relation of Force of Contraction of the In*

tact Muscle to Muscle Length. The upper curve

of Figure 11-9 is similar to that in Figure ll-fe,

but this illustrates the intact whole muscle rather

than the isolated muscle fiber. The whole muscle

has^ large amount of connective tissue in itLalao.

the ^rCgir^teTTn different parts nt do

not necessanlyTontract m iiTusnn There-

fore, i Vip has sfimpwhat liiiTerent dimensions

from those^lustrated for the individual muscle

fiber, but it nevei^eless extiibits the same form.

A muscle contracts extremely rapidly when it con-

tracts against ngj^d—to a state of full contraction in

approxiroately/Tfl\econd for the average muscle. How-
ever, when loajtrire applied,.the velocity of contraction

becomes progressively less as the load increases, as

illustrated in Figure 1 l~lt When the load, increases to

equal the maximum forcAthat the muscle can exert,

then the vei^ity ol MtitracUoti beeves zero and no

contraction at all results, deSpTTFacti^tion of theTnas-

cle fiber

This decreasing velocity with load is caused by the

fact that a load on a contracting muscle is a reverse

force that opposes the contractile force caused by muscle

contraction Therefore, the net force that is available to

cause velocity of shortening is correspondingly reduced

Increase in lension

during contraction INITIATION OF MUSCLE
CONTRACTION: EXCITATION-
CONTRACTION COUPLING

k Normal
normol

LENGTH

Initiation of contraction in skeletal muscle be-

gins with action potentials in the muscle fibers.

These elicit electrical currents that spjead to the

risuTC 1 1-9. Relation of muscle length to force of connactfon.

interior of the fiber where they cause release of

calcium ions from the sarconlasmic reticulum. It

is the calcium ions*tb^in turn initiate the cheni-
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icaJ events of the contractile process. This overall
'

process for controlling muscle contraction is called

excitation-contraction coupling.

THE MUSCLE ACTION POTEt^lJ^

Almost everything discussed in Chapter 10 re-

garding initiation and conduction of action poten-

tials in nerve fibers applies equally well to skeletal

muscle fibers, except for quantitative diffeTences.

Some of the quantitative aspects of muscle poten-

tials are the following:

1. Resting membrane potentia l: Approximately
-90 jnilUvolta in skeletal fibei^—the same as in

large myelinated nerve fibers .

2. nuration of action potential: 1 to 5 millise-

conds in skeletal muscle:—about fi've''fimes as long
as large myelinated nerves^

~

3. Velocity of conduction: 3 to 5 meters per
second—about Via the velocity of conduction in the

large myelinated nerve fibers that excite ske letal

muscle.
~ ~ '

Excitation of Skeletal Muscle Fibers by
Nerves. In normal function of the body, skeletal

muscle fibers are excited by large myelinated
nerve fibers. These attach to the skeletal r^scle
fibers, at the neuromuscular junction, which will

be di&cussed in deUiHh the lolldwing chapter.

Except for 2 per cent of the mu^le fibers, there is

only one neuromu^ular ju^ti^ to each muscle
fiber; this junrtioirft^oca'ted near the middle of
the fiber. Inerefore’ fhe action potential spreads
from the mLd^e of the fiber toward its two ends.
This dual direction ot spreading trom the center is

unpohancPecausTit allows nearly coincident con-

traction of all ^comerea of the muscles so that
they can all contract together rather than sepa-
rately.

~ ~ "

Spread of the Action Potential to the

Interior of the Muscle fiber by Way of the
Transverse Tubule System

The skeletal muscle fiber is so large that action

potentials spreading along its surface membrane
cause almost no current flow deep within the fiber.

Yet, to* cause contraction, these electrical currents
must penetrate to the vicinity of all the separate

myofibrils. Thisls achieved by transmission of the
action potentials atone tmnsoerse tubules (T tu-

bules) that penetrate all the way through the
muscle fiber from~l)ne side lo tne otner. The T
tubule action potentials in turn cause the sarco-

plasmic reticulum to release calciuni* ions in the
immediate vicinity of all the myofibrils, and it is

these calcium ions that m turn cause contraction.

Now, let us describe this system in much greater
detail.

_
The Transverse Tubule-Sarcoplasmic Re-

ticulum System. Figure Ll-11 illustrates a group
of myofibrils surrounded by the transverse tubule-

sarcoplasmic reticulum system. The transverse tu-

bules penetrate all th e wav from one side of the
niuscle fiber to the opposite side. Not shown in the
fi^re is the fact that these tubules braqdi'among
themselves so that they form entire plane's of T
tuBules interlacing among all the separate myofi-
brils. AlsoT^ sTibuld~Be' noted tn^ wbere~tHe T
tubules originate irom the cell membrane thev~are
open to the exteriorrTheret'ore. they communicate
wUFTihe fiuTd surrounding the muscle hber and
contoin extracellular fluid in their iume n.-^ In
oth^ wordsrtfae tubules are internal extensions
of the cell membrane, inereiore, when an action

p^ntial spreads“over ^mU5gIu
~
rjb5j ' uwmbrane.

it spreads along the T tubules to the deep intprinr
Ola the muscle tiber as well. The action potential

currents surrounding these tra^nsverse tiibuies

then elicit the rous^e contraction

Figure 11-11 shows the extensiveness of the
sarconlosmtc retictihim as well. This is composed
of. two majof_partsiJ(I) long longitudinal tubules
that terminate in (2) largechaihbers cMlfedTerhu-
iml cisternae that abut the transt-erse tubules
When the muscle ^er is sectjoned^ongitudinally
and electron micrographs are made, one sees this

abuttipg of the cistemae against the" transverse
tubule, which gives the appearance of a Mad with
a ^malLcep.tral tubule and a large cistema on
either side. This iiinctr.’^t^ m t-igura T i-t 1 and
is also seen in the electron micrograph of Figure
11-3.

In Tnusele of lower animals such as the frog,

there is a single T tubule network ?or each sarco-

mere.
located at the level ofthe Z disc^ illustrated

m FigurnX^ll. (Jardiac muscle also has this type
ofT tubule system. However, in mammarian sKel-

etal mii.scle there are tiTO T tubule networks for

each sarcomere located near the two ends of the
myosin hJaments, ^ich are the points where the '

acfuaTTnecHahical forces of muscle contraction are ^

created. Thus, mammalian skeletal muscle is op-

timally organized for rapid excitation of muscle
contraction! -w

RELEASE OF CALUUM IONS
BY THE SARCOPLASMIC RETICULUM

Ope of the special features of the sarcoplasm ic

reticulum is that it contains calcium ions in very
high concentratiOir, and many ot these ions are
released^whenTfie adiacent T tubule is exceed.

Figure shows that th6 action potemial of

the T tubule causes current flow through the cis-

temae wHereTHeyaDuttheTtuBuIeTTEeasternae
project /unctionat feet mat surround the T tubule,

presumably laciliiating pa^ge of electrical cur-
rent from the 'i' tubule into the cistemae. This
current flow causes rapid release ot calcium ions
from the cistemae and perhaps the longitu-
dinal tubules as wel l. Presumably this results from
the opening of calcium channels similar to the
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njure I l-l I. The iMnsvefse tubule serco-

plasmic reticulum system Note the to'igfrutf'w^

ru£>o/« that terminate in large dstenue The

elstemae In turn abut the iraruverse tubuH
Note also that the transverse tubules comn^
nicate with the outside of the cell membrane
This Illustration was drawn from frog muscle,

which has one transverse tubule per sarcomere,

located at the Z line. A similar arrangement b
found In mammalian heart muKle. but mam-
malian skeletal musde has two transverse tu-

bules per sarcomere, located at the A I NK*
lions (From Bloom and Fawcett A Textbook of

Histology Philadelphia W B SaurxJeni Com-
pany. 1975 ModiFied after Peachey.^ CeflflW

Z^209. 1965 Drawrvby Sytvia Colard Keene)



opening of sodium channels at the onset of the

action potential, though the actual mechanism is

still urdcnown.

The calcium ions that are thus released from

the sarcoplasmic reticulum diffuse to the adjacent

myofibrils wherel^hev bind strongly with troponin

C, as discussed in an earlier section, and this in

ti^ elicits the muscle contraction, as has also

been discussed . However, the calcium ions also

bind less strongly with the mvosin filamenL<8.

which theoretically could be another factor in ini-

tiating contraction.

The Calcium Pump for Removing Calcium
lons jrom the sarcoplasmic Fluid. Once the
calcium ions have b^en released irom the cistemae
and have diffused to the myofibrils, muscle con-

traction wiTl then continue as long as the calcium
ion^ rerh p^T^ »> concentration in^he sarco-

plasmic fluid. However, a continually active cal-

cium pump located in the wans of the sarco^laShiic

reticulum pumps calcium tons out of the sarco-

plasmic fluid back into the vesicular cavities of
the reticulum'. This pump can concentrate the
calcium ions about lO.QOQ-foId inside the sarco-

plasmic reticulum. In addition, inside the reticu-

lum Is a protein caned((M/sei7t/csfn^hat can bind

4Q times as much, calcium aa tn^ in the ionic

state, thus providing another 40-fold increase in

the storage of calcium. Thus, this massive transfer
of calcium in the sarcoplasmic reticulum (^ses
total depletio? of calcium ions in me fluid of the
myofibrils. Therefore- ^xcent immediately after an
action potential, the <;akLumJaiL£?ncentrat(on in

the Wofibrils is kept at an extremely low- level.

The Excitatory "Pulse” of CalciunTlons. The
normal concentration (less than molar _of

calcium ions in the cvtosol) that bathes the myofi-

dnVs is\oQ~fittiVto eficit contraction. Theretore,'^ in

the resting state, me iroponiiTtropomyosin com-
plex keeps the actin filaments mhiDited and main-
tains a relaxed state ol the muscle.

^

On the other hand, full excitation of the T
tubule-sarconlasmic reticulum system causes
enough release of calcium ions to mrrpasa the
concentration in the myofibrillar fluid high
as 2 X 10*< molarToncentration. which is several

timesthe level required to cause maximum muscle
contraction (about 2 x Tu * molar): immediately
thereafter, the calcium pump depletes the calcium
ions again. The total aurdiion ufthfs calcium
“pulse" in the usual skeletal muscle nber lasts

about nf A sppnnd. though it may last several

timeS^ long as this in some skeletal muscle fibers

and be several times shorter in others (in heart
muscle tjie pulse lasts for as long^03 second
because of the long duration of the cardiac action

potential). It is during this calcium pulse that
muscle contraction occurs. If the contraction is to

continue without interruption for longer intervals,

a series of such pulses must be init iated by a
continuous series ot repetitive action potentials, as
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will be discussed in more detail later iri the chap-
ter.

THE SOURCE OF ENERGY
FOR MUSCLE CONTRACTION

We have already seen that muscl Contraction
depends upon energy supplied by ATf». Most of
this energy is required to actuate the “walk-nlnrur”
m^hahism by which the cross-bridge's puil the
ac'iin niaments, but small amounts are raniiired
lor (1 ) pumping calcium from the sarcoplasm into
the sarcoplasmic reticulum, and (2) pufhpinfr so-
dium and potassium ions through the muscle fiber
membrane to maintain an appropriate innic envi-
ronment lor the propagation of action potentials.
However, the concentration of ATP hrpsfln t in

the muscle fiber, about 4 mM . is s^ ĉicnt to
maintalnTull contraction for only mfew'fronds at

most. Fortunately, afUr the ATP is bitiken into
ADP, as was described m Chapter 2, the ADP is

rephosphoryiated to form new ATP within a frac-

tion of a second. There are several soui^ces of the
energy for this rephosphorylation:

The first source of energy that is used to recon-
stitute the ATP i s th e substarice pl{Q3L>hocrcatine.

which carries a high energy iThosphate^nd «imh
lar to those oT^TP . The high energy phosphate
bond of the phosphbereatine has a slightlvTiigher
amount oi tree energy man that ol ihe A,TP bond.
Ther^or^ii is ins^tly cleaved and tho rainacoH

energy causes PorTdmg ot a new phosphate mn to

ADP to reconstitute the aI' 1^^ However~tKn» total

amount orpnospnocreatme is also verylittle—only
about live times as great as the A'fPTYhgrgfDre.
thp~rr>mbjn<>ri pner^ ol both the Stored ATP and
ffie pfiosp^erga rifle m Cde mtrsefe cs st^ capafife

of fusing maximal musefe contraction for no
longer than a lew more seconds!
The next source ol energy used to reconstitute

both the phosphocreatme and the ATP is energy
released from foodstuffs—

f

rom carbohvdrnt/»«; fn i.g.

and protem.s. A small amount of this energy is

rejeased during the initial breakdown Qf glucose
and glycogen in the cells , which is the process of
glycolysis, rtoweve^ about QfTppr rpnt-iTTFip en-

ergy IS-released during final oxidation of the food-

stuffs. which occurs almost entirely in the mito-

chondria. Both these proccs-ses utirire 7?ie enerirv
relea^.from the foodkufl’s to form new .yrP. The
importance of glyroiysis is that energ^ can be
released lo lorm new about 2^5 times as
rapidly by this mechanism ns by the oxidativ e

mechanism, tiowever. the gl^culytle iru^nanTsm
also rapidly builds up glycolytic cnd-nr>viucLs in

the muscle cells so that gl^tfolv<=is_can~usuallv
sustain , maximum muscle contraction for only
about one minute On the other hand, oxidative

release ot energy is exceedingly cnicient and can
also use other food substrates such as fats and



contrac-
tion lia tgq'ranid^ large proportions of the energy arc

used tfloyereoiBC the vi^cnut irTcuon wichin th^muscle
Itself, Bpg thl^, too, reduces the efftaenev of eontraetKin

Ofdinamv. maximum cllicicncv ts (lovclopoti when the

velocity jH^BanyimraawaiiaiiaoTiTnmTTTI

CHARACTERISTICS OF A
SINGLE MUSCLE

Many features of muscle contraction can be es{>ecially

well demonstrated by eliciting single muscle twitches

This can be accomplished by instantaneously exciting

the ner\’e to a muscle or by passing a short electrical

stimulus through the muscle itself, giving nsc to a

single, sudden contraction lasting far a ll-action of a

second
Isometric Versus Isotonic Contraction. .Muscle

contraction is^said to beiaomefcic-when the muscle dona

aho^ns ^tVi the tension on the

co^3tilnt^Sy3tetn8 for recording the two types of muscle
nSJnlraCtion are ilfu^rated in Figure U-13

To the right is the isometric system* in wbicli the

muscle IS suspended between a solid rod and a lever of

an electronic force transducer This transducer riwnis
with almost rero movement of the lever, therefore,

,
1 effect, the muscle is bound between fixed points so

It cannot contract sigmficantly To the lelt is shewn
an isotonic recording system* the muscle simply lifts a
pan ofweights so that the force againstwhich the muscle
contracts remains constant, though the length of the
muscle changes considerably.

There are several basic differences between isometnc

does not recuirelnii^“8ll<ling'‘of^vofihn^s a^mo^ea^
qtheg Second, in isotonic contraction a load is moveST,

^which involves the phenomenon of inertiaf Tb^ i^the

In comparing the rapidity of contraction of diflercnl

types of muscle. Isometnc recordings such as thoM
illustrated in Figure ) 1-14 are usually used Instead of

isotonic recordings because the duration of an isotonic

recording is almost as dependent on the inertia ot the

recording system as on the contraction itself, and this

makes it difficuU to compare time relationsHips of con^

traHioas from one muscle to another.
‘***Tltu«dea-caiL£cntr8rt both i«omctrieallv and l«otom-

mixture of tnetwb i\ hen sunamg! a oer^ tfflses tbe

quadriceps muscles to tighten the knee joints and ta

keep the legs stiff This is isometric contraction. On the

other hand, when a person lifts e n'eight using the

biceps, this )5 mainly an isotonic contraction. Finally,

contractions efieg muscles during running are a mixture
of isometnc end isotonic contractions—isometric mainly
to keep the limbs stiff when the legs hit the ground and
isotonic mainly to move the limbs
The Series Elastic Component ofMuscle Confrae-

tion. tVhen muscle Rbers contract against a load, those

Oculor muscle
,. y Gastrocnemius

0 10 20 20 40 &0 60 70 60 90 100

MILLISECONDS

Figure 11-14. Duration of Isometiic contraettons of different

^pes of mammalian muscles, showing also a latent period be-

_,tween the action potential and muscle contraction.
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portions of the muscle that do not contract—the tendons,

,
the sarcoiemmal ends of the muscle fibers where they

of the cross-bridges—will stretch slightly as the tension

increases. Consequently, the muscle must shorten an

T extra 3 to 5 per cent to make up for the stretch of these

j elements. The elements of the musglo that stretch dunne
r contraction are called the series''elastic~rnnfnonent ofthe

I
muscle.

‘ Characteristics of Isometric Twitches Recorded
from Different Muscles. I'he body has many different

’ sizes ot skeletal muscles—from the very small stapedius

muscle ofonly a few milljmeterFJength aWi a miilimeter

or so in diameter up to the very large quadriceps muscle.

Furthermore, the fibers may be as small as l6 microns

m diameter or as large as SO microns. And, finally, the

energetics of muscle contraction vary considerably from
' one muscle to another. These different physical and
' chemical characteristics often manifest fhemsetves m
' the form of different characteristics of contraction

—

? some muscles contract rapidly while others contract
< slowly.

* Figure 11-14 illustrates isometric contractions of
’ three difierent types of skeletal muscles, an ocular

? muscle, which has a duT;ation of contraction of less than
Vim second; the gastrocnemius muscle, whTch has a
duration of contraction of about Vm second, and the

t soleus muscle, which has a duration of contraction of
1 about Vio second. It is interesting that these durations

of contractions are adapted to the function of each of
i the respective muscles, for ocular movements must be
I extremely rapid to maintain fixation of the eyes upon

^specific objects, the gastrocnemius muscle must contract

imodcrately rapidly to provide sufficient veloaty of limb

I

movement for running and jumping, while the soleus
i , muscle is concerned principally with slow reactions for
'

' continual support of the body against gravity.
!' Fast Versus Slow Muscle Fibers. As we shall dis-

I cuss more fully in Chapter 34 on sports physiology,

every muscle of the body is composed of a mixture of so*
< called fast and slow muscle fibers, with still other fibers

t. graduated between these two extremes. The muscles
that react very rapidly are composed mainly of the fast

s fibers with only small numbers of the slow variety. And.
conversely, the muscles that respond slowly but with a
prolonged penod of contraction are composed mainly of

rJ the slow type of fibers. The differences between these
t two types of fibers are the following:

Fast fibers (1) Mnrli fi^ys for great strength
of contraction. (2) ExtpnsiVp sardfiplasmic reticulum for

rapid release of calcium ions to iimiate contraction. (3)

Large amounts of plycolvtic enz^’mes for rapid release
of energy by the glycolytic process. (4) ^esa-&ztcnau.e
blood supply because oxidative metabolism is of_secon-

dai^r importance. (5) Fewer mitochondria , also because
oxidative metabolism is secondary
Slow fibers: (1) Smaller fibers. (2) Also innervated by

smaller nerve fibers. (3) Mgre extensiveJjlood-ycssel
system to supply extra amounts of oxygen. 14) Greatly
increased numbers of mitochondria, also to support high
levels of oxidative metabolism (5) Fiberalcomanvlaree
amounts of myogl^in, an iron-containing prolein simi-

• lartohemoglobirTinred blood cells. Myoglobm combines
' with oxygen holds this inside iKe muscle cell until

It is needed by the mitochrondria.
f From these^e^scflptiotis, one can see that the fast

» fibers are adapted for very rapid and very powerful

muscle contractions, such as for jumping or for short-

distance powerful running. On the other hand, the slow
fibers are adapted for prolonged, continued mu scle ac-

tivitvTauch as support of the body against gravity and
long-continuing athletic events like marathon races.
Th^^lnw muscle is frequently also called red muscle

becau^the excess^yoglobin in the slow tiber^gives
them a slightly reddish tint . Un the other hand, the
relative deficiency of myoglobin in the fast fibers gives

them a whitish appearance, so that this muscle is

MECHANICS OF SKELETAL
MUSCLE CONTRACTION

THt MOTOR UNIT

Each motor neuron that leaves the spinal cord usually
innerviTtes many different muscle fip^s. the number
depending on the type of muscle. VUl the muscle fibers

jnnervated by~a siiigit! motor netVe ni^ are called'

a

^o<or unt t in general, small muscles that react rapidly

and whose control is exact have few muscle fibers (as

few as two to three m some of the laryngeal muscles) in

each motor unit and have a large number of nerve fibers

going to each muscle On the other hand, the large

muscles that do not require a very fine degree of control,

such as the gastrocnemius muscle, may have several

hundred muscle fibers in a motor unit An average figure

for all the muscles of the body can be considered to be
about miiftfJi* fibers to the motor unit.

Usually muscle fibers of adjacent motor units overlap,

with small bundles of 10 to 15 fibers from one motor
unit lying among similar bunaies oi tKe second motor
uniU This interdimtation allows the separate motor

units to contract in support ot eacn otherlrather than

entirely as individual seCTents

Macroinotor Units. Loss of some of the nerve fibers

to a muscle causes the remaining nerve fibers to sprout

forth and innervate many of the paralyzed muscle fibers.

When this occurs, such as following poliomyelitis, one

occasionally develops macromotor units , which can con-

tain as many as five times the normal number ofmuscle

fibers This obviously decreases the degree of control

that one has over the muscles but, nevertheless, allows

the muscles to regain function

SUMMATION OFMUSCLE CONTRACTION
R^mTTiotinn mpang thp nH rling-_ff.ppther of individual

iwtchfn to make strong and concerted muscle

movements. In general, summation occurs in two diffcr-

ent ways. (1) Ipv increasing the number of motor units

contracting simuffaneousJy, and 12> by increasing thg
rapidity of contraction of individual moior UQiia. 'ihese

are called, respectively, muiiiple motor unirsrsmmation
an5 uave summation lor 'spatial summation and teat-

poral sumn^ation).

Multiple Motor Unit Summation. E%en within a
single muscle, the numbers of musde fibers and their
sizes in the diffcrentmotor units vary tremendously, so
that one motor unit may pe as much as bO times as
strong asjnottier. "I tie smaller motor units are far more
pflfiily pxciteff than are the larger ones ’

-.y are
ii^nprv.-itpd hy gma r nerve HOC. a
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the spinal cord have a naturally high level of excitabil-

ity. This effect causes the gradations of muscle strength

dunng weak muscle contraction to occur in very small

steps, while the steps become progressively greater as

the intensity of contraction increases because the larger

motor units then begin to CDnlract.

Wave Summation. Figure 11-15 illustrates the prin-

ciples of wave summation, showing in the lower left-

hand comer several single muscle twitches followed by
successive muscle twitches at increasing frequencies

When the frequency of twitches-rises above 10 per

second, the first musfl£j.vnteh ts not completely over by
the time the second one begins Therefore, since the

muscle IS already in a partially contracted state when
the second twitch begins, the degree of muscle shorten-

ing this time is slightly greater than that which occurs

with the single muscle twitch At more rapid rates of

contraction, the degree of summation of successive con-

tractions brcomes greater and greater, because the suc-

cessive contractions appear at earlier times following

the preceding contraction

Jf^lnniiatior. When a muscle is stimulated at pro-'

gr^ively greater frequencies, a frequency is finally

reached at which the successive- contractions fuse to-

gether and tariiibt'be'diatfTVguised one from the other

This state i’s called Monualtort : ar\A the lowest frequency

at which it occurs is called tFe cnticof freoumey

Tetanization results partly fromthe viKous properties

of the muscle and partly from thenatureufthe contrac-

tile process itself The muscle fibers are filled with

sarcoplasm, which is a viscous fluid, and the fibers are

encased in fasciae and muscle sheaths that have a

viscous. resistance to change in length Therefore, these

viscous factors play a role in causing the successive

contractions to fuse with each other

But m addition to the viscous property of muKle, the

activation process itselHasts for a definite period of

time, and r-jar-gnT pulsatile states of activatiSmef the

muscle fllJer can occur so rapidly that they fuse into a

long continual state of activation, that is. the level of

free calcium ions in the myofibrils remains continuously

above the level required for full activation of the con-

tractile process, providing an uninterrupted stimulus

for maintenance of contraction Once the critical fre-

quency for tetanization is reached, further increase in

rate of stimulation increases the force of contraction

only a few more per cent, as shown in Figure 11-15

Asynchronous Summation of Motor Units. Ac-

tually It IS rare for either multiple motor unit summa
tion or wave summation to occur separately from each

other in normal muscle function Instead, special neu-

RATE OF STIMULATION (times per second)

Flenrc II-IS. Wave summation and tetanization.

rogenic mechanisms in the spinal cord normally increcst

both the impulse rate and the number of motor uniU

firing at the same time If a motor unit fires at all, il

usually fires at least five times per second, but ^is car

increase to as high as 50 per second for most muscles oi

mudi more than this for the very fast muscles-^t
frequencies sufficient to cause complete tetanization

Yet, even when tetanization of individual motor unit!

of a muscle ^noj occurring, the tension exerted hv thi

whole muAIe iTerill pntinniianTid nnn)^rky hon^icp (hi

different motor imi/s fire afvnehmnnuslv . that is, whil'

one is contracting anothef n'ss^laxirig; then anotbei

fires, followed by still another, and so forth. Conse

quenlly. even when motor uiiita fire as infrequently &!

five times per second, the muscle contraction, thougl

week, IS nevertheless very smooth
Maximum Strength of Contraction. The maximiu:

strength of tetanic contraction of a muscle operating s'

a normal muscle length is about 3 5 kilofmatTKi pei

square centimeter of muscle, or SO ^unds per squan

inch Since a quadneeps muscle can at times have 8<

much as 16 square inches of muscleTielly, as much ai

600 pounds of tension may at times be applied to tlx

patellar tendon One can readily understand, therefot^>
i

how It la possible for muscle sometimes to pull their '

tendons out of the insertions in bones. This often occurs

where the patellar tendon inserts m the tibia, and ft

occurs even more frequently where the Achilles tendon I

of the gastrocnemius muscle inserts at the heel
Changes in Muscle Strength at the Onset of Con-

traction—The £lalrcaseEffcct(Tyeppe),/When *

muscle begin^o contract aTier a lujiil uenod of rest, It*

yntuai strength Cl contraction may ^ as little as dbo-*

hall Its strengtn uu lo'ou muKlfe IWitchfenater. That is,
,

tRe strength ol contfatnbtrTnereAi^a Lo a plateau, s

phenmepon called the staircase e//rc( or treppe
Thpogl/ill ihfe possTbie cau^s oi tne sta^ase effed

are not yet known, it is believed to caused primarily

by electrolyte changes that occur when a series

contractions begins For Instant^there is a net increase

in calcium Tons insiHe the musclffiber because of move-

melit ol calcium ions inward through membrane
with each ^tion potential^ here is nrobablv also further

j

increase of Caici^Jons^iri^the cytosol because of release
|

to recapture rite mils uiiuiuJiaiely. IB addiCion, there is
j

decreased potassium tnude the cell as well as increased

sodium. It has been suggested that the changes in these

two .ions increase the rate of liberation ot r.itpmm ions

frdfii .thojiarcoDlasmie reticulum. Recalling the earli®’’

disoissiop ol the relationship of calcium ions to the

contractile process, one can readttV understand that

progressive increase in calcium ion concentration in the

sarcoplasm, caused either directly or as a cons^uence
nrcfMliiiiTt iyi>l-pnrat«i>immfvvf.Trifnt rni,T7j

j

increase the strength of muscle contraction, giving nse
j

to the staircase effect.
I

SKaxtAiMmcitroNi
\

Even when muscles are at rest, a certain amount of

tautness usually remains Th is residual degree of coA’
|

traction in skeletal muscle.is Vailed muscle tone SinC*

skeletal TfiuSCle fibers do'not contract without an actual

action potential to stimulate the fibers except in ccrtaiu

pathological conditions, it is believed that skeletal mu*-

e!e tone results entirely from nerve impulses cotnia?
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rom the somal cord. These m turn are controlled partly
iv'impulses transmitted lirom the hraj r] thn-apprrtpiri.

ite anterior motor neurons and partly by impulses that

inginate in rnuscle spiridtes located in the muscle itself.

Muscle spindles are ^nsory receptors that e^ist

hroughout essentially all skeletal muscles to detect the
legree of muscle contraction. These will be discussed in

letail in Chapter M, but, briefly, they transmit impulses
ilmost continually through the postenor mnts-jnto the
spinal cord, where they excite the anterior motor neu-
ons, which in turn provide nerve stimuli for muscle
»ne. Simply cutting th^posterior roots, thereby block-

ing the muscle spindle impulses, usually reduces muscle

^ne to such a low level thaC the
:ompletely flaccid.

Many other neurogenic factors, originating especially

m the brain, enter into the control of muscle tone These
mil be discussed in relation to muscle spindle and spinal

cord function in Chapter Si.

. 1.
MUSCLE FATICUE^

Prolonged and strong contraction of a muscle leads to

the well-known state of muscle fatigue. Studies in ath-
letes have shown that muscle fatigue increasesm almost
direct proportion to the rate of depletionV. of muscle
glycogen. Therefore, most fati^^robably resuTta

with the upper arm, the tendon attachment of the biceps

is about 2 inches anterior to the fulcrum at the elbow,
aim the total lengtn oi me lorearm lever is al^ut 14

inches. Therefore, the amount of lifting power that the
biceps would nave at the hand would be only one seventh
oflthe 300 pounds force, or about 43 nounds. When the
arm is in the fully extended potion the attachment of

the biceps is much less than inches anterior to the
fulcrum, ana me force with which the forearm can be
braught fonvardTs much less than 43 pounds.

In short, an analysis of the lever systems of the body
depends on (a) a discrete knowledge of the nnint of

muscle insertion and (b) its distance from the fulcrum
or the lever, as well as (c) the length of the lever arm
and (d) the position of the leve r. Obviously, many dif-

ferent types ofmovement are requireo in tne'bbdV, fegme
of which need great strength and others large diUances
of movement. For this reason there aTe’aH vaneties of

muscles; some are'long and contract a long distance and
some are short but have large cross-sectional areas and
therefore can provide extreme strengtns ot contraction

over short distmces The study of different types of .

mbscles. lever systems, and their movements is called

kinesiology and is a very important phase of human
nhysioa'natmnv .

Accommodation of Muscle length to the Length
of the Lever System. If a bone is broken add then

ply from inability of the contractile and metabolic proc- heals in a shortened state, the force of contraction of

essesofthemusclefiberstocontinuesuDDlvingthesame*^ il-the muscles lying along this broken bone would ob-

ivork output. Howevtffr«Xperlmenis have also'sRown viouSly become decreased because of_the shortened
1 .1.1 .t.

^ lAfiolha Mnvuavor mner sc shnrtona^ In thisthat transmission of the nerve aipmal thmugh the

romuscular iunctian^can occasi finally diminish following
prolonged muscle 'activity, thus further diminishing
muscle contraction.

Interruption of blood flow throif&h a contracting mus-
cle leads to almost complete muscl^atigue m a minute
or more because of the oFvious loss of nutrient sup-
ply—especially Io9s_oCfixygetrr

—

THE LEVER SYSTEMS OF THE BODY
I Muscles obviously operate by applyii^ tension to their
(Points of insertion into bon^, and tfle bones m turn

I

form various types of lever systems Figure 1 1-16 illus-

ijtrates the lever system activated by biceps muscle
jto lift the foreafm If we assume that a large biceps
^muscle has a cross-sectional area of 6 square'inches,
jthen the maximum force of contraction would be about
t300 pounds. When the forearm is exactly at right angles

lengths of muscles, However, muscles shortened in this

manner undergo physical shortening during the next

few weeks This results fronTactu^ loss ot sarcomeres

at the~end8 In this way the new
.iroximately eouai'TS* that

i contra^ion. Conversely, if

muscles'^i'g~ftVersVrgtched for weeks at a time, new
sarcomeres develop at the ends of the fibers, again re-

establishing optimal force ol' contraction

Tbfi.Jiamc shortening process also occurs in muscles

of limbs immobilizes* for several weeks in casts n the

muscles during this time are in a shortened position.

When the cast is removed, the muscles must often be

restretched over a p^nrl nf weeks before full mobility

IS restored

SPECIAL FEATURES
AND ABNORMALITIES OF
SKELETAL MUSCLE FUNCTION

figure 11-16. The lever system acUvated by the biceps muscle.

MUSCLE HYPERTROPHY

Forceful muscular activity causes the muscle size, to

increase, a ptienornenon called hypertrophy. Most of the

h}tpertrophy results from increase in the diameters of

the fibgrs already present in the muscle.-but the num-
bers ^^5Bere^£roEaEl^^T^33^in^£a££__^ a slight

eXterijTby splitting of fibers .nlruaHvprocnni; this is called

Jivoemla^ia. As the diameters of the muscle fibers in-

crease, the sarcoplasm increases, and the fibers gam in

vanous nutrient and intermi^iary metabolic sub-

stances, such as adenosine triphosphate, phosphocrca-
tine, glycogen, intracellular lipids, and even inanv ad-

ditional mitochondria. It is likely that the inyolibnis

also increase in size and perhap.s in numliers as well,

but this has not been proved BricHy, niq»cular hyper-
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trophy increases both the motive power of the muscle
and the nutrient mechanisms for maintaining increased

motive power.

\yeak muscular activity, even when sustained over

long periods of time, does not result m significant hy-

pertrophy. Instead, hvpcrtronhv results mainly from
very forceful muscle activity, though the activity mirfit

occur for only a tew minutes each day. For this reason,

strength can be developed in muscles much more rapidly

when “resistive'’ or '‘isometric'' exercise is u«ed rather

than simply prolonged mild exercise. Indeed, essentially

no enlargement of the muscle fibers occurs unless the

muscle contracts to at least 75 per cent of its maximum
tension.

On the other hand, prolonged muscle activity does

increase muscle endurance, causing increases m the

oxidative enzymes, myoglobin, and even blood capillar-

ies—all of which are essential to increase muscle me-
tabolism. ^ ^

’

MUSCIE ATROPHY

Muscle atrophy is the reverse of muscle hypertrophy,

it results any time a muscle is not used or even when a

muscle is used only for very weak contractions Atrophy

is particularly likely to occur when limbs are placed in

casts, thereby preventing muscular contraction As little

as one month of disuse can sometimes decrease the

muscle size to ene-half normal.

Atrophy Caused by Muscle Denervation. When a
muscle is denervated it immediately begins to atrophy,

and the muscle continues to decrease insize for several

years If the muscle becomes reinnervated during the

first three toTour rnomn s, full function of the muscle
usually returns, but alter four months of denervation

some of the muscle fibers usually will have degenerated
Ilemncrvslipn after two years rarely results in return

of any function at a li Pathoiogical stuaiea snow that

the muscre fibers have by that time been replaced by fat

^and fibrous tissue

PREVENTION Of MUSCLE ATROPHY BY
^ELECTRICAL STIMULATION

Strong electrical stimulation of denervated muscles,

particularly when the resuiting contractlcTi? occur

against loads, will delay ancTm some l^^la^ce^ prevent

mu^cle atroohv despite denervation This proc^ure is

used to keep muscles aUye until reinnervation can take

PHYSICAL CONTRACTURE OF MUSCU
FOLLOWING DENERVATION
When a muscle IS denervated, its fibers tend to shorten

if^ muscle 18 kept in a shortened position, and even
thelrsgpciatcd nerves and fasciae shorten That m. unlesa
continual movement stretching the muscle and
other ^ructures. tnev wifTcreep toward a shortened
length This is one of the most difficult problems in the

treatment of patients with' denervated muscles, such as
occur in poliomyelitis or fierw trauma Unlesa pasaiim

-stretching IS applied daily to the musclPs, they may
betorrie*^ shorten eil that* even V^hert reinnervated they

will' be bf little ^lue Hu t, more imoortanT the short-

cning can often result in extremely contorted positioxis

of different parts of the body.

RIGOR MORTIS

Several hours after death all the muscles of the bodj

go Int^a state of contracfi/rc called rigor mo rtis; tl’sl

the Muscle contracts and becomes ngig even withotJ

actrpn potentials ’i'hia rigidity is caused by loss ®f

the ATI', which is requircdlo^cause separation

cross-bridges from the actin filaments during the tylm

ation procesr ^i'hojnuscics remain in ngor urtu th<

m'uscle protoios are destroyed, which v&ually rPsi^ti

from autolysis caftsed by enzymes released frorn tls

FAMILIAL PERIODIC PARALYSIS

Occasionally, a hereditary disease called familial

nodic paralysis occurs . In persons so alllicted. the

cellular fluid potassium concentration periodically tiHi

to very low level s, causing various degrees of pari^l}^-

Thftjwraiysis^ caust-d in the rotlowing mann ef^ 11“

niliaTtit
—

^

imtimHTcreasc m extracellular limn potassium cau-'H

an increase in the gratlienl ol potassium from the

of the muscle fiber to the outside, and this in hif

increases the muscle fiber membrane potential to a

greater than nor^nab»an effect cai ig-< h-„pfr^Jnnya}aB

For a long time it was believed that lii» hyperp«l<^

zation made the muscle fiber membranes less exc>“““

than usuol and caused the naralvsls Hoi^ever,

modern mefKo3s of study, it has been learned tha^

initial hyperpolanzatien is net the culpri t.

when the extracellular fluid pota«jilum conrontfs^"*

falls ovpq Wpr fKffImVohout 3 mff/jiter), this

tfect ol decreasing w*potassium level has the direct etfect d

tassium now contributes much less to the memb™’'*
potentiol than nomaily, so mat the intracellular

brane potential below normal, often decrcfl*“^

low enough that many or most of the sodium thsO’''®

become inactivated It wi n be ricalled from the pre'"!®''’

chapter tharinBctTvfltinn''nf the »nrinim channels Pf®'

vents the transmission of action potentials; therein

this can lead to paralysis

THE ELECTROMYOCRAM I

Each time an action potential passes along a
fiber a small portion of the- electrical current sprt^c

away fnJfti IheTSusc^e os far as the Skin If many
fibers conlract simultaneously.The sum'mated etect'^®

potentials at the'skin mav~be very great By placing

electrodes on the skin or inserting needle electrode?

the muscle, an electrical recording called the
myogram can be made when the muscle is stimul^^®*

Figure 11-17 illustrates a typical clectromyogr?P|’':'

recording from the gastrocnemius muscle during a
crate contraction Electromyograms are frequently

clinically to discern abnormalities of muscle excitatw®

Contraction

risure 1 1-17. ttectromyogram recorded during contracti®'

the gastrocnemius muscle
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0 such abnormalities are muscle fasciculation and
’illation.

tluscle Fasciculation. When an abnormal impulse
urs in a motor nerve fiber its whole motor unit
itracts. This otten causes sumoent contraction TrTthe

iscle that one can see a slight ripple in the skin over

; muscle. This process is c^led lasciculation.

'asciculation occurs especially following destruc^on
anterior motor neurons m poliomyelitis or tollowng

.umatic interruption ot a nerve . TS* the peripheral

r\’e fibers die, spontaneous impulses are generated
ring the first few days, and fasciculatoi^ "muscle
)vemenls result in the muscle. Typical elcctromy>
raphic records of weak pcnodic {xltentials can be

tamed from the skin overlying the muscle.

Muscle Fibrillation. Alter all nerves to a muscle
ve been destroyed and the nerve fibers themselves
\e become nonfunctional. rpnuires three to live

, ,
spontaneous impulses begin to appear in the de-

rvat^ mus^e fibers. At first, these occur at a rate of

ce every few seconds, but, after a few more d^s or a

If w eeks, the^impulses become as rapid as three ut ten

nes per second. Thus.^Keic tai muscle npersrsevcral

ys alter loss of their innervation, deve lop an intrinsic

ythniicity. This is assoaated with, and probably

used by, the spread tiflargc numbers of acetylcholine

ceptor proteins over the surfaces of the muscle fibers,

iiich is believed to incrcasV the permeability of the

>cr membranes. After several more weeks the muscle

lera atrophy to such an extent that the nbrulatory
ipulses finally cease, lo -recora an electromyojraro of

jnllalion, minute bipolar needle electrodes mustTe
serted into the muscle bellv itsetl becaus^adjacent
UKle fibers do not fire simultaneously and, therefore,

1 not summate. As a result, the potentials are not
rong enough to record from the surface of the skin.
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12
Neuromuscular
Transmission^
Function of Smooth
Muscle

TRANSMISSION OF IMPULSES FROM
NERVES TO SKELETAL MUSCLE
FIBERS: THE NEUROMUSCULAR
iUNCnON

The skeletal muscles are innervated by large.

myeimated nerv^nbera that origmatelH tng large

motoneur^s nl ante rior iiQrn8~ot me spinal

cord, n was pointed Out in"lhVprevJOU.s chapter

that each nerve hber tififrtially farTnehes many
times and stimulates from three to several

hundred skeletal muscle fibers. The nerve ending

makes « junction, called the neurofimscularjunc-

lion, with the muscle fiber approximately arthe

fiber’s midpoint so Chat the action potential injhe

fiber travels in both directions. With the excepi

of about 2 per cent of the muscle fibers thCT'

only one such junction per muscle fiber.

Physiologic Anatomy of the Neurorauscu
Junction. Figure 12-1, Parts A and B, illustri

the neuromuscularjunction between a large, n
linated nerve fiber and a skeletal muscle ill

The nerve fiber branches at its end to forr

complex of branching nerve terminals called

end-ĵ Uj Which in^duin^es into the muscle fi

but lies ehiiiely'oiii&iae the muscie fiber plas

membrane, ine enure biruciure is covered by
or more ^hwnnn ceils tnaTrrmrfate the end-pl

from Ine Surrounding liuitis.

Figure 12-lC shows an electron micrograj
sketch of the junction between a smgle-bra

Hsur^ I2~l. DMetent views of the motor*

plate A. longitudinal section through the «

plate B. Surface view of the end plate C U**-

miaographlc appearance of the contact point

tween one of the axbn terminals and the rnu

fiber membrane, representing the rectangi^-

Shown InA (From Bloom and Fawcett, as mod'

horn R. Coutcau* A Textbook of Histology

adelphia.W B Saurjdets Company. 1975)
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icon terminal and the muscle fiber membrane,
he invagination of the membrane is called the
\naplic gutter Q): hynapUtTlrouffh') and the space
elvTeen the leniiinni antrTtKrTiPer membrane is

died the synaptic cleft . The «^vnantic cleft is 20 to

0 nanometcrs~vnd6^hd Is occupied by a basal

imma. NS'ttch is a thin laycF oT spongy reticular

bers through which difluscs extmrpHTiinr fluid,

it the bottom of the gutter arc numerous smaller
Ms of the muscle membrane called snhneural

lefts, which greatly increase the surface area at

ihich the synaptic transmitter can act. In the
son terminal are many mitochondria that supply
nergy mainly for synthesis of the excitatory trans-
^\lteracrt\lrhnlinr that, in fum, CXCitCS the mus*
le fiber. The acetylcholine is synthesized in the
>'topIasm of the terminal but is rapidly absorbed
nto many small synaptic vesicles, approximately
iOO.OOO of which are normally in the terminals of
1 single end'plate. Attached to the matrix of the
lasal lamina are large quantities of the enzyme
icel'ilcholinestertise. which is canahlo ofdestroying
icetyTchoIm?, to be explained in further detail.

Secretion of Acetylcholine by the Axon Ter*
ninals. When a nerve impulse reaches the neu*
•omuscular junction, about 3Q0 vesicles of acctvU
:hoHne are released by the l terminals into the
synaptic clefts between the terminals and the mus*
:le fiber membrane. This results from movement
if calcium ions from the extracoJIuJar llmd mto
ho membranes of the terminnlg when the action
iotential depolarizes thei r membranes. The cal*
:ium ions'cause the vesicles of acetylcholine to

uplure through the membrane . InThc absence of
lalcium or in the presence of exce^ magnesium,
•he release of acetylchotine is greatly depressed.
Destruction of the Retcused Acetylcholine

by Cho/inestcrase. Within approximately 1 mil-
isecond after acetylchnUnejs-lcleased by the axon
^rminal, much of iJf^as already diffused out of
Jie synaptic gutter und no longer acts on the
nuscle fiber membrane, and virtually all the re-

nainder is destroyed by the acetylcholinesT&rase
.n the basa^amina lying between the nerve ter-
Tiinal and the subncural clefts. The very .short

period of time that the ^‘tylcholine remains in
xintact with the muscle fiber membrane—about 1 _

millisecond—is almost always sufficient to excite
the muscle fiber, and yet the rapid removal of the
acetylcholine prevents re-excitation after the mus-
cle^fiber has recovered from tVin first .-trlinn patgn.

Effect of Acetylcholine in Opening Acetyl-
choline-Gated Ion Channels. Even though
:acetylcholine released into the-cleft between the
iCnd-plate and the muscle membrane lasts for only

^
very small fraction of a second, during this time

the permeability of the muscle membrane to posi-
i^iye ions in the cleft increases several thousand-
rfold. This is because ol thp onenm^ ni at rJxlcJinhne-
i?o.ted ion channels. These channels are composed

basically of a large, transmembrane, channel pro-

tein molecule 'with a molecular weignt onbout
240.000 . Un its external surface is a gate similar

to that of the sodium channels discussed in Chap-
ter 10. However, it is a Ugand-activated gate rather

than a voltage-activat^ gate, responding to ace-

tylcholme as the ligandT The surface-protruding

portion of this channel protein acts as a receptor

for acetylcholine, and acetylcholine in turn causes
a conformational change in the channel molecule
to open the gate tor about i millisecond^.

The acetylcholine channels have a diameter of

about 0.6 .5 nanometers, which is large enough to

allow all'the important positive ion^

—

Na . K*.
and Ca' '—to move onsilv through the channels.

(Ncgatix'C tons such as chloride ions do not pass
through this channel becancp nf ^frnn fr negative

charges in the wall of the channel .)

Yet, Rom a practical point of view only sodium
ions flow through the channels, for the following

reasons: First, the normal resting potential of the
muscle fiber membrane is almost equal to the

Nemst potentinl lor potassium ions
;

therefore,

opening the channels will not allow significant

numbers of potassium ions to flow througli the

membrano—that is, the potassium concentration

gradient is already approximately in equilibrium

with the voltage gradient across the channels. On
the other hand, both sodium and caTciuift ions have
far greater concentrations outside the nerve fiber

than inside, and their Nernst potentials are of

opposite polarity to the resting membrane poten-

tial. Therefore, opening the acetylcholine channels

allows both t^ese ions toJlmiTrapidly t^he interior

of the n^clc fiber. However, the concentration of

calcium^ioiis in~ihe extracefTular fluid is less than

one fiftieth the concentration of_spiiium ions, and
their mobility is also less. Therefore, in essence,

openingthe uCeiylChOlme channels ailo^ very

rapid inllux ol soaium ions to the interior of the

fiber and little else. Nevertheless, even T milll-

second mllux ot'CHe sodium ions is still enough to

excite an nrtmn thP mnc;rla riher.

The ’'i:;nd-i'late Potential” and Excitation of the

Skeletal Muscle Fiber. The sudden msurgence of so-

dium ions into the muscle fiber when the acetylcholine

channels open causes the membrane 'potential m the

local area of the end-plale to increase in the positive

dirc^on as much as 50 to 75 millivolts, creating a local

DQtenlml called the end-olate potential. If we recall from

the pnlVous ebapter ttiat a sudden increase m mem-
brane potential of more than 15 to 30 millivolts is

sufficient to initiate the positive feedback elTect of so-

dium channel activation, one can understand that the
end-plate potential created by the acetylcholine stimu-

lation is normally far greater than enough to initiate

an action'pocenciaTin thfilttliSCle liber.

Figure 12-2 illustrates the principle of an end-plate
potential initiating the action potential. In this figure

are shown three separate end-plate potentials. End-
plate potentials A and C are too weak to elicit an action
potential, but they do nevertheless give the weak local .

potentials recorded in the figure. In contrast, end-plate
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n^ure 12-2. Enct-p)ate potenrUJs. A A weakened end-ptace

poffntial recorded In a curarEzed muscle, loo weak lo eil^ an

action pocendal. B. normal end-pUie potential endilrrg a muscle

action potential, and C weakened end-plate potential caused by

botullnum toxin that decreases ertd-plate release of acetylchonne.

again too weak to elicit a muscle action potenria!

potential B is much stronger and causes enough sodium
channels to activate so that the self-regenerative effect

of more and more sodium ions flowing to the interior of

the fiber initiate
^
an action pqteatial- The weak end-

plate poten^Jlartipoint A was raused by poisoning the

muscle fiber with curare, a drug that blocks the gating

action of acetylcholine on the acetylcholine channels,

probably by wmpeting with the acetylcholine for the

acetylcholine receptor site. The weak end-plate potential

at point C resulted from the effect of botuJmum toxin, a

bacterial toxin that decreases the release of acetylcho-

line the nerve terminals

“SaPety Factor" for Transmission at the hTeuro*

fnuscuiar Junction; Fatigue of the Junction. Ordi-

narily. each impulse that arrives at the neuromuscular

junction creates an end-plate current flow about three

to four times that rejtuire'j mtigpU_fih»r

Iha wnfmal {g

\,have a very high safety fadqr However, artificial stim-

ulatioii ef lhe"^erve liber at rates greater than 100 times

per second for several minutes often dim ini^es the

number of vesicles of acetylcholine released with each

impulse so much that impulses then fail to pass into the

muscle fiber. This is called fatisue of the ne'uromuscular

jirnctffuiT, atirf tt ns fffrtfi\>guw *r lijcigw of tOv synapse

in the central nervous system Under normal function-

ing conditions, fatigue of the neuromuscular junction

probably occurs only at the most exhausting levels of
muscular activity.

" ” — ’

Molecular Biology ofAcetylchoJIne
Fomation and Release

The neuromuscular junction is a type of'synapse,

I which IS defined as a junction between two excitable
’ cells that allows transmission of a signal from the first

cell to the next. W'e shall see iii Chapter 46 that literally

trillions of synapses occur in the central nervous system

between one neuron and the next, these function in

much the same way as the neuromuscular junction.

However, the central nervous system synapses arc so

small that it has not been possible to study the precise

events of signal transmission in these. On the other

hand, the neuromuscular junctions are large enough to

be easily studied, and we know much about the forma-

tion and release of acetylcholine at this junction. TTiis

occurs in the following stages. ,

(1) Very small vesicles, about 40 nanometers In
•

arc fwTOed*5y ttie uoigi apparatus in the cell body

.

ffie motor neuron in the spinal coni . lUese veskiw
then tran^orXed by "sltL-amlild ' of the axopi

through the core ot the axon irom Uic central cell

to the neuromuscular junctiorfiat the tips df the Wn
fibers About 300,000 of these 'small vesicles collect

j

the nerve terminals ol a single cnd-plate~

(2) Acetylcholine
^

syntKesi^-^n^^e
11:

the mgfebrhnea the to thefr interior,

It Is stored io highly concentrated form, with alxv

10,000 molecules tif acetylcholine in each vesicle

fuses with thTsuriace MIHttbraWof the nerve tennin

and release Vts ocetyJthallnd' Irtto the'^mapdie gutt

WTien this occurs, a BO-callfd miniature end-plale poifi

tial. about 1 niillivolffir'ihteni.ily ahd lasUnglor > fe

mUliscconds. occurs m me local area of the muscle fih

because of the action of this “packet" of acetylcholia*.

(4) When an action potential arrives at the

terminal, this opens many calcium channels .in l^

membrane of the terminal because this terminal has j

abundance of voltage-flJtgll'nlSiilM cTiannels Asfip
suit, the calcium ion coneentmtion in the termiiu

increases nbotif » hlindrffi.fold_which in turn Ineress

the rate of fusion of the acetylcholine vesicles with

terminal membrane hv aboutT O POQ-fold. As CachVb
cle fuses, lU outer surface ruptures through
membrane, thus causing exacyfons ofacetylcholine

the synaptic cIcfL Usually abput~200 to SOO vesie*

rupture with each action potential. Thisent . ,

of events occurs m approximately 5 milltscconds

(6) After each" vesicle has released its ac^tyleholuii

the membrane of the Ircblc'lL* bwifles^part oi the v.

membrane However, the number m
in the nerve endi ng is sufficient only to ailowtranSBt
Sion of about I0(>0~nefve'lmfems€5, llierel'ort. iorconb
ued function of the neuromuscular junction, the vcaich

need to be retnev^ from the nerve membrant Retnsri

is achieved bv the process fA uinoevtosis that was e
plained in Chapter 2. Within a few seconds after th

action potential is over, "coated pits" appear on di

surface of the terminal nerve memnrane, caused b

contractile jmteltut nf the, cvtoscl jnasMt\g at interruf

tent points undern&Ui the membrane Theprotein^j
the original vesicles are attracted to teesc pits, kn

within about 20 seconds the contractite proteins contrae

and cause the pits to ifreak away to the intenor ofth

/

’ membrane, thus forming nqj^gAiasicles. Within anotlic

few seconds, acetylcholine is transported to the intern*

of these vesicles, and they are then ready for a net

cycle of acetylcholine release

Drugs That Affect Transmission

at the Searomuscular function

Drugs That Stimulate the Muscle Fiber by Ate

tylchollne-Likc Action. Many different compoumii

including melhaehotme. carbachol , and nicotine,

the same eff^ on the musclVtiber is docs acetyicnolike

The difference between these drugs and acetylcbolmea

that they are not destroyed by cholinesterase or sn

destroyed very slowly, so that when once applied to tf«

muscle fiber the action persists for many minutes tPi

several hours Moderate quantities of the above threej

drugs applied to a muscle fiber cause localized areas
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slarization, and every time the muscle fiber becomes ^ Treatment with Drugs. When a patient with myas-
ilarized elsewhere, these depolarized ar^as, by virtue/ thenia gravis is treated with a drug, such as neostig*

their leaking ions, cause new action potentials/ mine, that is capable of inactivating acetylcholinester-

reby causing a state of spasm. On the other hand,
in extreme doses of these drugs are used two s^arate
cts occur that now cause a state of flaccid paralysis

ler than spasm. These effects are: (1) Prolong
on of acetylcholine or aceylchoUne-like drugs causes
acetylchoIine~-gated ion channels to become desen*

icd to these drugs, which' is analogous to the inacti*

ion process of sodium channels as discussed in the

nous chapter. (2) The moderate degree of depolaii*

on that still persists also causes inactivation of the

ium channels so that they now cannot participate in

initiation of action potentials.

Irugs That Block Transmission at the Ncuro*

ase, the acetvlcnoline secreted by the end-plate is not
destroyed immediately. If a sequence of nerve impulses
arrives at tne end^late, the quantity of ace^lcholine
present at the membrane increases progressively until

Anally the end-piate potential caused bv the acetylcho-

line nses above threshold imlue tor stinaulating the
muscle fiber. Thus, it is sometimes possible by diminish-

ing the quantity ot acetvlchodn^terase m tne muscles
of a patient with myasthenia gravis to allow even the

inadequate quantities of acetylcholine secreted at the

end-plates to effect almost normal muscular activity.

scalar Junction. A group of drugs, known as the
inform drugs, can prevent passage of impulses from
’end-plate into the muscle. Thus, p-tubocuranne
icts the membrane, probably by competing witn ace-

dioline for the receptor sites of the membrane, so

t the acetylcholine cannot increase the permeability

die acetylcholine channels sufficiently to initiate a
lolarization wave.
)rugs That Stimulate the Neuromuscular June-
n by Inactivating Acetylcholinesterase. Three
ticularly well-known drugs, neostigmine, physosttc-
le, and dn'sopropyf /Z»oroafeo$a7iafe.~maciivate ace-

shoUnesterase so that' the riioknosteras^ormatlv m
synapses will not hydrolyze the acetylcholine re-

sed at the end-plat^«^ a result, acetylcholine in-

ases in quantity with successive nerve impulses so

it extreme amounts of acetylcholine can accumulate
i then repetitively stimulate the muscle fiber. This
ises muscular spasm when even a few nerve impulses
ich the muscle; this^ ^use death due to laryngeal
Lsm, which smothers the person.

'Neostigmine and physostigmine combine with acetyl-

ilinesterase to inactivate it for several hours, after

.Ich they are displaced from the acetylcholinesterase

that it once again becomes active. On the other hand,
sopropyl fiuorophosphate, which has military poten-
.1 as a veiy powerful “nerve" gas, actually inactivates

itylcholinesterase for several weeks, which makes this

larticularly lethal drug.

YASTHENIA GRAVIS

The disease myasthenia gravis, which occurs in about
e of every 20,000 persons, causes the person to become
ralyzed because of inability of the neuromuscular
actions to transmit signals from the nerve fibers to

e muscle fibers Pathologically, tne numocr of sub-
ural clefts in the synaptic gutter is reduced and the
naptic cleft itself is widened as much as 50 per cent.

Iso, antibodies that attack the acetylciiohne-gated

snsport proteins have been demonstrated in the bloods
these patients. Therefofe, it^is believed that myas-
enia gravis is an autoimmune disease in which na-
ints havg

(
IpvpJnpffl antibodies against their own ace-

Icholine-activated ion channels
Regardless of the cause, the end-plate potentials de-
doped in the muscle fibers are too weak to stimulate
le muscle fibers adequately. If the disease is intense
lough, the patient dies of paralysis—m particular, of
iralysis of the respiratory muscles. However, the dis-
ise can usually be ameliorated with several different
mg?, as follows:

CONTRACTION OT
SMOOTH MUSCLE

In the previous chapter and thus far in the
present chapter, the discussion has been concerned

with skeletal muscle. We now turn to smooth
muscle, which is composed of far smaller fibers

—

usually 2 to 5 microns in diameter and only 50 to

200 microns inTengtn—in contrast to the skeletal

mtiscle fibers l.hat are as much as 20 times as

large (in diameter) and thousands of ftffies as long.

Nevertheless, many of the principles of contraclion

apply to smooth muscle the same as to skeletal

muscle. Most importantly, essentially the same
chemical substances cause contraction m smooth
muscle as in skeletal muscle, but the physical

arrangement of smooth muscle fibers is entirely

different, as we shall see

npis or SMOOTH muscle
'v .''"'

The smooth muscle of each organ is distinctive

from that of most other organs in several different

ways: physical dimensions, organization into bun-

dles or sh^ts, response to different types of stim-

uli. characteristics of innervation, and 'function.

Yet, for the sake of simplicity, smooth muscle can

generally be divided into two major types, which

are illustrated in Figure 12-3; m ultiunit smooth
muscle and visceral smooth muscle. ^
Multiunit Smooth Muscl^This type ofsmooth

muscle is composed of discrete-smooth muscle fi-^'

bers. Each fiber operates eiftirei/ ihuependently of
the others and is often innervated by a single

nerve ending, as occurs for skeletal muscle fibers.

Furthermore, the outer surfaces of these fibers,

like those of skeletal muscle fibers, are covered by
a thin layer of "basement membrane-like” sub-

stance, a glycoprotein that helps insulate the sep-

arate fibers from each other.

The most important characteristic of multiunit
smooth muscle fibers'is that their control is exerted
mainly by nerve signals (even though they them-
selves usually do not generate action potentials,

as we shall discuss later). This is in contrast to a
mayor share of the control of visceral^ smooth m iis-

cle by non-nervous stimuli. An additional charac-
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teristic is that they rarely exhibit spontaneous
contractions. \
Some examples of multiunit smooth muscle

found in the smooth muselo fibers of

the ciliary muscle ^ the eye, the ins o> the eye,

the nictitating membrane that covers tiie eyes in

gome lower animals, the piloerector muscles that

cause erection ofthe hairs when stimulated by the

sympathetic nervous system, and thee^nooth mus-

cle of manyof the larger blood vessels -
Visceral Sni^oTh Muscle. Visceral smooth

muscle fibers are similar to multiunit fibers except

that they are usually arrangedm sheetsor bundles
and the pp11 membranes contact each other ot

multi^e points to form many gap junctions

through which ions can flow freely from one cell

to the next Thus the fibers form a functional

syncytium that usually contfitcis in larYe m-eas at

once For this reason, this type of smooth muscle
IS also known as sinele-umt or umtaiy smooth
muscle. This type of muscle is found in most of the

organs of the body, especially i n thp wall^ of the
gut, the bilft jlucts. the ureters, the uterus, and so

forth.

WTien one portion of a visceral muscle tissue is

. ‘'mulated, the action potential is conducted to the
surrounding fibers by direct s/ectncal conduction.
That IS, the action potential genemeHTtTorie area
of the muscle electrically excites the adjacent fibers

without secretion of any transmitter substance.

Instead, electrical current flows through the gap
junctions so easily that action potentials spread

directly from one smooth muscle fiber to the next
almost asx^hough cell membranes did not exist

between the fibers.

THE CONTJtACTIU PROCESS
IN SMOOTH MUSCU

The Chemical Dasis for Smooth Muscle Cod

traction. Smooth muscle_conta{nci both actin sn

myosin filaments, having chemical charactfifiifac

similar to but not exactly the same as th^e of Ifc

aclin and myosin filaments'^ skeletal muscl!

Smooth muscle also contalns')ibpoazyQi|n, but i

IS doubtful wh ether troponin*^n trooonin -lii

substance exists in smooth muscie.'This raises!

question about the mechanism for control c

smooth muscle contraction, which will be discusse

in more detail in a subsequent section of Uu

chapter.

Chemical studies have shown that actin an

myosin derived from smooth muscle interact witl

each other m the same way that this occurs ft

actin and myosin derived' from skeletal musck
Furthermore, the contractile process is activate

by calcium ionS, and ATP is degraded to ADP t

provide the energy for contraction.

On the other hand, there are major difference

between the physical organization of smooth mus
cle and that of skeletal musSIe, as W’eiras'differ

ences m other aspects of smooth muscle function

such as excitation-contraction coupling, control o

the contractile process by calcium ions, duratiot

of amtraction, and amount of energy required fti

the contractile process.
~

The Physical Basis for Smooth Muscle Con
traction. Smooth muscle does not have the sam«

striated arrangement of the actin and myosin fil

aments as that found in skeletal muscle. And. ft”

a long time, it was impossible to discern c\cn i”

/
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electron micrographs any specific organization in

the smooth muscle cell that could account for

contraction. However, recent special electron mi-
crographic techniques suggest the physical orga-
nization illustrated in Figure 12-4. This shows
large numbers of actin filaments attached to so-

called dense bodies. Some_ of th^e bodies in turn
are attached to the cell membrane wnereas others
are located throughout tne cell but are held in

place by a s^tbld ot structural protein cross-

attachments {rom one dense body to another. In-

terspersed among the actin filaments are a few
thick filaments about 2 5 time9_the diameter of
the thin actin filaments^^These are assumed to be
myosin filaments. However, there are only one
twelfth to one fifteenth as many of these “myosin
filaments” as actin filaments.

Despite the relative paucity of myosin filaments,
it is assumed that they have suffictent cross-

bridges to attract the many actin filaments and
cause contraction by the sliding filament mecha-

.«msm in essentially the same way that this occurs
in skeletal muscle. And it is especially interesting

to note that the maximum strength of contraction
of smooth muscle is approximately equal to that
of skeletal muscle, about 3 kg per sounre cent i-

meter of cross-sectional area of the muscle.
Slowness of Contraction and Relaxation of

Smooth Muscle. Though each smooth muscle tissue m
the body has its own characteristics quite distinctive

i,[from the others, a typical smooth muscle tissue will

beidn to contract 50 to 100 milliseconds after it is

^excited, and will reacti full contraction about half a
second later. Then the contraction declines in another 1

Hgurc 1 2-4. Artangement of actin and myosin filamenCS In the
^ooih muscle cell Note the attachment of the actin rilanteius
lo "dense bodies." some of which ate themselvo attached to
the cell membrane

to 2 seconds, giving a total contraction time of 1 to 3
seconds, which is about 30 timps as long as the single-

twitch contraction of skeletal muscle. However, smooth
muscle contractions as short as 0 2 ^cond and as long
as 30 seconds also occur.

"

A major snare ol the prolonged contractile state of

smooth muscle seems to be caused bv slowness of the

chemtcal reactions that cause the contraction. For in-

stance, assuming that smooth muscle contraction occurs
by thqsame "walk-alonV' mechanism as that proposed
for skeletal muscle, it has been calculated that the

frequency of power strokes by the heads oi the cross-

bridges is only one tenth to one hundredth as ^pid as

m skeletal muscle This is believed to result from the

fact that the cross-bridge heads have far less ATPase
activitv than that exhibited fay the cross-bridge h^ds
m skeletal muscle.
Energy Required Co Sustain Smooth Muscle Con-

traction. Measurements have shown that only one
twentieth to one four-hundredth as much energy is

retired ^sustain the same tension ol contraction m
smooth miisrie as in skeletal muscie inis also is be-

lieved to result mainlv from the very slow activity of

the mvosin ATPase out also trom the tact that there are

far fewer mvosm filaments in smooth hiusCle than in

skeletal rauseJe
“

' "*—
This economy of energy utilization by smooth muscle

IS exceedingly important to overall function of the body,

becau^jorgans suen as me intestines, the urinary blad-

der, the! gallbladder, and other viscera must maintain
modcrare degrees of muscle contractile tone day in and
day outv o

MlMBRANt POnSTIAlS AND ACTION
POTENTIALS IN SMOOTH MUSCLE

Smooth muscle exhibits membrane potentials^
and action potentials similar to thbse~tHafc occur

in ^eletaF imisf^lfT fibers. Furthermore, smooth ^
muscle contraction can be elicited by depolariza-*? ”

tion of the membrane in the saiiTe w'ay~that con-

traction is initiated by depolarization of skeletal o
muscle fibers. However, there are both quantita-

tive and qualitative differences in the membrane
potentials and action potentials of smooth muscle

that require special attention.

Membrane Potentials in Smooth Muscle. The
quantitative value of the membrane potential of

smooth muscle is variable from one type of smooth
muscle to another, and it also depends on the

momentary condition of the muscle However, in

the normal resting state, the membrane potential

is usually about —50 to -60 millivolts, or about

30 millivolts less negative than in skeletal muscle.

Action Potentials in Visceral Smooth Mus-
cle. Action potentials occur in visceral smooth
muscle in the same way that they occur in skeletal

muscle. However, action potentials probably do

not normally occur in multiunit types of smooth
muscle, as will be discussed in a subsequent sec-

tion.

The action potentials of visceral smooth muscle
occur in two different forms: (1) spjkpnotentials

and (2>
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Miliisecondi

A V ®

figure 12-S. A. A rypIcAl smooth musd« scrion (s(>lkc

potentfAl) encited by m extemAl stimulus B. A senes of s^li^

action potentials elicited by rhythmic, slow electrical vmveioc-
curnng spontaneously In the smooth muscle wall of the Intestine

Spike Potentials. Typical spike action poten-

tials, such as.those seen in skeletal muscle, occur

m most types of visceral smooth muscle. The du-

ration of this type of action potential is 10 to 50

milliseconds, as illustrated in Figure 12-5ASuch
action potentials con be elicited in many' way*,

such as by electrical afinmJntmn. hv thfi acHon of

hormoTig^ on ine smooth muscle, hy the action of

transmitter substances trom nerve fibers, or as a

result of spontaneous generaiion liTihe muscle

fiber itself, as discussed below.

Actiort Potentials ^vith Plateaus. Figure

12-6 illustrates an action potential svith a plateau.

The onset of this action potential is similar to that

of the typical spike potential. Rswever, instead of

rapid repolarization of the muscle fiber membrane,

the repolarization is delayed for several hundred

to several thousand milliseconds "^e importance

of the plateau is tlJat irican ^count-for the pro-

longed periods of contraction that occur m at le^t

some types of smooth muscle. This type of action

potential often occurs inThe ureier, m tne uteru*

under some conditions, and m some types of vas-

cular smo9th muscle (Also, this is the, type of

0 ai a2 03 04
SECONDS

Figure 12^. Monophastc action potential from a smooth
muscle Tiber of ihe rat uterus.

action potential seen in canliac muscle fibers thi

have a prolonged period of contraction, as we sha

discuss in the next two chapters.)

Importatf^ of Calciuni Channels in Gent.

ating the Si^othiVluscie Action i-*otential.Tt

smooth musclo'cell ifiuinbiaim liiii> tar more vol

age-gated calcium channels man cues skelei

muscle, but farleW^F Slidluhl'channels. Therefor

sodium participate to a lat; Je.<!S extent in \i.

generation of the action potential ih^OTooth muse!

than in skeletal muscle. Instead, > flow of cg

cium ions to the interior of the fiber is maitu

Tfcshophble for the action poCgntia l. 'this opcursi

the same self-regenerative way as occurs for tl

sodium channels in nerve fibers and in skelet

^^.ntuscle fibers. However, ri^ium-phHnnplq one

many fipips mnrp slnwly than do sodium chanm
This accounts in large measure for the slow artio

potentials ot amioothjnnstte hberC
Another important feature ofcalcium entry in'

the cells during the action potential Is that th

calcium acts directly on the smooth mhscle ad
and myosin contractile mechanism to ^use eo:

traction, as we shall discuss later. Thus, the ca

cium performs two tasks at once.

Slow Wa%'e Potentials In Visceral Smool
Muscle and Spontaneous Generation of Actio

Potentials. Some smooth muscle is self-excitator

ThaVis. action potentialslTrise.within the smool

muscleitself without an extrmsic stimulus. Th
IS usually associated wTi'th a basic * sloui unn

ffivTAm-pf th£_membranepotg'nTiah'R typical slo

wave of this type is liiustrateo in Figure 12-51

The slow wave itself is not an action potential.

IS not a selfregenerative process that spreai

progressively over the membranes of the muse
fibers Instead, it is a local property of the smoo'

muscle fibers that make up the muscle mess.
"Hie cause of the slow wave rhythm is as y

unknown; one suggestion is that the slow wsvi

are caused by waxing and waning of the pumpu
of sodium outward thmnrTh_the muscl^be^mgH
bran^the membrane potential becomes more ne]

ative when sodium is pumped rapidly and
negative when the sodium pump becomes 1«

active. Another suggestion is that the condu'

tances of the ion channels increase and decreai

rhythmically.

The importance of the slow waves lies in th

fact that they can initiate action potentials. Th

slow waves themselves cannot cause muscle cor

traction, but when the potential of the slow wav

rises above the level of approximately -35 rnilh

volte (the approximate threshold for elldling^
tion potentials in most visceral smooth muscle

an action potential develops and spreads over tb

visceral smooth musclemass, andliien contraction

does occur. Figure lLI-6B"illustrates this effw'

showing that at each peak of the slow wave, 0”'

or more action potentials occur. This effect cai

obviously promote a series of rhythmical contrae
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of the smooth muscle mass. Therefore, the

iw waves are frequently called pacemaker waves.
lis type of activity is especially prominent in

bular types of smooth muscle masses, such as1n
e gut, the ureter, and so forth. In Chapter 63 we
lall see that this type of activity controls the
ythmical contractions of tire gut.

Excitation of Visceral Smooth Muscle bv
Iretch. When visceral ^ooth muscle is stretched

JBciently, spontaneous action potentials are usu*
ly generated. These result from a combination of
le normal slow wave potentials plus a decrease

the membrane potential caused by the stretch

self. This response to stretch is an especially

iportant function of visceral smooth muscle be>

a^se it allows a hollow organ that is excessively

retched to contract automatically and therefore
' resist the stretch. For instance, when the gut is

^erstretched by intestinal contend, a local auto*

otic contraction often sots \id a peristaltic wave
lat moves ttv> rnntpn»Q_aiuay from the super-
retched intestine.

Depolarization of Mulliunit Smooth Musclo
Without Action Potentials. The smooth muscle
bers of multiunit smqpth muscle normally con-

act mainly, in response to nerve stimuli . The
‘'we endiflga secrete acetylcholine iiTthe case of
>me muUiunit smooth muscles and norepineph-
ne in the case of others. In both instances, these
'ansmitter substances cause depolarization of the
nooth muscle mcmjuaiic, and this response in
tm elicits the contraction. However, action poten-
als most often do'

n

otdevelop. The reason for this
> that the fibers are too small to generate an
ction potential. (\Vhen action potentials arc slic-

ed in visceral smooth muscle, as many as 30 to

0 smooth muscle fibers must depolarize simulta-
eously before a self-propagating action potential

osues.) Yet, even without an action potential in
le multiunit smooth muscle fibers, the local de-
olarization caused by the nerve transmitter sub-

itself spreads “electrotonically” over the
ntire fiber and is all that is needed to cause the
luscle contraction.

* ^

XCnATlON-COSmACnON coupling—
OLE OF CALaUM IONS

In the previous chapter it was pointed out that
be actual contractile process in skeletal muscle is

ctivated by calcium ions. This is also true in

mooth muscle. However, the source of the calcium
ons differs in smooth muscle because the sarco-

'lasmic reticulum of smooth muscle is poorlv de-

'eloped.

In some types of smooth muscle, almost all the
alcium ions that cause contraction enter the mus-
le cell from the extracellular fluid at the time of
he action potential. There is a reasonably high
oncentration of calcium ions in the extracellular

luid, greater than 10“® molar in comparison with

less than lO"’ molar in the cell, and as was pointed
out in the previous section, the smooth muscle
action potential is caused at least partly by influx

of calcium ions into the muscle flber. Because the
smooth muscle fibers are extremely small (in con-
trast to the sizes of the skeletal muscle fibers),

these calcium ions can diffuse to all parts of the
am<K>th muscle and elicit the contractile process.

The time required for tms diuusion to' occur is

usually iJUirto 30U milliseconds and is called the
latent period before the contraction begins; this

latent period is some 5Q‘tim^ as great a~that for

skeletal muscle contraction.

Yet, in some smooth muscle there is a moder-
ately developed sarcoplasmic reticulum. However,
there are no T tubules. Instead, the cistemae of
the reticulum abut the cell membrane. Therefore,

it is believed that the membrane action potentials,

in these smooth muscle fibers cause release of
calcium ions from these cistemae, thereby provid-
ing a greater degree oi contracllblV than 'would
occur on the basis ofcalcium ions entering through
the cell membrane alone.

The Calcium Pump. To cause relaxation of the
smooth muscle contractile elements, it is necessary
to remove the calcium ions . This removal is

achieved by a calciurri pump that pumps the cal-

cium ions out of the smooth muscle fiber and back
into the extracellular fluid, or pumps the calcium
ions into the sarcoplasmic reticiilum . However,
this pump is very slo^acting in comparisbn with
the fast-acting sarcoplasmic reticulum pumo in

skeletal muscle, ’i'herel’ore, the duration of smooth
muscle contraction is often in the order of seconds
rather than in tens of milliseconds, as occurs for

skeletal muscle.
Mechanism by Which Calcium Iona Excite

Contraction in Smooth Muscle. The mechanism
by which calcium Tons excite contraction in smooth
muscle fibers is quite different from that in skele-

tal muscle. In^^tr-cmooth muscle probably does

not have an crreaive troponin complex, the factor

tl^t 13 activated by calcium ions in skeletal mus-
cles to initiate contraciion. instead, the calcium

ions excite contraction in smooth muscle fibers by
activating the A'i'Fase activity of^e mvosln
heads. When calcium is not present, tms ATPase

activity smooth muscle is extremely siigHTso

that A'ly cannot be cleaved and the cont^ctile
process cannot take place, uaicium ions activate
this ATPase activity in the following way:

’

The firstTevent'Ss the increase in calcium ion
concentration as a result of the action potential or
of any other stimulus that causes entry of calcium
ions into the cell cvto^l. Second, the calcium iona

bind with a protein, (^/m^jiTnirsthat Is very sim-
ilar to the troponuiXTltt skeletal muscle fibers.

Third, the bound product of calmodulin itnd cal-

dum ions in turn binds with or activates one of
the light chain polypeptides of the myosin headj
this in turn activates the ATPase activity nf the
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myosin head. Fourth, the newly excited ATPase
activity of the head then causes cleavage oT ATP
and the usual conformational changes in the head,

leading to the same “walk-along” contractile proc-

ess in smooth muscle fibers as occurs in skeletal

muscle.

However, two other features of this contractile

activating pibcess are also considerably difTereiit

from the activation of skeletal muscle First,^ll

these events are very slow to take place, whitfh r

fiifthpr i^xplaiFa thff slowness nnH InnP

smooth muscle contraction. Second, other factors

besides calcium ions can have large effects on lb®

intensity of^the contractile process, which usually

is not true in skeletal muscle. One of these is tb®

concentration of cyclic AMP in the cell, which, we
shall see later, is another means for influenciiig

the strength of smooth muscle contraction.

neuromu$cuiar/unct/ons or
SMOOTH MUSCLE

Physiologic Anatomy of Smooth Muscle
Neuromuscular Junctions. Neuromuscular
junctions of the type found on skeletal muscle

fibers do not occur in smooth muscle. Instead, the

nerve fibers generally branch diffusely on top of a

sheet of muscle fibers, ^ illustrated In Figure

12-7. In most instances these fibers do not make
direct co'htacl with the smooth muscle fibers at all

but Instead form so-called diffuse junctions that

secrete their transmitter substance inio me inter*

stitial fluid from a few nanometersjo a few microos
away from the' muscle' ceils; the rransmlUer sub-

stance then diffuses to thg-cel ts. Furthermore,

where there are"many layere of muscle cells, the

nerve fibers often innervate only the outer lay§r.

and the musclelexcItatioiTinen trav^ irom this

outer layer to the inner layers by direct actio^'^

potential conduction or b^ubsequent diffusion of

the transmitter substance But, lesg^often, termi-

nal branches of the axons do penetrate into the

muscle mass.
The axons innervating smooth muscle fibers also

do not have typical branching end-feet, as observed

\

in the end-plate on skeletal muscle fibers. Instead

most of the fine' terminal axons have muUipii

v|'ricosities''spr/ad along their a^es. At thes

points the tachwann cells are interrupted^o tbl

tranimitter subHance can be secreted through tfe

wi^iyof the van^itie.s. In the varicosities an

ve^eJes similar to those present in the skelsW

muscle end-plate containing transmitter sub-

stance However, in contrast to the "vesicles d
skeletal muscle junctions that contain only acetyl-

choline, the vesides of the autonomic nene
varicosities contain acetylclTo^ling in some fiEcn

and norepinephrine in othcre.

In a^ew insEaiTcesl'patTfcularly in the multiunTi

type of smooth muscle, the varicosities lie directly

on the muscle fiber membrane with a separation

from this membrane of as little as 20 nanometers-
Ihe same width as the synaptic dell fl^t occurs lo

,

YCiTttVtCT coy.tatt yvia i

tions functio^in much the same way as the skel-

etal muscle neuromuscularjuhction.andtbelatcB!
period oj«contr.-igtion nf these smooth muscle fiben!

IS conslcTerably shortcf’tfian of fibers stimulated

by the diffuse junctions.

Excitatory and Inhibitory Transmitter Sub-

stances at the Smooth Muscle Neuromuscular
Junction. Two different transmitter substance

known to be secreted by the autonomic nerve

innervating smooth muscle are aeetylckoline and

norepi/iephnne. Acetylcholine is an excitatory

transmitter substance for smooth muscle fibers la

some organs &ut an inhibitory substance for

smooth muscle m other organs And when acetyl-

choline excites a muscle liber, norepinephrine or-

dinarily inhibits it. Or when acetylcholine Inhibits

a fiber, norepinephrine usually excites it.

But why these different responses? The anstttr

is that both acetylcholine and norepinephrine «
cite or inhibit smooth muscle by first binding with

a receptor protein on the surtax of the muscle ceil

membrane i tils receiitdr in turn controls the open

ing or closing of inn rhannels or controls some

other means for activating or inhibiting the

smooth muscle fiber. Furthermore, some of the

receptor proteins ,are ejcrtctorv receptors whereas

olh^ are Thus, it is th^typ
of r^eptor that detpnnin^ whether the smooth

muscle will be inhibited or excited anH also deter-

mines which o7tne iwo iransmittersi acetylcholine

or norepLnepFrlrve, will bcretl^tive in causing the

excitation or inhibition. These receptors will be

discussed in more detail in Chapter 57 in relation

to the function of the autonomic nervous system

Excitation of Action Potentials in Smooth
Muscle Fibers—The Junctional Potential.

Transmission of impulses from terminal nerve fi-

bers to smooth muscle fibers occurs in very much

the same manner as transmission at the neuro-

muscular junctionjif skeletal muscle fibers except

for temporal differences. When an action potential

reaches the terminal of an excitatory nerve fibril.
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lere is a tvDicgl latent npri^H r.1 ;nton/».r>f^«

’fore any change m the membrane potential of

je smooth muscle fiber can be detected. Then the

jlcntial risea\o a maximal level in approximately
10 milliseconds. If an action potential does not

xur, thi^potential gradually disappears at a rate

f approximately one-half every 200 to 500 milli-

’conds. This complete sequence of potential

langes is called the Junctional potential; it is

lalogous to the end-plate potential ot the skeletal

luscle fibers except that its duration is 20 to 100
;roe3 as long.

It the junctional potential rises to the threshold

nel for discharge of the smooth muscle mem-
rane, an action potential will occur m the smooth
luscle fiber in exadlly the same way that an action

otential occurs in a skeletal muscle fiber. A typ-

:al smooth muscle fiber has a normal resting

lembrane potential of -50 to - du mitl ivolts, and
he threshold potentiaf^ which the action poten-

ial occurs is about -00 to muiivoits.

Inhibition at the SinQoiii~iMuscIe A'euromus-
!u/ar Junction. When irtTansmUter substance at

he ner\'e ending interacts with an inhibitory ro-

eptor instead of an excitatory receptor, the mem-
irane potential of the muscle fiber becomes more
legative than ever, for instance down to - 70
nillivolts; that is, it becomes hypcrpolarized and
herefore becomes much more diiiicult to excite

han is usually the case.

'MOOm MUSCU COffTKACnON
VITHOUTACTIOS POTESTlALS^EinCT OF
OCAL TISSUE FACTORS ASD HORMOSES

Though we have thus for discussed smooth mus-
ic contraction elicited only by nervous signals and
mooth muscle membrane action potentials, we
oust quickly disa^o^the tact that all smooth
nuscle contraction occurs m this way. In tact,

irobably half or more, of all smooth muscle con-

raction is initia ted not by action potentials but
ly stimulatory tactors acting airectly ^ the
imooth muscle contractilp machinprv. 'I'lie two
ypes of non-nervous and nonaction potential stim-
ilating factors most often involved are (1) local

dssue factors, and (2) various hormones.
Smooth Muscle Contraction in uesponse to

Local Tissue Factors. In Chapter 20 we shalb
iiscuss the control of contractioj^of the arterioles,

tneta-arterioles, and precapillaiy sphincters. The
smaller of these Vessels have little or no nervous
supply. Yet, the smooth muscle is highly contrac-
tile, responding rapidly to changes m local condi-
tions in the surrounding interstitial fluid. In this
way a powerful local feedback control system con-
trols the blood^ow to the local tissue area. Some
of the specific control factors are:

(1) Lack of oxygen in the It^l tissues causes
smooth CEeretbre vasodila-

tation.

(2) Ejccess carbon dioxide cau.sea vasodilatation.

(3) fi^rgaseUinydrogerr' mn concentration also

causes ilicreased i^soJilatation.
~

Xna_8>ucn i'actors as lactic ^cid^ncreased potas-

sium lons^dimtnighpH calcium lon concentration ,

and decreased body temperature will aUn rnuco

local vasodilatation.

Effects of Hormones on Smooth Muscle Con-
traction. Most of th^ circulating hormones in the
body affect_smooth muscle contraction at least to

some degree, and some have very profound eftects.

Some of the more important blood-borne hormones
are nflreninephnne, epinephrine, acetylcholine.

angiotensin, yasopres-sin. nvvtngin serotonin , and
histamine.

A hormone will cause contraction of smooth
muscle when the smooth muscle cells contain an
exctialory receptor for the respective hormone.
HoweverTthc hormone will ^use inhibition in-

stead of contraction if the cells contain an inhibi-

tory receptor rather than an excitatory receptor.

Thus, most of the hormones will cause excitation

of some smooth muscle but inhibition of other

muscle
Some of the hormones—especially norepineph-

rine, vasopressin, and angiotensin—have such a
powerful ^excitatory elVect tha^Thev can cause
smooth muscle spasm for hours.

Mechanism of Smooth Muscle Excitation by
Local Tissue Factors and Hormones. Most
amriQth musrle contraction caused by hormones
results from an initial increase m calcium, ion
CQiigenliiftloinn’ihH muscle cell,

'

as occurs wTien

an action potential excites the fiber.TIacKTiormone

usually binds with a specific receptor nrotem m
the^enilit.iht^ ana i nitiates the contraction, usu-

ally by opening calciunTion channels and decreas-

ing

t

he membrane potential a moderate amount

—

that “depoiarizing
' me membrane—but usually

wtthrmixsiusuig an action potential. Nevertheless,

tlje flow of calcium tons to the iniprinr of the cell

causes contraction.

In some instances, hOVvever, smooth muscle con-

traction initiated bv hormones without a change

in the membrane potential at all. In these in-

stances it is believed that the exciting hormone
binds with a receptor protein that activates a
nonvoltage-related mechamsm that leads to con-

traction. Qne.jucn mechamsm is activation of the

. enzyme adenyicyclo^e in the cell membrane; a
'portion ol. this enzyme mat protrudes to ihe inte-

rior of cell then causes ihe lormailon of cyclic

AAfP.'which is a so-called second messenger. The
^

cyclic AMP in turn can promote calcium, ion re-

lease from intracellular organelles, such as the
limits''sarcoplasmic reticulum or even the mito-

chondria. In addition, as noted earlier, the cyclic

AMP itself has the direct effect of increasing tlie

ATPase~activity of the myosin heads and can in

thisVay also increase the degree of smooth muscle

contraction.
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Unfortunately, it is not known how mist other

local tissue factors besides the hormones, such as

oxygen lack, excess in hydrogen
ion ronceammon, either ^xcitg_orjliliihit-smooth

mtiscle contraction .
However, pnsathle meghaniams

include changes in the cell

changes in the permeability of the membrane to

calcium ions, and/or changes m the intmcellnlar
contractile machinery.

MICHAN/CAl CHAJtACTIR/STJCS
OF SMOOTH MU5CU COSTMCTIOS

From the foregoing discussion of the many different

types of smooth muscle and the different ways in which
contraction can be elicited, one can readily understand
why smooth muscle in dilTerent parts of the body has
many different characteristics of contraction For in-

stance, the muUiunit smooth muscle of the large blood

vessels contracts mainly in response to nerve impulses,

whereas in manV lybe/ flf visceral smooth muscle—the

smafler blood vessels, the ureter, the biie ducts, and
other glandular ducts—a self-excitatory process con-

trolled mainly by local factors and by hormones causes

continuous rhythmic contraction

Tone ef Smooth Muscle. Smooth muscle can main-
tain a slate ol long-term, steady contraction that haa
been called either tonus contraction of amooth muscle

or simfly amooin~muscle tone THis is an important

feature of smooth muscle contraction because it allows

prolonged or even indefinite continuance of the smooth
muscle function. For instance, the artenoles are main-
tained m a state of tonic contraction almost throughout

the entire life of the person. Likewise, tonic contraction

in the gut wall maintains steady pressure on the con-

tents of the gut, and tome contraction of the unitary

bladder wall maintains a moderate amount of pressure

on the unne in the bladder.

Tonic contraciions of smooth muscle can be caused in

either of two ways.

(1) They are sometuncs caused by summation of in-

diL'idual eontractile pulses, each contractile pulse is

initiated by a separate action potential in the same way
that tetanic contractions are produced in skeletal mus-
cle.

(2) However, moat smooth muscle tonic contractions

probably result from grotonggef direct smooth muscle

excitation without aftion potentiats. usually caused by
local ti^ue factors .dr delating hormonea. t-'or in-

stance, prolonged tonic contractions of the blood vessels

without the mediation of action potentials ate regularly

caused by angiotensin, vasopressin, or norepinephrine,
and these play an important role in the long-term
regulation of arterial pressure, as will be discussed in

Chapters 2l and 22.

A typical example of a tonic contraction is illustrated

iin Figure 12^. This figure also shows that rhythioic
^ contractions can be supenntposed onto the tonic con-
traction because of simultaneous <a) rhythmical nerve
discharges or (b) rhythmical pacemaker slow waves that

penodically excite the smooth muscle.
Degree of Shortening of Smooth Muscle During

ContracUon. A special chaiactcnslic of smooth mus-
cle—one that is also different from skeletal muscle—is
its ability to shorten .a.,far greater percentage.oC its

length than can sReletnl.miivle Sk'elctal muscle haa a

Hgure 12-8, Record of rhythmic and tonic smooth rni

contraction.

useful distance of contraction equal to only 25 to^35

cent of Its length, while smooth muscle can ofien

«

tract quite effectively to as short as one halfor even

fourthjts stretched length, giving as muen as a four

distance oT contriinlonT Ihis allows smooth mnscli

pei^TO important functions in the hollow viscera-

instance, allowing the gut,~ the bladder. Stood vess

and other internal stnictures ofthe bMy to change tl

lumen diameters ir^ almost zero to very large vali

Stress-Relaxation of Smooth Muscle. Another

portant charactenstic of smooth muscle Is its

change length greatly without oiarked changes'm I

Stott This resufls from 'a phenomenon called sir

relaxation, n'hich may be explained as follows:

Ti a segffleitr ufTiiiwiIi iiiusi'lu l incii long is sudde

stretched to 2_inches. the tension between the two e

increases tremendously at first, but the extra tem

also begins to disappear immediately, bhd Wilbin e

minuses it nas returned aimost its level prior to

stretcTT t!Vfcn_tt6y^rjThe mmelc’la' ircwtfftcg' as k

actin gad mvosiiThjVments in smootn muscle Ow
period of time, the hiamenta ot the stretened ttut

preeumably rearrange their bonds and ^dually ai

the sliding~'pfoceM to take place, thus allowing

tension to retimi almost to its onginal amount
Exactly the convei^ eiiect occurs wh^ smooth ir

cle is shortened. Thus, if the 2 inch of smo

muscle is shortened back to 1 inch,
essentially

tension wijl be lost from the muscle immediate ly. Gi

ually, ov^ a penod oi i minute or more, much of

tension returns, this again presumably ^ulting ft

slow sliding ofthe filamerito Thisiscaifedrovcrsgrfn

refarafion
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Heart Muscle; The
Heart As a Pump

With this chapter we begin discussion of the

heartand cirniJatoiy ."ystera The heart is actually

two separate pumps, a right heart that pumps the
blood through the lungs and a left heart that pumps
the blood through the peripheral organs. In turn,

each of these two separate hearts ia a pulsatile

two-chamber pump composed of an atrium and a
ventricle. The atrium functions principally as an
entryway to the ventricle, but it also pumps
weakly to help move the blood into the ventricle.

The ventricle in turn supplies the main force that

propels the blood through either the pulmonary or

the penpheral circulation.

Special mechanisms m the heart maintain car-

diac rhythmicity and transmit action potentials

throughout the heart muscle to cause the heart’s

rhythmical beat. This rhythmical control system
will be explained in the following chapter In the
present chapter we will explain how the heart
operates as a pump—that is, the function of the
heart muscle, of the valves, of the various cham-
bers of the heart, and, especially important, how
the pumping activity of the heart is regulated so
that the heart can pump either small or larg«

amounts of blood as dictated by the needs of the
body

PHYSIOLOGY OF CARDIAC MUSCLE

The heart is composed of three major types of
cardiac muscle; atrial muscle. Mntncular musclw
and specialized excitatory and conductive muscled,
fibers The atnalund ’^tncUlar typeFol Inuscle
contract in much the same way as skeletal muscle,
except that the duration of wn^action is much
Ipnger On the- other haTtd^ ttie specialized exata-
tory and conductive fibers contract only feebly
because they contain few contractile fibrils; ih-

stead, because of their rhythmical properties and
their rapidity of conduction, they provide on exci-

tatory system for the heart and a transmission
system for rapid conduction of the cardiac excita-

tory signal ‘throughout the heart.

tso

PHYSIOIOCIC ANATOMY OF CARDIAC
AfUSClF

Figure 13-1 illustrates a typical histologic picture

cardiac muscle, showing the cardiac muscle fiben)

:

ranged in a latticework, the fibers dividing, then re®

bining, and then spreading again. One notes imme

ately from this figure that cardiac muscle is stnated

the same manner as typical skeletal muscle. Purth'

more, cardiac muscle has typical myofibrils that conti

ac(m and myosin filaments almost identical to thi

found in skeletal muscle, and these filaments interdi

tate and slide along each other during the promts

contraction in the same manner as occurs in skslo

muscle (See Chapter 11.)

Cardiac Muscle as a Syncytium. The angulal

dark areas crossing the cardiac muscle fibers in Figi

13-1 are called intercalated discs; however, they i

actually cell membraBsITBBTseparate Indiridual e

disc muscle cells from each other That is, cardiac mus

fibers arc made up of many cardiac muscle cell* o

nected in series with each other. Yet electrical resistai

through the intercalated disc is only one four-hundr«

the resistance through the outside membrane of I

cardiac muscle fiber, because the cell membranes fi

with each other and form very permeable junctions tl

aifow relatively free difluaion ofions. Tfiereftre, fnjo

functional point of view, ions move with ease along (

axes of the cardiac muscle fibers so that action potenti
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travel from one cardiac muscle cell to another, past the
utcrcalated discs, with only slight hindrance. Therefore,
:ardiac muscle is a syncytium, in which the cardiac
nuscle cells are so tightly bound that when one of^ese
%I!s becomes excited, the action potential spreads to all

3f them, spreading from cell to cell and spreading
throughout the latticework interconnections.

The heart is composed of two separate syncytiums,
the atrial syncytium that constitutes the walls of the
two atria and ii\ v̂sntrieular syncytium that constitutes

[he walls ofthe two vencrie/es. 't hese-sre’separated tram
each other by fibrous tissue that surrounds the valvular
openings between the atna and ventricles, but action
potentials can be conducted from the atrial syncytium
mto the ventricular syncytium by way of a specialized

conductive system, the A-V bundle, which will be dis-

cussed in detail in the following ^apter. This division
of the muscle mass of the heart into two separate
functional sync>'tiB allows the atria to contract a short I
time ahead of ventricular contraction, which is impor-
tant for the effectiveness of heart pumping
All-cr-Nothing Principle As Applied to the Heart.

Because of the syncytial and interconnecting nature of
cardiac muscle, stimulation of any single atnal muscle
fiber causes the action potential to travel over the entire
atrial muscle mass', and, similarly, sfiraulation of any
single ventricular hber causes excitation of the entire
ventricular muscle mass.'lf the; A-V bundle is intact,

the a^ion potential passes also' from the atria 'to ' the
ventricles. This, is called the all-or-nothing pnnaple,
and it ia precisely the same as that discussed in Chapter
10 for nerve fibers. How ever, because the cardiac muscle
fibm all interconnect with each other, the all-or-nothing
principle applica to the entire functional syncytium of
the heart rather than to single muscle fibers, as in the
case of skeletal muscle libers.

AcnoN ponmiAis
ISCAUDIACMUSCU

• The resting membrane potential of normal car-
diac muscle is approximately -- 8510 -9.*i millivnlt

(mv) and approximately -90 to"'— 100_mv in the
specialized coi^uctive fibeQ>4he Purkmie fibere.
^which are diseased in the following chapter.
‘ The action potential recorded in ventricular mus-
cle, shown by the bottom record of Figure 13-2, is

105 mv, which means that the membrane potential
rises from its normally very negative value to, a
jsUghtly positive value of about 4^0 mv. Because

" this change of potential from negative to posi-
Itive, the positive portion is called the e^vpr^hnot

ipotential. Then, after the initial spihe, the mem-
|brane remains depolarized for about 0.2 second in
jatrial muscle and about 0.3 second inTentricuIar
muscle, exhibiting a plateau as illustrated in Fig-
lure 13-2, followed at the end of the plateau by
Jabrupt repolarization. The presence of this plateau
lin the action potential causes muscle contraction
'{to last 20 to 50 times as long in cardiac muscle as
jin skeletal muscle.
* At this point we must ask the question: Why is

jthe action potential of cardiac muscle so long and
' why does it have a plateau while that of skeletal

ngure 13-2. Rhythmic action potentials Prom a Purklnje fiber

. and from a venmcula/ muscle fiber, recorded by means of mi.
‘ aoelectrodes

muscle does not? The basic biophysical answers to

these questions were presented in Chapter 10 but
they ment summarizing again.

At least two major differences between the mem-
brane properties of cardiac and skeletal muscle
account for the prolonged action potential and the

plateau in cardiac muscle.

First, the action potential of skeletal muscle is

caused almost entirely by sudden opening of large

numbers of so-cal led fasi^sodium charinels that
allow tremendous numbe'^ot' sodium i^hg-rn antoT-

the skeletalmu^le fiber. These channebare called

“fast" channels because they remain open lor only

a few ten-thousandtfis of a secono and t^n ab-
i^ptly^Tose. At the end of this closure, the process

oTrep^arization occurs, and the action potential

is over wi thin another ten-thousandth of a second

or so. In cardiac muscle, on the other hand, the

action potential is caused by the opeamg of two
types of channels. (1) the same fast sodium chan-

nels as those in ^eletal muscle, and ('2) another

entire population of so-called slow calcium-sodium,

chtywels. This Second population of channels dif-

fers from the fast sodium channels in being slower

to open but, more importantly, they remain open
for several tenths of a second. Dunng this time

large amounts of falrnin) ^n d Rodi iiTn^ionS
cbhtinueTo'flQw throug^the channels to tHFmte-

ridiTottlie cardiac muscle tiber, and^tliis maintains

a p'cdTdnge'd peniid of depolarization . It is thisihat

dauses flib ’plalCiiu in - ihe action notenti al Fur-

thermore, the calcium ions that enter the muscle
during this action potential play an important role

in helping excite the muscle contractile process,

which is another differenfe between'carSiac mus-
cle and skeletal muscle that we shall discuss'later

in this chapter.

The second major functional difference between
cardiac muscle and skeletal muscle that helps
account for both the prolonged action potential.and
its plateau is this: Immediately after the onset of
the action potential,’ the permeability of the car-
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diac muscle membrane for
.

potassium decreases

about fivefold, an effect that does not occur in

skeletal muscle It is possible that this decreased

potassium permeability is caused in some way by
the excess calcium influx through the calcium

channels just noted. But, regardless of the cause,

the decreased potassium permeability greatly de-

creases the outfiux of potassium ions during the

action potential plateau and thereby prevents

early recovery. When the slow calcium-sodium

channels close at the end of 0.2 tQ.0.3_second and
the influx of calcium and so'dium ions ceases, then
the membrane permeability for potassium in-

creases very rapidly, and the rapid loss of potas-

sium from the fiber returns the membrane poten-

tial to its resting level, thus ending the action

potential.

Velocity of Conduction in Cardiac Muscle.
The velocity of conduction of the action potential

in both atnal and ventricular muscle fibers is

about 0^3 to 0.5 meter per second, or about 1/250
the velocity in very large nerve fibers an3~about

one tenth, the velocity in skeletal muscle fibers.

The velocity^rcpnductionTn Ihe apeaallzed con-

ductive system varies from 0.02 to 4 meters per
second in different parts of thTsySfem, as is ex-

plained in the following chapter

Refractory Period of Cardiac Muscle. Car-
diac muscle, like all excitable tissue, is refractory

to rcstimulation during the action potential An
extremely strong electrical stimulus can some-
times initiate a new spike at the very end of the

action potential plateau, but this is a very abnor-

mal situation and tho spike is not propagated along
the muscle. Therefore, the refractory period of the

heart is usually stated to be the interval of time,

aa shown to the left in Figure 13-3, during which
a normal cardiac impulse cannot re-excite an al-

ready excited area of cardiac muscle. The normal
refractory period of the ventricle is 0.25 to 0 3
second, which is approximately the duration ofthe

action potential. There is an additional relaltve

SECONDS
nsure 13-3. Contraction of (he heart showing (he duratiom

Of the refractory period and the relative refractory period, Che

eSect of an ear^ premaiutc coniracilon. and the effect of a later

premafure cortiracdon. Note (hat Che premature contractions do
nor cacnc wave summation as occuts in skeletal muscle

refractoryperiod ofabout 0.05 second during whu

the muscle is more difficult than normal to etri

but nevertheless can be excited, as illustrated I

the early premature contraction in Figure 13-3

The refractory period of atrial muscle is mui

shorter than that for the ventricles (about 0

1

second), and the relative refractory period is ai

other 0 03 second. Therefore, the rhythmical ra

of contraction of the atria can be much iasterlhs

that of the ventricles.

COSrnACTJON of cardiac muscle

Excitation-Contraction Coupling—Functit
of Calcium Ions and of the T Tubules, l^hcici

excitntion-cmntraction coupling means the ipech

nism by which the action potential causes (1

myofibrils ofmuscle to contract. This was discusa

for skeletal muscle in Chapter 11. However, on

again there are differences in this mechanism:

cardiac muscle that have important effects on tl

characteristics of cardiac muscle contraction.

As IS true for skeletal muscle, when an actii

potential passes over the cardiac muscle mer

brane, the action potential also spreads to tl

interior of tho cardiac muscle fiber along the met

branes of the T tubules. The T tubule aclii

potentials in tuTn ca’use*mstantgpaoua release

calcium ions into the musiUe eare^lasm from tl

cislernae of the sarcoplasmic reticulurnTThea ti

calcium ions diffuse in another few thousandths

a second into the myofibrils where they catalr

the chemical reactions that promote sliding of u

actin and myosin filaments along each other; to

m turn produces the muscle contraction.

Thus far, this mechanism of excitation-contra

tion coupling is the same as that for skelet

muscle, but at this point a major difTercnce begii

to appear. In addition to the calcium ions that a

released into the sarcoplasm from the cisternae

the sarcoplasmic reticulum, large quantities

calcium ions also diffuse into the sarcoplasm fro

the T tubules at the time of th¥ action potentis

Indeed, without thisextra calcium from the

tubules, the strength of cardiac muscle'conti^ctu

would be consideralfly reduced, because the ciste

nae of cardiac rduscle are less well developed th£

those of skeletal muscle and do not store enouf

calcium. On the other hand, the T tubules

cardiac muscle have a diameter five times os grC'

as that of the skeletal muscle tubules and a volun

25 times as great; also, inside the T tubules is

large quantity of mucopolysaccharides that

electronegatively charged and bind an abundai

store ofcalcium ions, keeping this always availab

for diffusion to the interior of the cardiac muse

fiber when the T tubule action potential occurs

The strength of contraction of^^a^ac
depends to a great extent on the concentration

'

calcium ions in the extracellular fluids. The rc

for this is that the ends of the T tubules op
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j'rectly to the outside of the cardiac muscle fibers,

llowing the same extracellular fluid that is in the

ardiac muscle interstitium to percolate through

he T tubules as well. Consequently, the quantity

if calcium ions in the T tubule system, as well as

availability of calcium ions to cause cardiac
>

’ contraction, depends directly on the extra-

ellular fluid calcium ion concentration.

By way of contrast, the strength of skeletal

nuscle contraction is hardly affected by the extra-

ellular fluid calcium concentration because its

ontraction is caused almost entirely by calcium
ons released from the sarcoplasmic reticulum in-

iide the skeletal muscle fiber itself.

At the end of the plateau of the action potential

he influx of calcium ions to the interior of the
’ fiber is suddenly cut off, and the calcium

ons in the sarcoplasm are rapidly pumped back
nto both the sarcoplasmic reticulum and the T
ubules. As a result, the contraction ceases until a
lew action potential occur^
Another difference between the tubules of cardiac

nuscle and those of skeletal muscle is that of the T
tubules in the skeletal muscle are located a<bacent to

:he actin and myosin filaments where they overlap each
:ther so that there are two T tubule systems to-gach
jarcomere. On the other fi'an'd, firtUrdiac musclethere
18 only one T tubule system per sarcomere .located at

the Z line but com^sea ol muen I’tubutes This
difference m structure is compatible with the fact that
cardiac muscle contracts much more slowly than skeletal

muscle so that there is adequate time for calcium ions
to diffuse from the Z line to the middle of the sarcomere
where the contractile process occurs
Duration of Contractioru Cardiac muscle begins to

contract a few milliseconds offer the action potential

begins and continues to contract for a few milliseconds
after the action potential ends. Therefore, the duration
of contraction of cardiac muscle is mainly a function of

duration of the action potential—about 0 2 second
in atnal muscle and 13.second in ventricular muscle.
. Effect ofHeart Rate on Duration of Contraction.
)iVhen the heart rate increases, the duration of each
total cycle of the heart, including both the contraction
phase and the relaxation phase, obviously decreases.
The duration of the action potential and the pmod of
contraction (systole) also decrease but not as great a
percentage as does the'relaxation phhse (diasfole). At a
normal heart rate of 72 beats per minute, the penod of

;Contraction is about 0.40 of the entire cycle At 3 times
formal heart rate, this period is about 0 65 of the entire
pyde. which means that the heart under some conditions
'does not remain relaxed long enough to allow complete
Tilling of the cardiac chambers prior to the next contrac-

.

tion.

t

{

the cardiac cycle

^ Figure 13-4 illustrates the physical structure of
'Ihe heart and also the course of blood flow through
^he heart. It is also clear that the heart is in
^reality four separate pumps: two primer pumps,
:1.he atria, and two pouer pumps, the ventricles.

I

HEAD and UPPER EXTREMITY]

figure 13-4. Siiucture ol (he heart and course of blood flow

through the heart chambers

The period from the end of one heart contractioji

to the^nd ol^Uifejiexi is caned me carxiJ^c c\ ê.

Each i^cle is mitiated by spontaneous generation

of an action potential in the S*A node, as will be
explained in the following chapter. This node
located in the anterior wall of the -right atrium
near the opening of the sutienpr vena cava, and
the action potential travels rapidly^through~Toth
atria and thence througn me A-v bundFe into the

ventricles. However, oecause ot a special arrange-

ment of the conducting system from the atria into

the ventncles, there Is a delay of more than
second between nassage of ihe cardiac impulse
from the atna into the ventncles This allows the

atria to contract ahead of the ventncles, -thereby

pumping hlood into the ventricles pnor to the very
strong ventricular contraction. Thus, the atria act

as pnmer pumps for the ventricles, and the ven-
tricles then provide the major source of power for

moving blood through the vascular system.

SYSTOLE AND DIASTOLE

The cardiac cycle consists of a period of relaxa-
tion called aiastole loliow^ by a period of contrac-
tion called systole. —— .

Figure 13^ illustrates the different events dur-
ing the cardiac cycle. The top three curves show
the pressure changes in the aorta, the left ventri-

cle, and the left atrium, respectively. The fourth
cur\-e depicts the changes in ventricular volume,
the fifth the electrocardiogram, and the sixth a
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nsure 13-5. Th« event) of the c^rduc cycle, showing ctMn$e» (n left 4trUI ptessute. leit venirtculir

ptessure. aonic pressure, ventrtculif volume the etectroeardlosfam. arwl the phonocardiogram

phonocardiogram, which is a recording of the

sounds produced by the heart as it pumps It is

especially important that the student study in

detail the diagram of this figure and understand
the causes of all the events illustrated. These are

explained as follows*

RUATlONSHir OF THE
aiCTROCARDIOCRAM
TO THE CARDIAC CYCLE

Tlwi ^V«.tJc«3fC3as4«.^a.w.\wT \3r-4sJnw?.tJwi.

P, Q, f?, S, and T U'ai'e$, which will bo discussed

m Chapters 15, 16, and 17. These are electrical

voltages generated by the heart and recorded by
the electrocardiograph from the surface of the
body. The P wave is caused by the spread of
depolarization through the atria, and this is fol-

lov.ed by atrial contraction, which causes a slight

rise in the atrial pressure cur\'e immediately after

the P wave Approximately 0 16 second after the
onset of the P wave, the QRS waves appear as a
result of depolarization of the ventricles, which
^initiates contraction of the ventricles and causes

. ihc ventricular pressure to begin rising, as also

THuslrated in the figure. Therefore, the QRS com-
plex begins slightly before the onset of ventricular

systole.

Finally, one observes the ventricular T wave in

the electrocardiogram. This represents the stage

of repolarizalion of the ventricles at which time
the ventricular muscle fibers begin to relax. There-

fore. the T wave occurs slightly prior to the end

«

ventncular contraction.

Function of the Atria As Pumps. Blood

mally flows continually from the great veins

the atria; approximately 70 per cent of this

directly through the atria into the vehtnaes 6'

before the atria comractl then, atnal contract'

usually causes an additional 20 to^Q.per (}

filling of the ventricles . Therefore, the atria sISP

function as pnmer pumps that increase the

tricular pumping effectiveness as much as 30 P

cent. Yet, the heart can continue to operate

sal'isTactorily under normal resting conSi'iicms^'

without this extra 30 per cent effectiveness

.

cause it normally has the capability of puni0

300 to 400 per cent more blood than is requii^

the body anyway. Therefore, the difference is^

likely to be noticed unless a person exercises; t*’

acute signs of heart failure occasionally dev^

'

especially shortness of breath.
Pressure Changes in the Atria— The a, c,

Waves. In the atrial pressure curve of Figure I

three major pressure elevations called the o. c,

atnal pressure waves can be noted
The o u ate is caused by atnal contraction. OrdinsH

the nght atnal pressure rises 4 t<^6 mm Hg do

atnal contraction, whereas the left atrial pressure

about 7 to 8 mm Hg
The c iwtw oc<?Jrs when the ventricles begin to

tract; it is caused partly by slight backflow of bleed *

atria at the onset of ventricular contraction, but j

bly mainly by bulging' 0! lliu A-V valves

toward the atria becau-«e of incre^ng pressure W
ventncles
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The V wave occurs toward the end of venU'icvdar

-ontraction; it results from slow buildup of blood m the

itria while the A*V^alves are closed during ventricular

ontraction. Then,-%vhen ventricular contraction is over,

he A*V valves open, allowing blood to flow rapidly into

he ventricles and causing the v wave to disappear.

mscnos of the ventricles as pumps

Filling of the Ventricles. During ventricular

>ystole large amounts of blood accumulate in the

itria because* of the closed A-V valves. Therefore,

ust as soon as systole is over and the ventricular

oressures fall again to their low diastolic values,

;he high pressures in the atria immediately push
die A-V valves open and allow blood to flow rapidly

vwto the vewtTvelea, shovm by the rise ef the

•jentricular volume curve in Tigure J.3-5. This is

railed the period of rapid filling of the ventricles

rhe atrial pressures fall to within a fraction of a
millimeter of the ventricujar pressures because
the normal A-V valve openings are so large that

they offer almost no resistance to blood flow.

The period of rapid filling lasts approximately
the first third o( diastole. During the middle third

of diastole only a small amount of blood normally
flows into the ventricles; this Is blood that contin-

ues to empty into the atria from the veins and
passes on through the atria directly into the ven-

^des. This middle third of diastole, when the

inflow of blood into the ventricles is almost at a
'standstill, is called diastasis.
^ During the latter third of diastole, the atna
'contract and give an additional thrust to the inflow
^of blood into the ventricles; this accounts for ap-

'proximately 20 to 30 per cent of the filling of the
Lventricles during each heart cycle.

Emptying of (he Ventricles During Systole.
^Period of Isayolumic (fsometric) Confrartian.

•Immediately after ventricular contraction begins,
'the ventricular pressure abruptly rises, as shown
in Figure 13-5, causing the A-V valves to close.

Then an additional 0.02 to 0.03 second is required
-for the ventricle to build up sufficient pressure to

i'push the semilunar (aortic and pulmonary) valves
iopen against the pressures in the aorta and pul-

fmonary artery. Therefore, during this period of
Itime, contraction is occurring in the ventricles, but
there is no emptying. This period is called the
‘period ofisovolumic or ison2£tric contrition, mefln-
'mg by these terms that tension is increasing in

-the muscle but no shortening of the muscle fibers
^is occurring. (This is not strictly true because there
I'ls apex-to-base shortening and circumferential
^elongation.)

Period of Ejection. When the left ventricular

j

pressure rises slightly above 80 mm Hg (and the
^iright ventricular pressure sligEtIy~aBove 8 mm
jrig), the vewtiicvilai psesaMrea now push the sctn-
yiilunar valves open, hnmediately, blood begins to
(ipour out of the ventricles, with about 70 per cent
of the emptying occurring during the first third of

the period of ejection and the remaining 30 per
cent during the next two thirds. Thpr^rnro

,

tho

first third is called the period oframd ejection and
the last tWo thirds tne period ofslow picrtir^

For a very peculiar reason, the ventricular pres-

sure falls to a value slightly hplniv that in the
aorta during the period ot slow election despite the
fact that some blood is still leaving the left ventri-
cle. The reason is that the blood flowingout of the
ventricle hasliuilt up momentum7A.s_thi3 momen-

tum decreases during the latter part of systole, the
kinetic energy of the momentum is convertpd into

pressure, in the aorta, wtii ch makes the arterial
prpssnro <^li[Thtlv than the pressure inside

the ventricle.

Period of Isovolumic (Isometric) Relaxation.
At uie end of systole, ventricular relaxation begins
suddenly, allowing the intraventricular pressures

to fall rapidly. The elevated pressures in the dis-

tended large arteries immediately push blood back
toward the ventricles, which snaps the aortic and
pulmonary valves closed. For another 0 03 to 0.06

second, the ventricular muscle continues tol'elax,

even though the ventricular volume does' not
change, giving rise to the period of isovolumic (or

isometric) relaxation . During this periodthe intra-

ventricuJar ^essures fall rapidly iiack to their

very low diastolic levels Then the A-V valves open
to begin a new cycle of ventricular pumping.

End-Diastolic Volume, End-Systolic Vol-
ume, and Stroks Volume Output^ During dias-

tole, filling of the ventricles normally increases

the volume of each ventricle to about 1 20' to 130
ml. Thi^ volume is known as fhft

^ume. Then, as the ventricFes empty during sys-

tole,’ the volume decreases ^bout 70 ml, which is

called the stroke volume output. The remaining
volume in each ventncie. about 50 to 60jnl. is

called the epd-systolic volume. The fraction of the
end-diastolic volume that is ejected is called the

election fraction—usually equal to 'about ,60 per
cent.

When the heart contracts strongly, the end-

systolic volume can fall to as little as 10 to nO m l.

On the other hand, when large amounts of blood

flow into the ventricles during diastole, their end-
diastolic volumes can become as great as f50 to

180 ml m the normal heart. And by both increasing

the end-diastoHc volume and decreasing the end-
systolic volume, the stroke volume output can at

times be increased to more than double nonnal.

FUNCTION OF THE VALVES

The Atrioventricular Valves. 'The A-V valves

(the tncuspid and the mitral valves) prevent back-
flow of bipod from the ventricles to. the fftrla during
systole, ajvi the senutunar (the aortic and
pulmonary valves) prevent backflow fromlhp aorta
and pulmonary arteries^to the ventricles dunng
diastole. All these valves, which are illustrated in
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figure 13-6. Mitral and aortic valves

Figure 13-6, dose and open ;9a5siye/>’. That is, they

dose when a backward pressure gradient pushes

blood backward, and they open when a forward

pressure gradient forces blood m the fonvard di-

rection For obvious anatomical retl.soiw, the thin,

filmy A-V valves require almost no backfiow to

cause closure while the much heavier semilunar
valves require rather "strong uacktlovT for a few
milliseconds

Function of the Papillary Muscles. Figure
13-6 also illustrates the papillary muscles that

attach to the vanes of the A*V valves by the

chordae tendincarj 'lhe papillary muscles contract

whence veliri"ular walls contract, but, contrary

to what might be expected, they do not help the

valves to dose. Instead, they pull the vanes of the

valves inward toward the ventricles to prevent

their bulging too far backward toward the atna
during ventricular contraction If a chorda tendi-

nea becomes ruptured or if one of the papillary

muscles becomes paralyzed, the valve bulges far

backward, eometimes so far that it leaks severely

and results in severe or even lethal cardiac inca-

pacity-

The Aortic and Pulmonary Valves. There are
differences between the operation of the aortic and
pulmonary valves and that of the A-V valves.

First, the high pressures \n the arteries at the end
of systole cause the semilunar valves to snap to

the closed position m comparison with a much
softer closure of the A-V valves Second, the veloc-

ity of blood ejection through the aortic and pul-
• monary valves is far greater than that through

‘ the much larger A-V valves Because of the ^pid
> closure and rapid ejection, the edges of the^mi-

lunar valve.s are subjected to much greater me-
chanical abrasion than are the A-V valves, which
also are supported by the chordae tendineae It is

obvious from the anatomy of the aortic and pul-

monary valves, as illustrated in Figure 13-6, that

they arc well adapted to withstand this extra

physical trauma

THE AORTIC PRESSURE CURVE

The pressure that develops in the aorta depemi

on many other factors In addition to contractioin

the heart. The pulsatile aortic pressure curve*!

be discussed in detail in Chapter 19, but il

desirable now simply to point out those features

the curve that relate especially to the cardiaccj’c!

When the left ventricle contracts, the ventn'o

lar pressure rises rapidly until the aortic vsl'

opens Then the pressure in the ventricle riv

much less thereafter, as illustrated in Figui

13-S, because blood immediately flows out ofti

ventricle into the aorta.

The entry of blood into the arteries causes ll

walls of these arteries to stretch and the pressui

to rise Then, at the end of systole, after the le

ventricle stops ejecting blood and the aortic val'

closes, the elastic recoil of the arteries maintsii

a high pressure in the arteries even during dia

tolc

A so-called incisiira occurs in the aortic pressui

curve when the aorTic^alve closes. This is cau«

by a short period of backward"flow ofblood imif

diately prior to closure of the valve, followed tin

by sudden cessation pf the backflow.

After the aortic valve has closed, pressure inti

aorta falls slowly throughout diastole becau

blood stored in the distended elastic arterUsflin

continually through the peripheral vesselsiiacl!

the veins. Before the ventricle contracts again, U

aortic pressure usually falls to approximately. I

mm Hg (diastolic pressure), which is twiulu/!

the maximal pressure of 120 mni Hg (systol

pressure) occurring in the^rta during ventricul

contraction.

The pressure curve in the pulmonary artery

similar to that in the aorta, except that thepre

surcs are only about one siirth as great, as will I

discussed in Chapter 24
'

RElAnOSSHIP OF THE HEARf
SOUNDS TO HEART PUMPING >
When listening to the heart with a stethoscope, oi

docs not hear the openlhg of the valves, for this i*

relatively slowly developing process that makes
j

noise However, when the valves dose, the vanes ofv

valves and the surrounding fluids^vibratc under t

mnucncc of the sudden pressure differentials that i

velop. giving off sound that travels m all dircdi<!

through the chest.
— "

\Vhen the ventricles first contract, one hears a so'U

that is caused by closure of the A-V valves. The vibraW

IS low in piti-h relatively long continued ff
O

known as the first heart sound wnen me adlic »

pulmonary valvi’s ' dost'
,

' onti hears a relatively raP

snap, for these valves dose extremely rapidly, ono
^

surroundings vibrate for only a short period of hir

This sound is known as the second heart sound.

precise causes of these sounds will be discussed •

Chapter 27 in relation to auscultation.

Occasionally, one can hear an atrial sound when > •

atria beat, because of vibrations associated with the I'®*
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blood into the ventricles. Also, a third heart sounrf

imetimes occurs ^at about the end of tHe first third of

astole. This is believed to be caused by blood flowing
a rumbling motipn_into the almost-fillecTyentricles

he atrial sound and the third heart sound can usually

! recorded with special recording instruments but can
B heard with the stethoscope only with great diiBcuIty

The Terms “Systole” and Diastole” in Clinical

'sage. Strictly speaking, systole means “contraction.”

herefore, physiologically it is probably best that systole

e considered to begin approximately with the closure

r the A-V valves and to end approximately with the

pemng of the A-V valves.

Clinically, it is not possible to determine when the A-
' valves open. Yet, because only a short interval elapses

eUeen the closure of the aortic and pulmonary valves

nd the opening of the A-V valves, the clinician meas-
res systole as the time interval between the first heart

ound and the second heart sound or, in other words,

be time interval between closure of the A-V valves and
losure of the semilunar valves. Diastole is considered

0 be the interval between closure of the aortic and
lulmonary valves and closure of the A-V valves

VORK OUTPUT Of THE HEART

The work output of the heart is the amount of energy
Hat the heart converts to work while pumping blood
nto the artenes This is m two forms. First, by far the
najor proportion is used to move the blood from the low
iressure veins to the high pressure arteries This is

loUntial energy ofpressure. &cond, a minor proportion
ifthe energy is us^ to accelerate the blood to ita velocity
* Section through the aortic and pulmonary valves
fhia is kinetic energy of blood (low
Stroke Work OutpuL The work performed by the

eft ventricle to raise the pressure of the blood during^
lach heartbeat is called the left ventricular stroke work 9
lutput and is equal to stroke volume output x (left

entricular mean ejection pressure minus le(^ alriaLpres-

we). Likewise, the work performed by the right ven-
^cle to raise the pressure of the blood is called the
right ventncular stroke work output. \Vhen pressure is

expressed in dynes per sQuare centimeter and stroke
volume output in miUiiiters . the work output is in ergs
ftight ventricular workoutput Is usually about one sixth
the i^ork output of the left ventricle because of the
difference in systolic pressure against which the two
ventricles must pump.
The Kinetic Energy of Blood Flow. The work out-

put of each ventricle required to create kinetic energy
of blood flow is proportional to the mass of Wood eygeied
times the square of velocity of ejection. That is,

' Kinetic energy =

,
^Vhen the mass is expressed in grams of blood ejected

and the velocity in centimeters per second, the work
joutput is in ergs.

Ordinarily, the work output of the left ventricle re-
.quired to create kinetic energy of blood flow is only
.about 1 percent of the total work output of the ventricle
‘and therefore is ignored in the calculation of the total
stroke work outpuL Most of this energy is required to
^cause the rapid accleration of blood during the first

quarter of systole. In certain abnormal conditions, such

as aortic stenosis, in which the blood flows with great
velocity through the stenosed valve, as much as 50 per
cent of the total v, ork output may be required to create
kinetic ener^ of blood flow*.

ENERGY FOR CARDIAC CONTRACTION
Heart muscle, like skeletal muscle, utilizes chemical

energy to provide the v/ork of contraction. This energy
IS derived mainly from metabolicm of fattv acids and to

a lesser extent from metabolism ot oilier nutnents,

especially lactate and glucose. The different reactions

that liberate this energy will be discussed in Chapters

67 and 68
The amount of energj- expended by the heart is deter-

mined by three important tractors: (1) the tension in the

heart muscle at each instant during contraction, (2) the

fraction of the time that the tension is maintained, and
<3) the rate of muscle shortening at each instant while

the tension is maintained The first two factors, the

tension and the tune, are much more important than

the rate of shortening Therefore, it is frequently stated

that the energy expended is approximately proportional

to tension tiroes time

Efficiency of Cardiac Contraction. During muscu-
lar contraction most of the chemical energy is converted

into heat and^a small portion into work output. The
ra^tfLnf wortf output to chemical energy pyppnHiture is

called the 'efficiency Ot cardi^ contractioti, ^ simply

efficiency of the heart The maximum**efficiency of the

normal heart is between 20 and 25 per cent

RECUIATION OF
CARDIAC FUNCTION

When a person is at rest, the heart pumps only
4 to 6 litejg of blood each minute. However, during
severe exercise it may be hiquired to pump as
much as four to seven times this amount. The
present section discusses the means by which the

heart can adapt to such extreme increases in car-

diac output.

The two basic means by which the volume
pumped by the heart is regulated are (1) intrinsic

regulation of pumping in response to changes in

volume of blood flowing into the heart, and (2)

reflex control of the heart by the autonomic ner-

vous system.

INTRINSIC REGULATION OF CARDIAC
PUMPING—THE FRANK-STARUNG LAW OF
THE HEART

In Chapter 23 we shall see that one of the major
factors determining the amount of blood pumped
by the heart each minute is the rate of blood flow

into the heart from the veins, which is called

venous return. That is, each peripheral tissue of
the body controls its own blood flow, and whatever
amount of blood flows through' all the peripheral
tissues returns by way of the veins to the right

atnum. The heart in turn automatically pumps
this inroming blood on into the systemic arteries
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so that it can flow around the circuit again. Thus,

the heart must adapt from moment to moment or

even second to second to widely varying inputs of

blood, sometimes falling as low as 2 to 3 liters per

minute and at other limes -rising to as high as 25

or more liters per minute.

This intrinsic ability of the heart to adapt to

changing loads of inflowing blood is called the

Frank-Starling law of the heart, in honor of Frank
and Starling, two great physiologists of nearly a

century ago. Basically, the Frank-Starling law
states that the greater thd heart is filled during
diastole,, the greater will be the quantity of blood

pumped into the aorta. Or another way to express

this law is; Within physiological limits, the heart

pumps all the blood that comes to it without allow-

mg excessive damming of blood in the terns

Mechanism of the Frank-Starling Law. The
principal mechanism by which the heart adapts to

changing inflow of blood is the follovi'ing. When
the cardiac muscle becomes stretched an extra

amount, as it does when extra amounts of blood

enter the heart chambers, the stretched muscle
contracts with a greatly increased force, thereby

automatically pumping the extra blood into the

arteries This ability of stretched muscle to con-

tract with increased force is characteristic of all

striated muscle, not simply of cardiac muscle Re-

ferring back to Chapter 11, one will see that

stretching a skeletal muscle, within its physiolog-

ical limit, also increases its force of contraction.

This increased force of contraction is probably
caused by the fact that the actin and myosin
fllamcnts are brought to a more nearly optimal

degree of interdigitation for achieving contraction.

Effect ofHeart Rate. In addition to the impor-
tant effect of stretching the heart muscle, still

another factor increases heart pumping when its

volume IS increased. Stretch of the right atrial

wall directly increases the heart rate by as much
as ID to 30 per cent; this too helps increase the

amount of blood pumped each minute, though its

contribution is much less than that of the Frank-
Starling mechanism
Lack of Effect on Cardiac Output of

Changes in Arterial Pressure Load. One of the
most important consequences of the Frank-Star-
hng law of the heart is that, withiq reasonable
limits, changes in arterial pressure load against
which the heart pumps have almost no effect on

V the rate at which blood is pumped by the heart
each minute (the cardiac output) This effect is

illustrated in Figure 13-7, which is a curve ex-
trapolated to the human being from data in dogs
in which the arterial pressure was progressively
changed by constricting the arteries while the
cardiac output was measured simultaneously. The
significance of this effect is the following. Regard-
less of the arterial pressure, the most important
factor determining the amount of blood pumped by
the heart is still the rate of entry of blood into the

heart.

flsure (3—7. Corutancy of cardiac output even In the iK

vvtde changes In arterial pressure Only when the arterial pres

rtses above the normal operating pressure range does the p

sure load cause the heart to begin to fall

Figure 13-7 shows that when the arterial pi

sure rises above approximately 170 mm Hg,

arterial pressure load then docs cause the hear

begin to fail. However, this figure also shows t

the normal daily range of arterial pressure;

between approximately 80 and 170 mm Hg, ag

emphasizing that within th^normal 'opersi

range,
^

the output of the heart is independent

changes in arterial pressure.

The -independence of the cardiac output

changes in arterial pressure load is partly cau

by the fact that the heart is a two-stage pump,

the following reasons: Even if the left ventr

were to begin to fail moderately, this would R

the left atria) pressure a few millimeters Hg. 1

elevation of left atrial pressure' thbn would R

fthe pulmonary arterial pressure only a fractioi

a millimeter because led atrial pressure is

transmitted backward through the lungs toagf

extent until this pressure becomes abnomi

elevated. Therefore, the right ventricle eiperier

almost no change in load and continues to po

normal quantities of blood into the lungs, forP

the left ventricle (even though it might be bej

ning to fail) to continue to pump a normal cart

output.
Relationship of the Ventricular V'olume to »

tricular Pressure. One can learn much about

functional capability of the heart by studying the r

tionship between ventricular volume and venti^

pressure. The two solid curves of Figure illast

this relationship during both diastole and systole for

left ventneie.

The diastolic pressure curve is detennmed by ^
the heart with progressively greater quantities wb
and then measuring the diastolic pressure

before ventncular contraction occure, which is the t

diaslohe pressure of the ventneie.
The systolic pressure curve is determined by prv'T

mg any outflow of blo^ from the heart and
the maximum systolic pressure that is achieved cw

ventncular contraction at each volume of filling

It IS very clear that until the volume of the 'C'

rises above about 5 •
' •' 'cpres*

increase greatly. Above this volum
-i
t"?

sure does increase ranidlv . ..
•"*

tissue m the heart that will stretch nQ.more, and

because the pericardium that surrounds the hear*
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LEFT VENTRICULAR VOLUME (ml]

Figure 1 3-4. ReUdonshIp between left ventrIcuUr ve^me and
Inoaveniricular pressure during diastole and during systole Also
shown is the ‘Volume-pressure diagram* that fUustraies the
changes In Intraventricular volume and pressure during the cardiac
cycle.

comes stretched to near its limit During ventncular

Contraction, the systolic pressure increases rajndly at

progressively greater ventricular v^umeshut reaches a
maximum at a ventricular volume of 150 to 170 ml
Then, as the volume Increases still knher. me svs^tc
pressure actually decreases undrr some conditions as
illustrated by the falling systolic pressure curve, because
at these very great volumes the actin and myosin fila-

ments of the cardiic muscle fibers are actually pulled
apart enough for the strength ofcardiac fiber contraction

to become less than optimal.
Note especuUy in the figure that the maximum sys-

tolic pressure for the normal unstimulated left ventnde
is between 250 and 300 mm Hg. but this varies widely
With strength^l the heart, i-'or the normal right ventri-

cle it is between 60 and 80 inm Hg.

I

The “t^oiimie-I^ssure iiiagram” During the Car-

j

dJac Cycle, and Cardiac iVork Output The colored
, curves in Figure 13-S form a loop called the wlume-
' pressure diagrum of the cardiac cycle for the left ventri-

cle. It is divided into four separate phases.
' Phase I: Period of filling. This phase m the volomp-

' pressure diagram begins at a ventricular volume of
’ about 45 ml and a diastolic pressure very near Q_mm
’ Hg. Forty-five mils the amount of blond that rem^jns
' in the ventricle alter the previous heartbeat_and is
called the end-syslolic volume. As new hinod entera_^he

ventricle from the_atnum, the volume increases nnr-

t mally to about 115^L called the end~duislolic volume.
• an increase of 70 mL Therefore, Uie volume-pressure
* diagram"dtlfiilg pH^e I extends along the ct^e labeled
*“I," with the volume increasing to 115 ml and the
diastolic pressure rising to about 5 ram Hg.

f Phase II. Period of isovolumic cofrfiSefton. During
t isovolumjc contraction, the volilme ef.the ventricle docs
1 * not change. However, the pressure iMide the ventricle

j
rises to equal the pressure In the aorta at the end of

t didstole, a pressure value ofabout SOmro Hg, as depicted
1 by the curve labeled "II.”

f Phase III: Period of ejection. During ejection, the
'j ‘'ystolic pressure rises even higher because of stiiLinore

i ^

contraction of the heart. On the other hand, the volume
of the ventricle decreases. Therefore, the curve labeled

“lU” graces the changes in volume and systolic pressure
during this period of ejection.

Phase IV: Period of isovolumic relaxation. At the end
of the penod of ejection, the semijunar valves of the
ventricl&s close, and the ventncular pressure falls back
to the diastolic pressure level. The curve labeled “IV”
traces this decrease in intraventncular pressure without
any change m volume. Thus, the ventricle-retums to its

starting point, with about 45 ml of blood left in the
ventnde and at an atrial pressure usually very dose to

(Lmm Hg .

Students well trained in the basic pnnciples of physics

will recognize that the area subtended by this volume-
pressure diagram is equal to the net work output of the
venmde dunng its contraction c^e . In expenmental
studies of cardiac contraction, this diagram is theretore

used for calculating cardiac work outpu t

When the heart pumps large quantities of blood, the

work diagram becomes much larger m area It extends

far to the nght because the ventnde fills with more
blood during diastole; it rises much higher because the

ventricle contracts with greater pressure; and it usually

extends farther to the left because the ventricle contracts

to a smaller volume—especially if the ventnde is stim-

ulated to 1-y the sympathetic nervous
system
The Concepts of "Preload" and "Afterload." In

assessing the contractile properties of muscle, it is im-

portant to specify the degree of stretch of the muscle
when It begins to contract, which is called the preload.

and also to specify the load against which the muscle
exerts its contractile force, which is ca\ \eAyha.afleriead.

For cardiac contraction, the preload is considered to

be the volume of blood in the ventnde at the end of

diastole, that is, the end-diastolic vol^e. However,

sometimes this preload is expre^ed as the endrdiastolic

pressure that Tills the ventricle

The afterlo^rf of the ventricle is the pressure m the

arteries leading from the ventndes In Figure 13-8 this

corresponds to the changing systolic pressure described

by the Phase III curve of the volume-pressure diagram.

ITie importance of the concepts of preload and after-

load IS that in many abnormal functional states of the

heart or circulation the degree of filling of the ventricles

(the preload) and/or the artenal pressures against nhich

the ventndes must contract (the afterload) are severely

altered from the normal.

Ventricular functfon Curves

One of the best ways to express the functional

ability of the ventricles to pump blood is by ven-

tricular function curves, as shown in Figures

13-9 and 13-10. Figure 13-9 illustrates a type of

ventricular function curve called the stroke work
output curve. Note that ns the atrial pressures
inrreaKft- the stroke work output also increasps

until it reaches theTimitoF the heart‘s ability.

Figure 13-10 illustrates another type of ventric-

ular function curve called the minute ventncular
output curve. These t\/o curves represenT function'
of tbe two ventrldpfl of th/Thfimn n

data extrapolated from lower ’ '
.nh
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risure 1 3-9. Left and right ventricular function curves In a dog,

depicting ventricular stroke work output as a function of left and

right meart atnal pressures (Curves reconstructed front data fn

Sarnoft Thys/ot Rev, 3S 107. 1955

)

etna] pressure nses, the respective ventricular

volume output per mmute also increases.

Thus, ventricular function curves are another

way of expressing the Frank-Starling law of the

heart. That is, as the ventricles fill to higher atnal

pressures, the strength of cardiac contraction in-

creases. causing the heart to pump increased quan-

tities of blood into the arteries. In later chapters

we shall see that ventricular output curves are

exceedingly important in analyzing overall func-

tion of the circulation, for it is by such means that

one can express the quantitative capabilities of

the heart as a pump.

COSTKOL OF THE HEART BY
PARASYMPATHETIC AND SYMPATHETIC
NERVES

The heart is well supplied with both sympathetic

and parasympathetic (vagal) nerves, as illustrated

in Figure 13-11 These nerves affect cardiac pump-
ing in two ways: (1) by changing the heart rate,

and (2) by changing the stren^h ot contraction of

the heart The effect of nerve stimulation on tieart

Fate and rhythm will be discussed in the following

chapter. For the present, suffice it to say that

parasympathetic stimulation decreases heart rate

and sympathetic stimulation increases heart rate

The range of control is from as little as 20. to 30
heart beats per minute with maximum vagal stim-

ngurt 13-10. Approximate normal right artet left ventdcvlat

output curves for the human heart as extrapolated fioni data
obtained In dogs

ulation to as high as 250 beats per mmute f

maximum sympath etic stimulation*
Effect of Heart'Kafo on Function of

Heart as a Pump. In general, the more times

heart beats per mmute. the more blood it

pump, but there are important limitations to t

eflect. For instance, once the heart rate rises ai

a critical level, the heart strength itself decres

presumably because of overutilization ofmetab

substrates m the cardiac muscle. In addition,

period of diastole between the contractions

comes so reduced that blood does not have tiw

flow adequately from the atria into the ventric

For these reasons, when the heart rate is incrcS

artificially by electrical stimulation, the heart

Its peak ability to pump large quantities of bl

at a heart rate between 100 and 150 beats

minute On the other hand, when its rate is

creased by sympathetic stimulation, it reaches

peak ability to pump blood at a heart rate bets

170 and 250 beats per minute. The reason lor'

difference is that sympathetic stimulation notfi

increases the heart rate but also increases hi

strength as well, while at the same time deercas

the duration of systolic contraction end allog

more time for filling during diastole.

Nerv'ous Hegulation of Contractile Siren,

of the Heart. The two atria are especially *

supplied with large numbers of both sympa^
and parasympathetic nerves, but ventre*

are suji^ieii ntuuily by Liyinpathetic nerves and

fewer parasympathetic fibers. In general. s>^

thetic stimulation increases the strength of h^^

muscle contraction, whereas parasympath
stimulation decreases the strength of contract!

Under normal condition-s the sympathetic nc

fibers to the heart continually discharge at a

rate that maintains a strength of ventricular^

traction about 20 per cent above its strength

no sympathetic stimulation at oil. Therororc.

method by which the nervous system can deerr

the strength of ventricular contr.action is suPP
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Figure 13-12. Eifect on the cardUc output curve of dilfetent

e^ees of sympathetic and parasympathetic stimulatkm

) slow or stop tho transmission of sympathetic
npulses to the heart. On the other hand, maximal
ympathetic stimulation can increase the strength
f ventricular contraction to approximately 100
er cent greater than normal.
Maximal parasympathetic stimulation of the

>eart decreases ventricular contractile strength
bout 30 per cent 'I^us, the parasympathetic effect

9, by contrast with the sympathetic effect, rela*

jvely small. (However, parasympathetic stimula*
ion can greatly decrease the heart rate, as dis*

ussed in the following chapter.)

^

Effect of Sympathetic or Parasympathetic
itimulation on the Cardiac Function Curve,
figure 13-12 illustrates four separate cardiac
unction curves. These are much the same as the
ventricular function curves of Figures 13-9 and
.3-10, except that they represent function of the
sntire heart rather than of a single ventricle; they
ihow the relationship between the right atrial

Pressure at the input of the heart from the great
feins and cardiac output from the left ventricle
nto the aorta.

The curves of Figure 13-12 demonstrate that at
my given right atrial pressure, the cardiac output
increases with increasing sympathetic stimulation
and decreases with increasing parasympathetic
stimulation. It should be remembered that the
changes in output caused by nerve stimulation are
brought about by both changes in heart rate and
changes in contractile strength ofthe heart, for both
of these affect cardiac output.

imCT Of HIART DlBlLtTV ON CARDIAC
fUNCTION^THE HYPOimCTIVE HEART

Any factor that damages the heart, whether it be
damage tq_the myocardium, tOfthe valves, to the con-
ducting system, or otherwise, is likely to m^e thebeart
a poorer pump, and the heart under these conditions is

cnlleti a hypoeffective heart. Figure 13-13 illustrates by
the very dark curve the normal cardiac function curve

and by the three curves below this the effect of different

degrees of hypoeffectiveness on cardiac function. Ob-

viously, the more serious the damage, the less will be

the cardiac output at any given right atrial pressure.^.

Different factors that can cause a hypoeffective heart

include:

^/Myocardial infarction

^Valvular heart disease

^^/Vagal stimulation of the heart

J/ Inhibition of the sympathetics to the heart

^ Congenital heart disease

y Myocarditis

w* Cardiac anoxia

^ Diphtheritic or other types of myocardial damage

EffECT or CHRONIC INCREASE IN HEART
WORK LOAD—THE HYPEREFFECTIVE HEART

Chronic increase in the work load of the heart over a

period of many weeks or months leads to hypertrophy

of the cardiac muscie and also t(L.enIargem^t of the

ventricular chambers. As a result, the sMeialLeffective-

ness of the heart as a pump incrgases. Thejjpper three

function curves of Figure 13^ illustrate-ih*-effect of

different degrees of cardiac hypereffectiveness on the

cardiac function curve; maximal degrees of hypereffec-

tiveness can increase .pumping by the heart more than
lOOjies-eent

Other factors besides hypertrophy that ean^ajise a

hypereffective heart are

^/.Sympathetic stimulation (50 to 100 per cent

increase);

x^hibition of parasympathetic stimulation (10 to

20 per cent increase)

EfTECT or VARIOUS IONS
ON HEART FUNCTION

In the discussion of membrane potentials m Chapter

10, it was pointed out that three particular cations

—

risure 13-13. CArdlac output curves for various degrees of
hypo- and hypereffective hearts. (From Guyton. Jones, and Cole-
man Grcubtoiy Physiology. Cardiac Output and Its Regulation —

-

Philadelphia, W. B. Saunders Company. 1973)
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potassium, sodium, and calnum—all have marked ef-

fects on membrane potentials and action potentials, and

in Chapter 11 it was noted that calcium ions play an
espeaally important role in initiating the muscle »n-
tractile process. Therefore, it is to be expected that the

concentrations of these three ions in the extracellular

fluids will also have important effects on cardiac func-

tion.

The action of individual ions on the heart can be

studied by perfusing the isolated heart, as illustrated in

Figure 13-14, using the so-called Jjinsendo^pnpara-
Uon In making this preparation, tfee heart is removed
rapidly from the animal's body, and the aorta is can-

nutated immediately. The cannula is connected to a
perfusion system so that the fluid in the aorta will be

under pressure The pressure causes the fluid to flow

through the coronary vessels When the perfusion fluid

contains appropriate nutnenta (glucose and oxygen) and
ions, and the heart is kept appropriately warmed. Uie

perfused heart will beat for many hours

Effect of Potassium Ions. Excess potassium in the

extracellular fluids causes the heart to become ex-

tremely d ilated and flaccid and slows the heart rate.

Very large quantities can also block conduction of the

cardiac impulse from the atria to the ventncles through
the A-V bundle Elevation of potassium concentration

to only 8 to 12 mEq'liter—two to three times the normal
value—can cause such weakness of the heart and ab-

normal rhjlhm Uist this can cause death.

All these effects are caused fay the fact that a high

potassium concentration m the extracellular fluids

causes a decreased resting merahrone potential in the

cardiac muscle fibers, as explained m Chapter 10 And,
as the membrane potential decreases, the intensity of

the action potential also decreases, which makes the

contraction of the heart progressively weaker, for the

strength of the action potential decerrmnes to a great

extent the strength of contraction

Effect of Calcium Ions. An excess of caloum ions

causes effects almost exactly opposite of those of potas-

sium ions, causing the heart to go into spastic contrac-

tion. 'Hiis is caused by the direct effect of calcium ic:

in exciting the cardiac contractile process, as explar

eariier in the chapter. Conversely, a deficiency of i

cium ions causes cardiac flaccidity, similar to the ef

of potassium.

Effect of Sodium Ions. An excess of sodium i

depresses cardiac function, an effect similar to tl«

potassium ions but for an entirely different res;

Sodium ions^compete with calcium ions at some
uncxpIainetT point in the excitatory or the contrac

process of heart muscle in such a way that the grei

the sodium fon concentration in the extracellular Ho

the less the effectiveness of the calcium ions in catu

contraction when an action potential occurs

However, from a practical point of view, the sodi

ion concentration in the extracellular fluids prohi

never becomes high enough, even in serious patholog

conditions, to cause significant change in can

strength because of the extreme degree of effectiiar

of the sodium concentration-regulating mechanism
the other hand, very low sodium concentration, as o«

in water intoxicalion. often enuaea death becauat

caTdlac tib^lation , a phenomenon explained in

following chapter

ancT Of nMrEMTVRi on we heart

The effect of temperature on the heart can slsu

studied using the perfusion system of Jigure 13-

Increased temperature causes greatly increased he

rate, and decreased temperature causes greatly

creased rate These effects presumably result from

heat causing increased permeability of the muscle R<

brane to the ions, resulting m acceleration of the f

excitation process.

Contractile strength of the heart is often enhsn

temporanly by a m^erate increase in temperature,

prolonged elevation of the temperature exhausts

metabolic systems of the heart and causea weakness

WE HEART-LUNG PREPARATION

A method frequently used to demonstrate the c$

bilUies of the heart as a pump is the heart-lung pK

ration illustrated in Figure 13-15. In this preparat'

blood leaving the heart by way of the aorta is diver

into an external system of tubes and then back sg

into the right atnum The only parts of the aniw

body that remain alive are the heart and lungs 1

blood IS oxygenated by artifleia! respiration of lha 1“'

and glucose is added periodically to the blood to sup

nutrition for cardiac contraction.

As blood flows through the external circuit, the n.

atnai pressure, aortic pressure, and blood flow are me

ured. Also, an adjustable venous reservoir allow*

pressure in the right atrium to be increased or deerws

A screw clamp is provided on the main outflow p

from the heart so that the arterial resistance wo
increased or decreased. Finally, a special reservoir t

taming air in its upper part and blood in its lower f

is used as an “elastic buffer" (windkessel) so

blood pressure will not rise and fall excessively ^

each contraction of the heart. &me of the .

cardiac fancUon that can be demonslrst^ with

heart-lung preparation are the following:

First, the effect of end-diaatolic volume or atrial^'

sure on stroke volume output can be demonstrated
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raising and lowering the venous reservoir. When the

reservoir is raised, blood dows into the heart rapidly,

distending the cardiac chambers and causing increased
stroke volume output, thus demonstrating the Prank-
Starling law of the heart.

Second, one can show that increasing the arterial

resistance does not significantly decrease the stroke vol'

urne output as long as the right atrial pressure remains
constant. T^is illustrates that the aortic pressure, within

physiological limits, has rather little effect on the out-

put, though very high pressures can overload the heart
so much that the stroke volume output does then become
reduced.

Third, the effect of different factors on heart rale can
be studied, such as a slight increase in heart rate that
occurs when increased inflow of blood to the heart
stretches the right atrial wall, an increase in heart rate
Hl'th increasing temperature, an increase in heart rate
when epinpnbrinff is injected into blood perfusing the
heart, a decrease in heart rate when acetylcholine is

iiycctcd, and changes in heart rate when the nerves to

the heart are stimulated.

ASSESSMENT OF CONTRACTtUTY

Though It IS very easy to determine the heart rate by
simply timing the pulse, it has always been difllcult to

determine tlie strength of contraction of the heart.

Commonly called cai^iac contractility. Very often the
thange in contractility is exactly opposite to the change
in heart rate. Indeed, this effect occurs almost invariably
tn heart-debilitating diseases.

One of the ways in which cardiac contractility can be
dcUrmined with great precision is to record one or more
<*f the cardiac function curves. However, this can be
done only in cxpcnmcntal animals, and even then only
With considerable difilculty, 'ITicrefore, many physioto*

gists and clinicians have searched for methods to assess

the cardiac contractility m a simple way. One of these
methods is to determine the so-called dP/dt.

dP/dt as a Jifeasure of Cardiac Contractility. dP/dt
means the rate ofchange of the venlnmlnr prrssure with
respect to time . The dP/at record is generated by an
electronic computer that differentiates the ventricular

pressure wave, thus giving a record of the rate ofchange
ofthe ventricular pressure. Figure 13-16 illustrates two
separate recordings of the ventricular pressure wave os

well as simultaneous recordings (in color) of the dP/dt.

In the upper part of the figure the Jieart was. beating
normally, and in the lower part the he~art Kad been
stimulate by isoproterenol, a drug that has essentially

the same effect on the heart as sympathetic stimulation,

as will be discussed in mere detofl in Chapter 57.

Note in the upper record that at the same time that

the ventnciilar pressure is increasing at its most rapid

rate, the recording of the dP/dt record also reaches its

greatest height. On the other hand, at the time that the
ventricular pressure is falling most rapidly, the dP/dt

record reaches its lowest level. When the ventncular
pressure is neither rising nor falling, the dPtdt record

IS at zero value.

Experimental studies have shown that the rate ofnse
of ventricular pressure, the dP/dC, in general correlates

veiy well with the strength of contraction of the ventri-

cle. Hus effect is illustrated by a comparison of the

dP/dt record in the upper part ofFigure 13-16 with that

m the lower part Note that the peak value for dP/dt in

the upper record is only 1800 mm Hg per second,

whereas in the lower record it rises to approximately
2600 mm Hg per second, illustrating the stimulatory

eftect of isoproterenol on the contractility of the ventri-

cle Thus, the pcaii; dP/dt is often used as a means for

comparing the contractilities of hearts m different ftinc-

tiona) states.

Unfortunately, the quantitative value for peak dP/dt

IS also affected by other factors that are not related to

cardiac contractility For instance, the value is increased

by both increased input pressure to the left ventricle

(the end-diastohc ventricular pressure), which is the

preload of the ventricle, and the pressure in the aorta

n^vre 13-16. Slmulianeous recording of vertincUai pressuie

«nd dr/dL A showt results from * nornMl heart And B. horn a
heart silmuUtcd by Isoproierenot (ModJ>ed trom fitason el at.

irtSodeman and $odeman (eds.} Tatnoloslc rhyvology. 6tli ed.
rtiiiadcIphU,W B Saunders Company. 1979)
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against which the heart is pumping the blood, called

the a/lerload. Therefore, it is often difficult to use dfVdt

as a measure of contractility in comparing hearts from
one person to another because one of these factors may
diiTer For this reason other quantitative measures have
also been used in attempts to assess cardiac contractility.

One of these has been to use dP/dt divided by the

instantaneous pressure in the ventricle, or (dP/dtVP.

Another has been to use V„„, which is the maximum
rate of shortening of the heart muscle at tcro intraven-

tricular pressure, a value almost impossible to measure
directly but that can be estimated from other measure-

ments of heart function
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Rhythmic Excitation

of the Heart

The heart is endowed with a special system (a)

\T generating rhythmical impulses to cause
jythmical contraction of the heart muscle) and
)) for conducting these impulses rapidly through-
ut the heart. Wien this system -functions nor-

lally, the atria contract about one sixth of a
scond ahead of ventricular contraction^ which
Hows extra filling of the ventricles before they
ump the blood through the lungs and peripheral
irculation. Another special importance of the sys*

em is that it allows all portions of the ventricles

0 contract almost simultaneousl y, which is essen-
ial for effective pressure generation in the ven-
ricular chambers.
U^ortunately, though, this rhythmical and con-

luction system of the heart is very susceptible to

lamage by heart disease, especially by ischemia
f the heart tissues resulting from poor coronary
ilood flow. The cojjaeauence is often a very bizarre
leart rhyUjm, or abnormal sequence olconlraction
f the heart chambers, and the pumping effective-
less of the heart is often affected severely, even to

he extent of causing death.

THE SPECIAL EXCITATORY
VND CONDUCTIVE SYSTEM

THE HEART

The adult human heart normally contracts at a
•hythmic rate of about 72 beats per minute. Figure
14-1 illustrates the special excitatory and conduc-
ive system of the heart that controls these cardiac
:ontractions. The figure shows (A) the S-A node
in which the normal rhythmic self-excitatory im-
pulse is generated, (B) the intcrnodal pathieays
that conduct the impulse fro.m the S-A node to the
A-V node, (C) the A-V node in which the impulse
from the atria is delayed before passing into the
ventricles, (D) the A-V bundle, which conducts the
impulse from the atria into the ventricles, and (E)
Ihe ic/i and right bundles ofPurkinje fiBers, which
conduct the cardiac impulse to all parts of the
ventricles. ’

»

THE SINOATRIAL NODE

TK/> cina^tUial (S-A) node is a small, flattened,

ellipsoid strT^ofspeciaUzeH muscle approxlffiately

3^'inTTr'Wide'^.Tmin‘^dngr^d‘T*rrinr-^ifW^it is

located m the anterosuperior wall of the right

atnum immediately anterior and lateral to the
opening of the superior vena cava. The-fibers of
this node are each 3 to 5 microns in diameter, in

contrast to a diamfeter dt' l6 to Tnicmhg'ror the
surrounding atrial 'muscle fibers. However, the
S-A fibers are continuous with the atrial fibers so

that any action potential that begins in the S-A
node sDreads~irnmediate i^^T»tft±bft^ria

Automatic RhythmlcJty

of the Sinoatrial fibers

Most cardiac fibers have the canabiliry nlself.

exritnfwn . a procesS-that can cause automatic
riivthmical contraction. This is especially true of

njure 14-1. Tlie S-A node and the PinUnje syiiem o< the

hean. shovring also the A-V node, the aitlal hiemodai pathways,

and the venulcular bundle t»ax>ches.

165
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the fibers of the heart’s specialized conducting

system; the portion of this system that displays

self-excitation to the greatest extent is the fibers

of the S-A node. For this reason, the sinoatrial

node ordinarily controls the rate of beat of the

entire heart, as will be discussed in detail later in

this chapter. First, however, let us describe this

/automatic rhythmicity.
~

y Mechanism of S-A Nodal Rhythmicity. The
'' basic biophysics of self-excitatory rhythmicity of

excitable tissues was presented in Chapter 10,

However, let us review these principles as they

apply to the S-A node.

Figure 14-2 illustrates action potentials re-

corded from an S-A nodal fiber for three heartbeats

and, by comparison, a single ventricular musefe
fiber action potential, shown to the right.. Note
that the “resting" potential of the S-A nodal fiber

has a maximum negativity of only -55 to -60_
millivolts in comparison with - 85 to -BO mini-

volts for the ventricular fiber.
'

Before attempting to explain the rhythmicity of

the S-A nodal fibers, first recall from the discus-

sions of Chapters 10 and 13 that in cardiac muscle
three diHetent types of membrane ion channels

play important roles in causing the voltage

changes of the action potential. These are (1) the

fast sodtuny^Mfls, (2) the Mow calcium-sodium
channels, and '(3) the pota^iuin channels. The
opening of the fast sodium cfianHelsTST'a few ten

thousandths of a second is responsible for the very
rapid splkelike onset of the action potential ob-

served in ventricular musclcbecause of rapid in-

flux of positive sodium ions to the interior of the

fiber. Then the "prateau of the ventricular action

potential is caused, primarily by slower opening 6f

the slow calcium-Bodtum channels, which lasts for

a few tenths of a second Finally, Increased opening
of the potassium channels and diffusion of large

amounts of positive potassium ions out ofthe fiber

return the membrane potential to its resting level.

But there is a difference in the function of these

channels in the S-A nodal fiber The cause of this

Usure 14-2. Rhythtnfc Olscharse of an S A nodal fiber, and
comparison of the S-A rKxIa] action potential with that of a

ventricular muscle fiber

difference is the much lesser negativity of theS
nodal fiber during the “resting” potential

-55 millivolts. At this level of negativity, the f

sodium channels have mainly become
vated,” which means that they have

'

blocked. The cause of this is that any time tl

membrane ^tential remains less negative th>

about -60 millivolts for a prolonged penod

'

time, the gates on the inside of the cell membrai
that close these channels become closed and r

main so Therefore, only the slow calcium-sodm

channels can open (that is, can become “activated

and can thereby cause the action potential. Ther

fore, the action potential is slower to develop ths

that of the ventricular muscle and also recove

with a slow decrement of the potential rather tb

the abrupt recovery that occurs for the ventriculi

fiber.

However, there is still another feature of U

S-A nodal fibers that is essential for their rhytb

ical self-excitation. This is the fact that they a

quite leaky to sodium ions. This leakiness mak

the “resting" notpntial of the S-A nodal fibersTe

negati ve than the rating p^ntml of the venm
ular^^^se^le fibers , because entry of the nostti'

sodiunTTonstolhe interior of the fiber neufralit

much of the fiber negativity. This leakiness

sodium ions also causes’ the “resting” potenli

gradually to rise between each two heart beats,

i

illustrated in Figure 14-2, until it finally read'

the threshold voltage of at>out‘-4Q millivolts i

this point, this rising voltage suddenly opens ii

calcium-sodium the 8

tion poterftial. Therei^ore. ba^cally, the inherei

leakiness oTlhe S-A nodal fibers to sodlOi'f^

causes ih eir self-excitation .

Next, we must answer why this leakiness

sodium ions does not cause the S-A nodal fiber

remain depolarized all the time. The answer

:

this 16 that at the termination of the action potn

tial, greatly increased numnurs^T^labium cna:

nels have become''opened, land these f

greater quantities'ot'^ta^ium’ to dilTuse out

'

the fiber thannormai i^^inis carries a greaTexce

of positive charges to the exterior'and temporan:

causes excess neKSttvtty^mside the fiber, which

called a state oChyperpoiaruatioriT^is hyperp

larization initially fames the "reiting” membrai

potential down to about -65 to -60 millivol ts i

the termination of the action’Boleflthil:

Lastly, we must explain why the state of hy^
polarization also is not maintained forever. R
reason is that during the next! few tenth’s of

second afte r, the action potential is over, progrvj

sively more^nd liiore of the potassium channe

begin to closeTTTow the inward-leaking positiv

sodium ions once again overbalance the out"'

flux of potassium ions, which causes the “resting

potential to drift upward, finally reaching

threshold level for discharge at a potential of ab^

-4
^ millivolts. Then the entire process begu
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igain: self-excitation, recovery from the action

)otential, hyperpolarization after the action poten-

ial is over, upward drift of the “resting” potential,

hen re-excitation still again to elicit still another
:ycle; this process continues indefinitely through-

)ut the life of the person.

mUSODAL PATHWAYS ASD
niASSMlSSION or the cardiac impulse
THROUGH THE ATRIA

The ends of the S-A nodal fibers fuse with the
iurrounding atrial muscle fibers, and action poten-

tials originating in the S-A node travel outward
hto these fibers. In this way, the action potential

spreads through the entire atrial muscle mass and
jventually also to the A-V node. The velocity of
induction in the atrial muscle is^ppruximaieiv
) 3 meterjer second.'lttro'SVdr'cdnduction is some-
what more rapioitTseveral small bundles of atrial

nuscle fibers. One of these, called the anterior

interatrial band, passes through the anterior walls

?/ jhe atria to the left atrium and conducts the
:^diac impulse at a velocity of about 1 meter per
secqndj In addition, three other smalT bundle
nirve through the atrial walls and terminate m
the A-V node, also conducting the cardiac impulse
at tius rapid velocity. These three small bundles
are illustrated in Figure 14-1 and are called re-

spectively the anterior, middle, and posterior inter-

pathways. The cause of themore rapid ve-
locity of conduction in the^e bundles is the
presence of a number of-specialia^ conduction
fibers mixed with the_atriaL m\iscle. These fibers
are similar to the very rapidly conducting Purkinje
fibers of the ventricles, which will be discxissed

subsequently.

the ATRIOVENTRICULAR (A-V) NODE
AND THE PURKJN/E SYSTEM

Delay in Transmission at the A-V Node. For-
tunately, the conductive system is organized so
that the cardiac impulse will not travel from the
atria into the ventricles too rapidly; this allows
time for the atria to empty their contents into the
ventricles before ventricular contraction begins. It

18 primarily the A-V rifwie and its asBQciated_CDn-
ductive fibers that delay ilus transmission of the
cardiac impulse from the atria into the ventricles.

‘Die A-V node is located in the septal wall ofthe
right atrium immediately posterior to the tricuspid
valve, as illustrated in Figure 14-1. Figure 14-3
shows diagrammatically the different parts of this
node and its connections with the atrial internodal
pathway fibers and the A-V bundle. The figure
also shows the approximate intervals of time in
fractions of a second between the genesis of the
cardiac impulse in the S-A node and its appearance
at different points in the A-V nodal system. Note
that the impulse, after traveling through the in-

flgure 14—3. Organization of the A-V node The numbers
represent the Inteiv^ of time from the origin of the Impulse in

the S-A node The values have been extrapolated to the human
being. (This figure Is based on studies In lower animals discussed

and Austrated In Hoffman and Cranefield Electrophysiology of

the Heart New York. McCraw-HIU Book Company, i960

)

temodal pathway, reaches the A-V node approxi-
mnfplv Q hi gprrmd^fter its oridn in the S-A node.
However, between this time 'and th^ime that the
impulse emerges in the A-V bundle, another 0.11

second elapses About one half of this time lapse

occurs in the junctional fibers, which are very
small fibers that connect the normal 'atrial fibers

with the fibers ol me node Jiseiriil^trated in

Figures 14-3 and 14-4). The velocity ofConduction
in these fibers is as little as 0.02 meter per second

(about one twentieth that“Tn’norman:4rdiac mus-
cle). which greatly delays entrance of the impulse
into the A-V node. After entering the node proper,

the velocity of conduction in the nodal fibers is

still quite low, only 0.1 meter per second, about

ANCmCiN TRAllSITIONaL

/ NODE nSERS
ft.y

^ BUN0L£

L i\
Hgure 14-4. FunciionaJ diagram of theanatomicai relaflOf»sh!ps

bi the region of the atrioventricular node. The action potentials at

the bottom were recorded under normal conditions (solid lines)

and under the Influence of acetylcholine (dashed lines), showing

blockage of conduction by this substarKe (from Hoffman and

Cranefield Electrophysiology of the Heart New York, McCraw-
Book Company, I960)
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one-fourth the conduction velocity in normal car-

diac muscle. Therefore, a further delay in trans-

mission occurs as the impulse travels through the

A-V node into the transitional fibers and hnally

into the A-V bundle (also called the bundle ofHis).

Figure 14-4 illustraTes a'Tunctionai"3ragram of

the .A-V nodal region, showing the atrial fibers

leading into the minute junctional fibers, then
progressive enlargement of the fibers agairi as they

spread through the node, through the transitional

region, and mto-^he A-V bundle.

Cause of the Delay. The cause ofthe extremely

slow jnndui^tion m the ninrtlnnnl and some other

A-V nodafTTEers IS partly their small size. The
resistance to contiuciion ol ionic currents both

inside and outside small fibers is far greater in

relation to the surface membrane area than is true

for large fibefs, and this makes it a general char-

acteristic of small fibers that they conduct impul-

ses at a slower velocity than do large' fibe rs.*

However, another feature oi conduction at the

A-V node probably accounts for most of the slow

conduction This is the fact that thejunctional and
A-V nodal fibers, like the S-A nodal fibers, have

resting membrane potentials that are much less

negative than the normal resting potential ofothef

cardiac mu.scle. Therefore, thejunctional and A*V
nodal fibers, aU*b like the S-A nodal fibers, haVe
many if .not most of their fast sodium channels

blocked, as explained earlier in the chapter for the

S-A fibers? As a consequence the action potentials

of these fibers must be initiated by the stow cal-

cium-sodium channels, which are slow to open (to

“activate") at the onset of the action potential,

causing slow development of the action potential

itself. Therefore, each linear segment of these

fibers is also,slow to excite the next segment, and
this slowness continues throughout the length of

thejunctional and nodal fibers

Ij/T’rolongcd Refractory Period of A-V Node.
Another characteristic of the junctional and A-V
nodal fibers is that their refractory period is about

25 per cent longer than the refractory period of

usual iflTdlaC hiijscle. The reason for this is prob-

ably the fact that the slaw ca^emm^aodmm chan-

close i^^rV^InrHvrlherebv greatry^roTOHging the

refractory period

The importance of this prolonged refractory pe-

riod is That It helps prevent the development of
potentially senous arrhythmias of the heart that

might occur ifa second cardiac impulse were trans-

mitted into the ventricular muscle too soon after

the first, as we shall explain more fully later in

the chapter •

TRANSMfSSfOWW THE PURKIN{E SYSTEM

The Purkirye fibers that lead from the A-V node
through the A-V bundle and into the ventricles
have functional characteristics quite the opposite

of those of the A-V nodal fibers; they are very

large fibers, even larger than the normal ventric-

ular muscle fibers, and they transmit impulses at

a velocity oQ 5 to 4 0 meters ner RPconH_fl vplrwitv

"^atjoul'li iiinw lhal iri"th'e usiKl'L'ui dratriniliiClij ilUd-

p. 150 times that in thejunctional fibers. This allows

almost imnjediate transmission of the cardiac im-
j pulse throu^ounhO entire ventricular s^^stem.

The very rapid'transmission of action potentials
* by Purkinje fibers is probably caused by increased

numbers of nei^uses between the successive cardiac

''Cells Lhat maKe'^np'ttitrfhirkinje fibers. At these

nexuses, ions are transmitted easily from one cell

to the next, thus enhancing the velocity of trans-

mission, The Purkinje fibers also have very few
myofibrils, which means that they barely contract

during the course of impulse transmission.

Distribution of the Purkinje Fibers in the
Ventricles. The Purkiiye fibers, after originating

in the A-V node, form the A-V bundle, which then
threads through the fibrous tissue between the
valves of the heart and thence into the ventricular

septum, as shown in Figure 14-1. The A-V bundle
divides almost immediately into the left and right

bundle branches that lie beneath the endocardium
ofthe respective sides of the septum. Each of these
branches spreads dowmvnird toward the apex of

the respective ventricle, but also divides into small
branches which spread around each ventricular
chamber and finally back toward the base of the
heart. The terminal Purkinje fibers penetrate
about one third of the way Into the muscle mass
to terminate on the muscle fibers

From the time that the cardiac impulse first

enters the A-V bundle until it reaches the termi-
nations of the Purkirye fibers, the total time that
elapses averages about 0 03 second; therefore, once
a cardiac impulse enters the Purkirye system, it

spreads almost immediately to the entire endocar-
dial surface of the ventricular muscle.

TMNSMISSION OF THE CARDIAC IMPULSE
IN THE VENTRICULAR MUSCLE

Once the cardiac impulse has reached the ends
of the Purkirye fibers, it is then transmitted
through the ventricular muscle mass by the ven-
tricular muscle fibers themselves. The velocity of

transmission is now only 0 3 to 0.5 meter pet
second, one sixth that in the Purkirye fibers. .

The cardiac muscle wraps around the heart in a

double spiral with fibrous septa between the spt-

railing layers; therefore, the cardiac impulse does

not necessarily travel directly outward toward the

surface of the heart but instead angulates toward
the surface along the directions of the spirals.

Because of this, transmission from the endocardial

surface to the epicardial surface of the ventricle

requires as much as another 0.03 second, approx-

imately equal to the time required for transmission

through the entire Purkirye system. Thus, the total



figure 14-5. Transmission of the cardiac Impulse through the

heart, showing (he time of appearance (In fractions of a second)

of (he impulse In different parts of the heart

time for transmission of the cardiac impulse front

the origin of the Purkinje system to the last of the
ventricular muscle fibers in the normal heart is

about 0 06 second.

SUMMARY or THE SPREAD OF THE
CARDIAC IMPULSE THROUGH THE HEART

Figure 14-5 illustrates in summary form the

transmission of the cardiac impulse through the
human heart. The numbers on the figure represent

the intervals of time in fractions of a second that

lapse between the origin of the cardiac impulse in

the S'A node and its appearance at each respective

point in the heart. Note that the impulse spreads
at moderate velocity through the atria but is de*

layed more than 0.1 second in the A*V nodal region
before appearing In the A*V bundle. Once it has
entered the bundle, it spreads rapidly through the
Purkinje fibers to the entire endocardial surfaces
of the ventricles. Then the impulse spreads slowly
through the ventricular muscle to the epicardial

surfaces. ^

It is extremely important that the student learn
in detail the course of the cardiac impulse through
the heart and the times of its appearance in each
separate part of the heart, for a quantitative

knowledge of this process is essential to the un-
derstanding of electrocardiography, which is dis-

cussed in the following three chapters.

CONTROL OF EXCITATION AND
CONDUCTION IN THE HEART

THE S-A NODE AS THE PACEMAKER
OF THE HEART

In the above discussion of the genesis and trans-

mission of the cardiac impulse through the heart,

it was stated that the impulse normally arises in

the S-A node. However, this need not be the ca^
under abnormal conditions, for other parts of the
heart can exhibit rhythmic contraction in the same
way that the fibers of the S-A node can; this is
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particularly true of the A-V nodal and Purkinje
fibers.

The A-V nodal fibers, when not stimulated from
some outside source, discharge at an intrinsic

rhythmic rate of 40 to 60 times per minute, and
the Purkinje fibers discharge at a rate of some-
where between 15 and 40 times per minute. These
rates are in contrast to the normal rate of the S-A
node of 70 to 80 times per minute.

Therefore, the question that we must ask is:

Why does the S-A node control the heart’s rhyth-
micity rather than the A-V node or the Purkinje

fibers? The answer to this is simply that the rate

of the S-A node is considerably greater than that

of either the JC^ no'de or the Purkinje fibers. Each
time the S-A node discharges, its impulse is con-

ducted into both the A-V 'node and the Purkinje
fibers, dis^argihg their excitable membranes.
Then these tissues, as well as the S-A node, fi^over

from the action potential and become hyperpolar-

ized But the S-A node losesThis hyperpolarization
much'more rapidly tha'n doe's eitHe7 ot me o^er
two and emits a new impulse bei'ore^either one of

them can reach its own threshold for self-excita-

tion. The new impulse again dischargesboth the
A-V node Add Plirkinjelibers. iMs pr^ess contin-

ues on and on. the S-A node*always exeltmg these

other potentially sel f-excitatory tissues before self-

excitation can actually occur.

Thus, the S-A node controls the beat ofthe heaut,

because its rate of rhythmic discharge is greater

than that of any other part of the heart. Therefore,

the S-A node is the normal gacema^er of the heart.
Abnormal Pacemakers—The^ctopic Face-

maker. Occasionally some other^n oi me heart

develops a rhythmic discharge rate that is more
rapid than that of the S-A node. For instance, this

often occurs in the A-V node or in the Purkinje

fibers. In either of these cases; the pacemaker of

the heart shifts from the S-A node to the A-V node
or to the excitable Purkinje fibers. Under rare

conditions a point in the atnal or ventricular

muscle develops excessive excitability and becomes
the pacemaker.

A pacemaker elsewhere than the S-A node is

caUgd an ectopic nocgniofeer. Obviously, an ectopic

p.^emaker causes an abnormal sequence of con-
traction of the different parts of the heart.

Another cause of shift of the pacemaker is block-

age of transmission of the impulses from'me a-

A

node to the other parts of the heart , this occurring
most frequently atthe A-v n(>de oh the way to the
ventricles. When A-V block occui^.'TEe' atria com
tmue to beat at the normal rate of rhythm of the
S-A node, v^hile a new pacemaker develops in^he
Purkinje system of the ventricles and drives the
ventricular muscle at a new rate somewhere be-
tween 15 and 40 beats per minute. However, the
Purkinie svsfeni does not begiTrto_emi t its rhyth-
mical impulses until 5 to 30 seconds later. Ductng
this entire period of tiniS the lejlrfcles fail to
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pump blood, and the person faints after the first 4

to 5 seconds because of lack -of blood flow to the

brain This condition is called Stok^a-Adams sv/i-

drome. If the period is too long, it can lead

death.

The cause of this prolonged delay before estab-

lishing the new rhythm is the phenomenon called

overdrive suppress^ion_Th&t is, when the S-A node
FurJunje sjdrives'TEe*PurIiitye~sy8tem at a rhythmical fre-

quency far above its natural frequency, as is nor-

mally the case. thq_PurkiTije system is said to be
overdriven, and/or reasons not totally understood

this temporarily suppresses the excitability of the

Purkinje fibers so that an extra period of time is

required before they can become self-excitatory.

This is a very valuable effect because it ordinarily

keeps the other parts of the heart besides the S-A
node suppressed enough so that it is difficult for

them to take over a pacemaker function.

5^
ROLE OF THE PURKINJE SYSTEM IN ^
CAUSING SYNCHRONOUS CONTRACTION /
or THE VENTRICULARMUSaT^^(^'^ **

It is clear from the previous description of the
Purkitye system that the cardiac impulse arrives

at almost all portions of the ventricles within a
very narrow span of time, exciting the first ven-

tricular muscle fiber only 0.06 second ahead of

excitation of the last ventricular muscle fiber

Since the ventricular muscle fibers normally re-

main contracted for a total period of 0.3 second,

one can see that this rapid spread of excitation

throughout the entire ventricular muscle mass
causes all portions of the ventricular muscle in

both ventricles to contract at almost exactly the
same time Effective pumping by the two ventric-

ular chambers requires this synchronous type of
contraction If the cardiac impulse traveled
through the ventncular muscle very slowly , then
much of the ventricular mass would contract prior

I.
to contraction of the remainder, in which case the

'
. overall uumnins effect would be ereatlv deDre<»pd ^ v

a strong representation to the ventricular muscle

as well as to all the other areas.

Effect of Parasympathetic (Vagal) Stimula-

tion on Cardiac Hhythm and (Conduction

—

Ventricular Escape. Stimulation ofthe parasym-
pathetic nerves to the heart (the vagi) causes the

hormone acetylcholine to be released at the vagal

endings This hormone has two m^or effects on

the heart. First, it decreases the rate of rhythm of

the S-A node, and. second, it decreases the excita-

bility of the A-V junctional fibers between the

atrial musculature and the A-V node, thereby
slowing transmission of the cardiac impulse into

the ventricles. Very strong stimulation of the vagi

can completely stop the rhythmic contraction of

the S-A node or completely block transmission of

the cardiac impulse through the A-V junction. In

either case, rh^hmic impulses are no longer trans-

mitted into the, ventricles. The, ventricles stop

beating for 4 to 10 seconds, but then some point

in the Purkinje fibers, usually in the A-V bundle,

develops a rhythm of its own and causes ventric-

ular contraction at a rate of 15 to 40 beaUjer
minute. This phenomenon is callerf^^^^T/or
escape^

overall pumping effect would be greatly depressed >

^Indeed, m some types of cardiac debilities, someofN^\
which will be discussed in Chapters 16 and 17,
such slow transmission does indeed occur, and the
pumping effectiveness, of the ventncles is de-
creased perhaps as much as 20 to 30 per cent.

COfVniOI OF HEART RHYTHMIOTYAND
CONDUenON BY THE AUTONOMIC
NERVIS

The heart is supplied with both sympathetic and
parasympathetic ner\-es, as illustrated in Figure
13-11 of the previous chapter. The parasympa-
thetic nerves are distributed mainly to the
and A-V nodes, to a lesser extent to the muscle of
the two atria, and even less to the ventricular
muscle. The sympathetic nerves, on the other

are distributed to all parts of the heart, with

1

increases the permeability of the fiber merqbranes
to potassium^ which allows rapid leakage of potas-

sium to the exterior. This causes increased nega-
tivity inside the fibers, an effect called hyperpolar’

uation, which makes excitable tissue rnuchjess
excitable, as was explained in Chapter lO!

'

In the S-A node, the state of hyperpolansatien
decreases the “resting" membrane potential of the

S-A nodal fibers to a level considerably more neg-

ative than the normal value, to a level as low as

-65 to -75 millivolts rather than the normal
level of -65 to -60 millivolts. Therefore, the

upward drift of tbo testirvg^ambiane potential

caused by sodium leakage recpiires much longer to

reach the iM'edKold'potCfiTlal for excitation. Ob-
viously, this greatly slows the rate of rhythmicity
of these nodal fibers. And. if the vagal stimulatitm

is strong enough, it is possible to stop completely

the rhythmical self-excitation of this node..

In the A-V*node, the state of hyperpolarization

makes it difficult for the minute junctional fibers,

which can generate only small quantities of cur-

rent during the action potential, to excite the nodal

fibers. Therefore, the safety factor for transmission

ofthe cardiac impulse through the junctional fibers

and into the nodal fibers decreases. A moderate
decrease in this simply delays conduction of the

impulse, but a decrease in safety factor below unity

(which means so low that the action potential of

one fiber cannot cause an action potential in the

successive fiber) completely blocks conduction.

Effect of Sympathetic Stimulation on Car-
diac Rhythm and Conduction. Sympathetic
stimulation causes essentially the opposite effecta
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on Iho heart to those caused by vagal stimulation

as follows: First, it increases the rate ofS-A nodal
discharge. Second, it increases thVi^tp nt cngduc-

tion and the excitability in alt portions of the
heart. Third, it increases greatlv thn forre of con-

traction of all thd cardiac musculatu re, both atrial

and ventricular, as discussed in tho previous chap*
ter.

In short, sympathetic stimulationJnrre.ages tho
overall activity of the heart- Iviaximn] filiTnulaiJAn

can almost triple the rate nf hpnHhfnf and can
increase the strength of heart contraction as much
as two-fold.

AfccTianism of the Svmnathettc Effect. SUm>
ulation of thC sympathetic nerves releases the
hormone nore^ephrine at the sympathetic ner%'e

endings. The precise mechanism by which this

hormone acts on cardiac muscle hbers is still some-
what doubtful, but the present belief is that it

increases the pdnneabtlity of thb fiber membriine
to sodium and calcium. In the &A node, an in-

crease of sodium permeability would cause in-

creased tendency for the resting membrane poten-
tial to drill upward to the threshold level forsclf-

excitation.'which obviously would accelerate the
onset of self-excitation ailer each successive heart-

beat and therefore increase the heart rate.

In the A-V node, increased sodium permeability

would make it easier for each fiber to excite the

succeeding fiber, thereby decreasing the conduc-
tion time from the atrlajo the ventddes.
The increase m permeability to calcium ions is

at least partially re-gponsihle for the increase in

contractile strength ^tho cardiac muscle under
the influence of sympathetic stimulation, because
calcium ions play a powerful role irTeJicitirtg^hc

contractile process"of the myofibnls:

ABNORMAL RHYTHMS
OF THE HEART

Abnormal cardiac rhythms can be caused by (1 ) ah-

normal rhylhmicity of the nacem.iker itself. (2) shill df
the pacemaker from the S-A node to othcr*parta ofthc
heart, 13) blocks at difffrpnt rwints in the transmission
of the impiiTcn thTYiiifTh ihff heart. (4> annormnl p.-ithwavs
of impulse transmission through, the heart, and (5)

spontoneous generation of abnormal impulses in almost
any part of thr. ho.nrt. ilome ot these will be discussed in

Chapter 17 in relation to elepfrocarrimgraphic^nalvsis
of cardiagJirthyllimias, hut tho mninr diifiirhanrpg and
their causes are presented here to illustrate some aber-
rations that can occur m the function of the rhythmicity
and conducting systems of the heart.

H£AJir BLOCK

Occasionally, transmission of the impulse through the
heart is blocked at a critical pSInt in" the conductive
system. One of the mo^t common of these points is

bctuecn the atna and the ventricles: this condition is
' called alriooenlricular Nock . Anirthcr common point is

in one of tho bundle bmnehes of the Purkinje system.
Rarely a block also develops between the S-A node and
the atrial musculature.
Atrioventricular Block. In the human being, a block

between the atna and the ventricles can result from
localized damage or depression of the A-V node , espe-

cially of the luncttonal fibers, or oftheA-V bundle . The
causes include different types of infectious processes,

excessive stimulation by the vagus nei^^s (which de-

presses conductivity in the junctional fibers), localued
destrection of the A-V as a resulLof a coronary
infarct, pressure on the A-V bundle by artenosclerotic

plaques, or depression caused by varimiB-dniffg

Figure 14-6 illustrates a typical record of atrial and
ventricular contraction while the A-V bundle was being
progressively compressed to cause successive stages of

block Dunng the first three eontractions of the record,

ventricular contraction followed in orderly sequence

approximately 0 16 second after atrial contraction.

Tben, A-V bundle compression was begun, and the

mtcn'ol of time between the beginning of'atria) con-

traction and the beginning of ventricular conti^ction

increased steadily dunng the next five heartbeats from
0 In 0.T9 trrnnH Beyond this point fiirther compres-

sion completely blocked impulse transmission. There-

after, the atna continued to beat at their normal rata

of rhythm . whileThe vcntncles failed to contract_at all

for approximately 7 ^coi^s' Then,
“
ventricular escape"

occurred, and a rhythmic focus in the^ventncular Pur-

kinje system sud^nly began to act as the ventncular
pacemaker, caitsing ventncular contractions at a rate of

approximately 30 per minute; these were completely
dissoaated from the atrial contractions These vanous
stages of heart block will be discussed more fully'Tn

Chapter 17, along with presentation of the electrocar-

diographic abnormalities caused by the block.

Dsure 14-6. Contracilon of ifie aula and ventricles of a hean, showlns ihe efleci of progressive A-V block. Note the

progressive Increase In the interval between the onset of atrial contraction and the onset of ventncular contraction. Note also

(he final complete asynchronism between acital and ventricular contracuon
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Normal pathway

ngur« f4-7< The circus movemonc shovklnS4nmhn.Mlonofthe

impulse In the short pathway and continued propagation ol the

Impulse In the long pathway

THE tHENOMESON Of •RE ENTRY"
AND ABNORMAL RHYTHMS

Normally, when the cardiac impulse has traveled

throughout the entire extent of the heart, it hae no place

eUe to go and therefore it simply dies Then the heart

rcmama Quiescen t until a new signal begins in theS-A
node.

However, under certain conditions this normal se-

quence of events does not occur instead, the cardiac

impulse sometimes travels around and around in cardiac

muscle without stopping This is the phenomenon called

re-entry, also called the circus moiyrng fit U is a totally

aonornial situation, but it can cause very serious cardiac

arrhythmias, some ofwhich are lethal Therefore, let us

explain more fully the cause of re-entry

Figure 14-7 illustrates several small cardiac muscle
strips cut m the form of circles If such a strip is

stimulated at the 12 o'cloch position so that the impulse

trowis »n only one direction, the impulse spreads pro-

gressively around the circle until it returns to the 12

o’clock position If the originally stimulated muscle
fibers are still in a refractory state, the impul.se then

dies out, for refractory muscle cannot transmit a second

impulse However, there are three difTeront conditions

that can cause this impulse to continue to travel around
the circle, that is, to cause '‘re-entry” of the impulse into

muscle that has already been excited.

First, if the length of Ifie pathway aroiindjhe circle is

Jong, by the time the impulse returns m the oclock
'position the o'rv^vnaUy stimulated muscle wUl lio longer
be refractory, and the impulse will continue around the
circle again and again

Second, if the length of the pathway remains constant
hut the I’eloctly ofconduction becomes cUenased enough,
an increased interval of time will elapse before the /
impulse returns to the 12 o’clock position By this lime
Uie originally stimulated muscle might be out t>f the
refractory state, and the impulse can continue around
the circle again and again.
Third, the refractory period ofthe muscU might become

greatly shorie[;£,d In this case, the impulse could also
continue around and around the circle.

All three of these conditions occur m difTerent patho*

,
al slates of the human heart as follows- fl) A long

'i

pathway

/

reqnonflv ivpiirs. ht'afta (2) Dc*
creased rate of conduction frequently r/>sn]f«tfrnm block-

age of the Purkinje system, ischemia of the muscle , high

blood potassium, and many other factors (31 A shortened

t^raetpry (kiHotT freauenTTv occurs m regpof^ ap to var-

iQUs QrugSj^sach as epinephrine, or following repetitive

electrical stimulation ‘inus, in many diJlcrent cardiac

disturbances re-entry can cause abnormal patterns of

cardiac contraction or abnormal cardiac rhythms that

completely ignore the pace-setting effects of the S-A
node.

Two especially serious rhythms caused by re-entrant

impulses aro /Iiilfer and fi^irilfntion Fl utter means ex-

trcnieiv iwpid h^ilXJieai at raiessometim^arhigh'aS
200Tb J50 beats per mihutfc’but'with"Habonably coor-

dinated contractions of the cardiac muscle This typo of

rhythm occurs frequently in the atna but only rarely in

the ventricles. Fibrillation is different from flutter in

that it h» a very high frequency and the contractions

areincoordmate, so much so that almost ho portions of

ttie caTiiiac muscle contract in jipison, and therefore the

atria or ventricles fail to pump significant amounts of

blood For this reason, ventricular fibnllation is lethal,

as we shall discuss more fully subsc^ueatly.
^

AiHaI nutter Resulting,

from A Orcus PathwAy

The le^-hand panel of Figure 14-8 illustrates a circus

pathway around and around the etna from top to bot-

tom. passing to the left of the superior and infenor
venae cavee Such circus pathways have been initiated

cxperimentolly in the atna of dogs’ hearts,Tnfd electro-

cardiographic records, which will be discussed m Chap-
ter 17, indicate that this type of circus pathway also

develops in the human heart when the atria become
greatly dilated as a result of valvular heart disease The
rate of flutter is usually 200 to 350 times per minute.

Partial Bloch at the A-V Node During Atrial

Flutter. The refractory period of the Purkinje fibers and
ventricular muscle is approximately 1/200 minute so

that not over 200 impulses per minute usually can be

transmitted intcTthe ventncles. Therefore, when the
atrium contracts as rapidly as 300 times per minute,
only one ofevery two impulses passes into the ventricles,

thus causing the atria to boot al a rate two limesThat
of the ventncles Occasionally, a 3-t -ofTtarcly. a 4:1

rhythm of the heart develops becau^ overactivity in

the A-V node suppresses its conductivily and reduces

Alriol Atrial
flutter fibrillation

njure 14-8. Pathways of Impulses In airfal Huner and atrial

fibiftaiion. ,
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the number of impulses conducted into the ventricles

even lower.

The "Chain Reaction’’

Mechanism of fibHiiation

Fibrillation, whether it occurs in the atria or m the

ventricles, is a very different condition from flutter. One
can see many separate contractile wavelets spreading
in different directions over ttie cardiac muscle at the

same time in either atrial or ventricular fibnllation.

Obviously, then, the re-entrant impulses in flbnllatton

axe^ entirely different from those m flutter. One of the
best ways to explain the mechanism of flbrillatioo is to

describe the initiation of flbnllation by stimulation with
60 cycle alternating electrical current ,

Fibrillatl^^Causecl by 60 Cycle Alternating Cur-
rent. At a central point in the ventricles of heart A m
Figure 14-9, a 60 cycle electrical stimulus is applied

through a stimulating electrode. The first cycle of the
electrical stimulus causes a depolarization wave to

spread in all directions, leaving all the muscle beneath
the electrode in a refractory state about Q 2.S

second, this muscle begins to come out of the refractory

refractoriness prior to other portions This state ofevents
is depicted in heart A by many light patches, which «
represent excitable cardiac muscle, and dark patches,
which represent still refractory muscle. New stimuli
from the electrode can now cause impulses to travel in 'T
certain directions through the heart but not in all

directions. Thus, in heart A certain impulses travel for
''

short distances until they reach refractory areas of the
heart and then are blocked. Other impulses, however, f

pass between the refractory areas and continue to travel
in the excitable patches of muscle. Now, several events
transpire in rapid succession, all occurring simultane-
ously and eventuating in a state of fibrillation These
are:

First, block of the impulses in some directions but
successful transmission m other directions creates one
of the necessary conditions for a re-entrant signal to

develop—that is, transmission of some of the depolan-
zatton waves around the heart in only one direction. As
a result, these waves do not run into waves traveling in

the opposite direction and therefore do not annihilate

themselves on the opposite side of the heart but can
continue around and around the ventricles.

Second, the rapid stimulation of the heart causes two
changes in the cardiac muscle itself, both of which
predispose to circus movement; til The velocity of con-
duction through the heart becomes decreased, which
allows a longer time interval for the impulses to travel

around the heart. (2) The refractory period of the muscle

becomes shortened, allowing re-entry of the impulse into

previously excited heart muscle within a much shorter

period of time than normally.
Third, one of the most important features of fibrilla-

tion is the division of impulses, as illustrated in heart
A. When a depolarization wave reaches a refractory

area m the heart, it travels to both sides around the
area. Thus, a single impulse becomes two impulses.

Then when each of these reaches another refractory
area it, too, divides to form still two more impulses. In
this w ay many di^erent new wave fronts are continually
being formed ine^ heart by a progressive chain reactuM

until, finally, there are many small depolarization waves
traveling in many different directions at the same time
Furthermore, this irregular pattern of impulse travel

causes a circuitous route for the impulses to travel, greatly
lengthening the conductive pathway, which is one of the
conditions leading to fibrillation. It also results in a
continual irregular pattern of patchy refractory areas
in the heart. One can readily see that a vicious cycle

has been initiated: more and more impulses are formed;
these cause more and more patches of refractory muscle;
and the refractory patches cause more and more division

of the impulses Therefore, any time a single area of
cardiac muscle comes out of refractoriness, an impulse
IS always close at hand to re-enter the area.

Heart B in Figure 14-9 illustrates the final state that
develops in flbnllation. Here one can see many impulses
traveling in all directions, some dividing and increasing

the number ofimpulses while others are blocked entirely

by refractory areas In the final state of flbnllation, the

number of new impulses being formed exactly equals

the number of impulses that are being blocked by
refractory areas. Thus, a steady state has developed
with a certain average number of impulses traveling all

the time in all directions through the ventncular syn-

cytium
As IS the case with many other cardiac arrhythmias,

fibnllation is usually confined to either the atria or the

ventncles alone and not to both syncytial masses of

muscle at the same time, because these two masses of

muscles are electncally insulated from each other by
the nngs of fibrous tissue around the heart valves.

Vulnerable Period for Causing Cardiac FibriVa’

lion.An the devious discussion of fibnllation caused by
60 cycle current, it was noted that when patchy aueas

of ventncular muscle are still refractory but are sur-

rounded by other areas of muscle that have come out of

refractonness, each excitatory wave can then pass into

the recovered wentncular muscle on the two sides of

each refractory area, thus multiplying the number of

excitatory waves. This obviously predisposes to fibrilla-

tion. The time during the heart cycle when there are

likely to be simultaneous areas of refractonness and
nonrefractoriness m the heart muscle is at the very

moment that the heart is recovenng from t<ie previous

cardiac cycle—that is, just at the end of the cardiac

action potential Therefore, this instant in the cardiac

figure 14-9. A. ImcURon of TiOrUlaiion In a heart when patches
of refractory musculature are present 5. Continued propagation
of tib/SUtoiy Impulses In the ftbrinauna venineJe.
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cycle is said to be the vulneruble period of the venincles

for fibnllation In fact, a single electric shock during

this vulnerable period frequently can lead to fibrillation.

Importance of the Purkitije System in Preventing
Ventricular FibriUaiion and Other Re-Entrant Phe-
nomena. By now, it should be clear that the Purkirpe

system plays an exceedingly important role in prevent-

ing ventricular fibrillation and other re-entrant

rhythms. There are 'two major reasons for this

First, the normal Pnrkinje system conducts the car-

diac impulse to all parts of the heart within a few

hundredths of a second, long before any of the ventric-

ular muscle can come out of refractoriness. Therefore,

the action potentialrlh the ventricular muscle fail to

propagate any further, and the cardiac impulse simply

dies until a new S-A nodal impulse is generated

Second, the PutTcinje fibers, like the A-V nodal fibers,

have a refractory pcn^ about 25 per cent greater than

that of the ventricular muscle Therefore, by the time

the Purkiiye fibers are no longer refractory the ventric-

ular muscle fibers have already long been out of the

refractory state. As a result, all pofUons of the ventric-

ular muscle are already available to accept new action

potentials from the Purkinje system when it is again
rterted Therefore, this long refractory period of the

Purkinje fibers in relation to the somewhat shorter

refractory period of the ventricular muscle protects the

muscle from being excited dunng its vulnerable period

for fibrillation

Attlai nbrtiiation

Atnal fibrillation is completely diHerent from atnal
flutter because the circus movement docs not travel in

a tegular pathway. Instead, many different excitaUon

waves can be seen to travel over the surfaces of the

atria at the same time Atrial fibrillation occurs fre-

quently when the atna become greatly overdilated—in
fact, many limes as frequently zs flutter"When flutter

does occur, it usually becomes fibnllation after a few
days or weeks. To the right in Figure 14-8 are illus-

trated the pathways of fibnllatoiy impulses traveling

through the atria

OVmouriy, atnal fibnllation results in complete \t<._

coordination of atnal contraction so that atnal pumping
ceases entirely «-

Effect of Atrial Hbrillatlon on the Overall Pump-
ing Effectiveness of the Heart. The normal function

of the atna is to help fill the ventricles However, the

atna ore probably responsible for not more than 20 to

30 pe^eni ot the normal ventricular hllmg . which was
explained in Chapter 13. Therefore, even when the atna
fail to act as primer pumps becsQse of atnal fibrillation,

the ventricles can still fill enough so that the effective-

ness of the heart as a pump is reduced only 20 to 30 per
cent, which is well within the “cardiac reserve” of all

but severely weakened hearts For this reason, atria]

fibrillation can continue for many years without serious

cardiac debility.

Irregularity of the Ventricular Rhythm During
Atrial Fibrillation. When the atria are fibnllatmg,

impulses amve at the AA' node rapidly but also irreg-

ularly. Since the A-V node will not pass a second impulse
for approximately 0 35 second after a previous ofte; at
least 0 35 second must elapse between one ventricular

. d the next, and an additional but variable
rval of 0 to 0 6 second occurs before one of the

'
L-

^
'ar fibnllatoiy impulses happens to arrive at the

A-V node. Thus, the interval between successive ven-

tricular contractions vanes from a minimum of about

0.35 second to a maximum of about 0 95 second, causing

a
y
grv irregular heart beat . In fact, this irregularity is

one of the clinical findings used to diagnose the cond i-

tion.

Ventricular Fibrillation

Ventricular fibrillation is extremely important be-

cause at least one quarter of all persons die in ventric-

ular fibnllation For instance, the hearts bf rnost pa-

tients with coronary infarcts fihnllate shortly -before

death. In only a few instances on record have fibriTlatmg

human ventricles been knoivn toTetum of their own
accord to a rhythmical beat.

The likelihood of the occurrence of re-entrant circus

movements m the ventricles and* consequently, of ven-

tricular fibrillation is greatly increased when the ven-

tricles are dilated or when the rapidly conducting^r-
kinie avsiem is blocked so that-ampulses cannot be

transmitted rapidly^ iMso, efretrtc ghoek. particularly
with 60 cycle electric current^ as discussed previously,

or rAythm/ca/ foci in tsehemic muaele. which will be

disc&sscd, are common initiating causes of ventncular
fibnllation

Itiabllity of the Heart to Pump Blood During
Ventricular ribrillatSon. When the ventricles begin to

fibnllate. the dilTerent parts of the ventricles no longer
contract simultaneously For the first few seconds the
ventricular muscle undergoes rather coarse contractions

which may pump a few milliliters oTblood ddth each
contraction However,^he impulses* ULlh? ventricles

rapidly become divided into many much ampler Impuls-
es, and the contractions become ao finejind asynchron-
ous, rather than coarse, that they pump no bloM what-
soever The ventricles dilate because of failure to pump
the blood' th^i is howing'info them, and within 60 to 90
seconds the ventricular muscle becomes
cause of lack of coronary blood supply, to contract
strongly even if coordinate contraction should return.

Therefore, death-H-iioniediate when ventncular fibril-

lation begins
Myocardial Ischemia as the 'Usual Cause of Ven-

tricular Fibrillation. The most frequent cause of ven-
tricular fibrillation is the development of a re-entrant
circus movement adjacent to an area of myocardial
ischemia caused by occlusion of a branch of a coronary
artery The cardiac muscle in the middle of the ischetiuc

area frequently rweive8~Bd little nutrition that it~gire

or becbinea totally nonfunctiona l However. the musclg
along tne eqges ot the TseheihiFcan still condurt aMi^
potentials at a very alow velocity. ^is sets up a condi-

ti'on that predisposes lo fibrillation. Re-entrant path-

ways frequently develop either wholly in the ischemic
muscle or between this and the surrounding muscle,

leading to a continuous circus movement that emits
impulses in all directions away from the focus The rapid

repetitiveness of these impulses creates patchy areas of

refractoriness in the adjacent ventricular muscle, and
tills is the essential condition for initiating the chain

reaction mechanism of fibrillation, as discussed earlier

Thus, the fibnllatory state ensues in almost exactly the

same manner as that described earlier for stimulation

mth a 60 cycle electneal currer-* V'Mear, therefore,

that any focus that emjts r- es is ely to

initiate fibnllation /
Electrical Defibriliation o / hough
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figure I4--I0. Application of electrical current to the chest to

stop ventricular nbrillatioa

a weak alternating current almost invariably throws
the ventricles into fibrillation, a very strong electrical

current passed through the ventricles for a short interval

of time can stop fibnllation by throwing all the ventne*
ular muscle into refractoriness simultaneously. This is

accomplished by passing intense current through cicc*

trades placed on two sides of the heart The current

penetrates most of the fi^ra of the ventricles, thus

sUrnulating essentially all parts of the ventricles simul-
taneously and causing them to become refractory. All

impulses stop, and the heart then remainsquiesccnt for

3 to 5 seconds, alter which tl begins to beat again, with
the S-A node or some other part of the heart becoming
the pacemaker. Occasionally, however, the same re-

entrant focus that had originally thrown tho ventricles

into fibnllation is still present, and libnllation begins
again immediately.

When electrodes are applied directly to the two sides

of the heart, fibrillation can usually be stopped with llO
volts of 60 cycle alternating current applied for O.l

second, or 1000 volts direct current applied for a few
thousandths ofa second. ^Vhen applied through the chest
wall, as illustrated in Figure 14-10, the usual procedure
is to charge a large electncal capacitor up to several

thousand volts and then cause the capacitor to discharge
in a few thousandths of a second through the electrodes
and the heart. In our laboratory the heart of a single

anesthetized dog was defibnllated 130 times through
the chest wall, and the animal remained in perfectly

normal condition.

HAnd Pumping of the Heart (“Cardiac

Massage") As an Aid to Deflbrllladon

Unless defibnllated within one minute after fibrilla-

tion begins, the heart is usually too weak to be revived
by defibrillation alone. However, it is still possible to

revive the heart by prebmmarily pumping it by hand
and then defibrillating It later. In this way small quan-
tities ofblood are delivered into the aorta, and a renewed
coronary blood supply develops. Then, after a few min-
utes, electncal defibrillation often becomes possible.

Indeed, fibnilating hearts have been pumped by hand
as long as 90 minutes before defibrillation. In recent
years, a technique ofpumping the heart without opemng
the chest has been developed; this technique consists of

intermittent, very powerful thrusts of pressure on the
chest wall.

Lack of blood flow to the brain for more than five to

ten minutes usually results in perm^ent mental im-
pairment or even total destruction of the brain. Even
though the heart should be revived, the person might
die from the effects of brain damage or live with per-

manent mental impairment.

PREMATURE CONTRACTION^
ECTOPIC FOa

Often, a small area of the heart becomes much more
normal and causes an abnormal impulse

to be generated during the^tune^interval between the

nonnaJ impulses. This can occur in eitiier the atria or

ihex^nJHHEs* A depolarization wave spreads outward
from the irritable area and initiates a premature con-

tractMn of thiDieart The point at which the abnormal
impulse is generated is called an ectopic focus.

A frequent cause of an ectopic focus is an irritable

area in cardiac muStle thSt becomes self-excitable. This
can result from a local area of muscle isch^ia. overuse

of stimulants ^ch as caffeine or nicotine, lack of sleep,

anxiety, or other debilitating states. However, in many
instances, especially wheh there is ischemia, the ectopic

focus is caused by a re-entrant signal that is delayed for

a short period of time by slow transmission of the action

potential in the iscKemic muscle; then this signal re-

enters the ventricular muscl^a few tenths of a second

later oAer the normal heart contraction has. already

occurred. This obviously will cause a second contraction

of the heart at an abnormal time-

CARDIAC TACHYCARDIAS

Sometimes an ectopic focus becomes so irritable that

It establishes a rhythmical contraction of its own at a

more rapid rate than that of the S-A node . When this

occurs, the ectopic focus becomes the pacemaker of the

heart. In most instancps of this , the repetitive rhvthm
is caused by re-entrant signals that have established
small circus movements in the ectoPic area.

A common point for development of an ectopic pace-

maker is the A-V node itse lf, which can establish a re-

entrant pathway within its own boundaries and cause a
very rapid rate of heart contraction, as wil l be discussed

in more uetaii in Chapter 17. Another frequent cause of

rapid heart rate is an ectopic pacemaker m an isfripmic

area of ventricular muscle . Hereltgain. the mechanism
is usuallya local circus lavement that transmits repet-

itive signals throughout the ventricle and causes ven-

tricular tachycardia, which is also discussed more fully

in Chapter 17.
‘

CARDIAC ARREST

When cardiac metabolism becomes greatly disturbed

as a result of any one of many possible conditions, the
rhythmic contractions 6f the heartjici:asionall5' stop.

One of the most common cause.s of cardiac arrest is

hypoxia of the heart, often occurring when a patient'is

anesthetized too deeply or when the coronary blood flow

to the S-A node is blc^ked. Severe hypoxia prevents the
muscle fibers from maintaining normal iohic ditferen-
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tiaH across ihpir membranes, and the excitability may
be so afTmcd that the automatic rhythmicity disap-

pears
Occasionally, patients with severe myocardial disease

develop rardiac arrest, which obviously can lead to

death In many cases, however, rhyihraic electrical im-

pulses from an implanted electronic cardiac “pace-

m.ikcr" have becn-used guccessfuJtv to-kecp patients
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15
The Normal
Electrocardiogram

Transmission of the depolarization wave, also com-
monly called the cardiac impulse, through the heart has
been discussed in detail in Chapter 14 As the wave
passes through the heart, electrical currents spread into

the tissues surrounding the heart, and a small propor-

tion of these spreads all the way to the surface of the
body. If electr^es are placed on the skin on opposite

sides of the heart, electrical potentials generated by the
heart can be recorded; the recording is known as an
electrocardiogram. A normal electrocardiogram for two
beats of the heart U illustrated in Figure 15-1

CHARACTERiSTICS OF THE NORMAL
ELECTROCARDIOGRAM

The normal electrocardiogram is composed of a JP
wave, a

’'QRS complex,” and aT wave. The QRS complex
IS often three septate wavesTtHe Q wave, the R wave,
and the S^ave.

“

Thia Pvta.vav&^vi&&d.hv e\ftctjriRa.\_CAu:veu.ta garvRcated
as the atna depolarize prior to rontractidn, ano^the <jKS
complex is caused by cmren’ts^enerated when the ven-
tricles de^lanze prTof~to contraction, that is, as

depolarization wave spreads through the ventricles.

Therefore, both the P wave and the component” ***“

QRS complex are depolaruation waces. The T wave is.

caused by currents generated as the* ventriclea recovec
from the state of depolarization. This process occurs in

ventricular muscle 0.25 to 0 second after depolariza-

tion, and this wave is known as a repolansation wavf.
Thus, the electrocardiogr^ is^composeO oi' both depo-

larization and repolarization waves. The principles of

depolarization and repolanzation were discussed in

Chapter 10 However, ^e distinction between depolari-

zation waves and repolanzation waves is so important

in electrocardiography that further clanHcation is

needed, as follows;

DIPOLARJZATION WAVES VERSUS
REPOIARIZATION WAVES

Figure 15-2 illustrates a muscle ftber in four dilTercnt

stages of depolarization and repolarizatirfn. During the

processor“depolanzatioiT^e normal negative potential

inside the ficer is lost and tne mernorane potential

act^liv reVL>cses: that 15.' It becomea siightiv POSlUve

in^e an|l negative outside.

In Figure 15-2A the process of depolarization, illus-

trated by the red-colwed positive charges inside and
negative charges outside', is traveling from left to nght.

and the first J^alf of t^he liber has already dcpul.anzcd

while Uie remaining fialf is still polanzM Therefore,

the left electrode on the ftber is in an area of negativity

where it tbuches the outsTde of the fiber, while the nght
electrode is in an area of positivity; this causes the

meter to record positively. To the nght of the muscle

fiber is illustrated a record of the potential between the

electrodes as recorded by a high-speed recording meter

at this particular stage ofdcpolanzation. Note that when
depolanzation has'reached this halfway mark, the re-

cord has risen to a maximum positive vajue.

In Figure 15-2B depolanzation has extended over the

entice muscle fiber,^and the recording to' thought has
returned to the zero base line because both electrodes

are now in areas of eq*ual negativity. The completed
wave is a depolarualion uaie because it results from
spread of depolarization along the entire extent of the
muscle fiber.

Figure 15-2C illustrates the repolanzation process in

the muscle fiber, which has proceeded halfw ay along the
fiber from left to right. At this point, the left electrode

is in an area of positivity, while the right electrode is

m an area of negativity. This is opposite to ihg polonty
m figure Lift'aciiuently, the recording, as illus-

ti;itcd to the nght, beedmes negative.
Finally, in Figure 15-2D the muscle fiber has com-

pletely rcpolanzcd, and both electrodes are now m areas
ot positivity so that no potential is recorded between
them. Thus, in the recording to the right, the potential

177
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Tlgure 15-2. Recording the riepoId/liarWft wjvie «nd rt>e re-

po/.iri24rion wave from a cardiac muscie fiber

retoms once more to the zero level This completed

negative wave ts a repelaruatton wave because it results

from spread ofthe rsMlarization process over the muscle

ftbcr

Relationship of the Monophasic Action Potential

of Cardiac Muscle to the QRS and T Waves. The
monophasic action potential of ventneular muscle,

which was discussed m the preceding chapter, normally
lasts between 0.25 and 0 35 second The top part of

Figure 15-3 illustrates a monophasic action potential

recorded from a microeiectrode Inserted to the inside of

a single ventricular muscle fiber The upsweep of this

action potential is -caused by depolamation, and the

return of the potential to the base line is caused by
repolamalion

Fljure I S—3. dbove- MonophAstc action potential from a ven<
^trlcutar muscle fiber during normal cardiac function, showing rapid

.i(lepo(arUation and (hen repolatfuclan occurring slowly during
(he plateau stage but very rapidly toward the end. Below fitecno'

Aa/cliogram recorded simultaneously

Note below the simultaneous recording of the electrt>-

cardiogram from this same ventricle, which shows the

QRS wave appearing at the beginning of the monophasic

action potential and the T wave appearing at the en4-

Note especially that no potential at all is recorded in iHt

electrocardiogram trie'll' the JthMcularlnuscle is eiihf

eompUtely polarized or completely depoiorued. It is only

when the muscle is partly polarized and partlyjapolaf*

ized that current flows from one part of the ventricUs

to another part and therefore also flows to the surface

of the body to cause the electrocardiogram

fULATfONSHir or AlRIAl AND
VlNTRICUtAR CONTRACTION TO THE
WAVES or THE ElECTROCARDfOCRAM

Defore contraction of muscle can occur, dcpolanzatio”

must spread through the muscle to initiate the chcmicpl

processes of contraction The P waveresults-from spread

of depolarization through the atria, and the QTIS waV^
from spread of depolarization through Ihe ventricles.

Therefore, the P wavf «wy»T^ ImmMWotv before the

beginning of contraction ofih^trt^&nA the QRS wave
occurs immediately bclore ttiT'bcginnmg of confroctttjn

of the lentnclec. The vet^ricl» remain-contracted until

a few miDiseconds after repolanzation has occurred.

that IS, until after the end of the T wave
Theatria repolarize approximately 0.16 toO 20 second

after the depolarization wave. HowevefjTtliTaTs^jst at

the moment that the QRS wave Js tmng recorded in tha

electrocardiogram Therefore, the atrial repolanzation

wave, hnown as the atnal T waie, is usually totally

obscured fay the muchlarger tjlts wavcj For thSrtasoni
aiT^ian-Vrave IS rorfil^bsiKW Irl' me electrocardl*

ogram.
On the other hand, the ventneular repolarizatioh

wave IS the T wave of the normal electrocardiogram
Ordinanly, ventneular muscle begins to rcpolanze ih

some fibers approximately 0 20 second alter the begin-

ning of the depolarization wav^ but in many other

fibers repolanzation does not occur until as long sa-035
second after onset of depolarization. 'ITius, the procesS

of repolarization extehas^^over a long period of time,

ahnut 0 Pac tKla t,b!t T the
normal eTeclrocardiogram is often a prolonged wave, but

the voltage of the T wave u considerably less than th®
voltage of the QRS complex, partly because of its pro-

long^ length

VOITACEAND TIME CALIBRATION
or THE ELECTROCARDIOGRAM ‘

All recordings of electrocardiograms are made with

appropriate calibration lines on the recording papeiff
Either these calibration lines arc already ruled on tha

paper, as is the case when a pen recorder is used, or

they are recorded on the paper at the same time that

the electrocardiogram is recorded, which is the case with
the photographic types of electrocardiographs.

As illustrated in Figure 15-1, the horizontal calibra-

tion lines are arrangefi BO that 10 small divisions upward
or downward in the standard electrocardiogram repre-

sent 1 tntilivoh, with positivity In the upward direction

and negativity in the downward direction.

The vertical lines on the electrocardiogram are titn^

calibration lines Each inch in the horizontal direction
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IS 1 second, and each inch in turn is usually broken into

hve segments by dark vertical jines;^the intervals be-

bveen these lines representJl 20 second. These intervals

are then broken into five smaller”intervals by thin lines,

and each of these represents Qi)4 second;

Normal Volfag’es in die'^lectrocardiogram^ The
voltages of the waves in the normal electrocardiogram

depend on the manner in which the electrodes arc
flppHp^ siiriace ^Ihe bQdv. Avnen one electrode

IS placed directly over the heart’andthe second electrode

is placed elsewhere on the body, the voltage of the QRS
complex may be as great as 3 to 4_miUivolts (mv). Even
this voltage is very small in comparison with the mon-
ophasic action potential of 110 mv recorded directly at

the heart muscle membrane. When electrocardiograms

are recorded from electrodes on the two arms or on one
arm and one leg, the voltage t>f the Qlu> complex usually
IS approximately 1 mM from the top of the R wave to the
bottom of the S \^ve; the voltage oitne f wave, Between
0.1 and 0.3 mv; and that of the T wave, between iTSarid

0.3ravr:

The P-Q or P-K Interval. The duration of Mme
between the beginning of the P wave and the ^ginning
of the QRS wave is the inteiVal bet^'erTthe beginning
of contraction of the aTrium and the beginning ot con-

traction of the ventricle^ This. period of time is called

the interval. The normal P^iifinterval iff approxi-

mateTvniJSrgecond This interval is sometimes also

called J*.R Tntp^"ii >ipr^iica the Q wave is frequently

absent.

The Q>T Interval. Contraction of the ventricle lasts

essentially from the beginning of the Q wave to Ihe end
of the T wave. This interval of time fs called the Q-T
interval and ordinarily is approximately 0 35 second

The Rate of the Heart as Determined from Elec-
txocardiograms. The rate of heartbeat can be deter-

mined easily from ele'ctrocardiograms, because the time
interval between two successive beats is the reciprocal

of the heart rate. If the interval between two beats as
determined from the time calibration lines is 1 second,

the heart rate is 60 beats per minute^ The normal
interval between two successive QRS complexes is ap-

proximately 0.83 second. This is a heart rate of 60/0.83

times per minute, or 7iJ beats per minute. *'

METHODS FOR RECORDING '

ELECTROCARDIOGRAMS

The electrical currents generated by the cardiac mus-
cle during each beat of the heart sometimes change
potentials and polarity in less than O.OI second, Hiere-

fore, it is essential that any apparatus for recording

electrocardiograms be capable of responding rapidly to

these changes in electrical potentials. In general, two
different types of recording apparatuses are used for

this purpose, as follows'

the pen recorder

Most older types of electrocardiographic apparatus
used optical and photographic methods for recording the

electrocardiogram. In many of these a beam of light was
focused on a mirror mounted on a galvanometer coil

located in a powerful magnetic field. When current
flowed through the coil, the coil rotated in the field, and

the mirror swept the reflected beam of light back and
forth across a moving photographic paper. However,
because the records required photographic development
before the recording could be viewed, direct pen writing
recorders have become the vogue in recent years.

The pen writing recorders write the electrocardiogram
with a pen directly on a moving sheet of paper. The pen
IS often a thin tube connected at one end to an inkwell,
and its recording end is connected to a powerful electro-

magnet system that is capable of moving the pen back
and forth at high speed. As the paper moves forward,

the pen records the electrocardiogram. The movement
ofthe pen m turn is controlled by means of appropriate
amplifiers connected to electrocardiographic electrodes

on the patient.

Other pen recording systems use special paper that

does not require ink in the recording stylus One such
paper turns black when it is exposed to heat; the stylus

itself IS made very hot by electrical current flowing
through its tip Another type turns black when electrical

current flows from the tip of the stylus through the

paper to an electrode at its back This leaves a black
line at every point on the paper that the stylus touches

RICORDING ELECTROCARDIOGRAMS WITH
THE OSCILLOSCOPE

Electrocardiograms can also be viewed on the screen

of an oscilloscope by the method discussed for nerve
potentials in Chapter 10, or they can be photographed
from the osciUoscopic screen However, because of the

cost of the oscilloscope, and because extremely high
frequency electrical potentials do not need to be re-

corded, the less complicated and less expensive pen
recorder just described is ordinarily used in clinical

electrocardiography

FLOW OF CURRENT AROUND THE
HEART DURING THE CARDIAC
CYCLE

RECORDING tUCTRtCAL POTENTIALS
PROM A PARTIALLY DEPOLARIZED MASS
or SYNCYTIAL CARDIAC MUSCLE

Figure 15-4 illustrates a syncytial mass of cardiac

muscle that has been stimulated at its centralmost point

Hgure 15-4. Instantaneous potentials developed on the sur-

face of a cardiac muscle mass chat has been depolarized In Its

center.
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Prior to stimulation, all the exteriors of the muscle cells

had been positive and the interiors, negative. However,

for reasons presented in (JhapferTTITfrthS discussion of

membrane potentials, as soon as an area of the cardiac

synevtium becomes depolarized, negative charges leak

to the outsides of tho depolarized muscle fibers, making
this surface area electronegative, as represented by the

negative signs in the figure, with respect to the remain*

ing surface of the heart, which is slili polarized in the
normal manner, as represented by the positive signs.

Therefore, a meter connected with its negative terminal

on the area of depolarization and its positive terminal

on one of the stilhpolarized areas, as illustrated to the

right in the figure, will record positively.

Twovother possible electrode placementa and meter
readings are also illustrated in Figure 15—4. The^e

should be studied carefully and Ihe sludeni should ex-

plain lo fiimscif or herself the causes of the respeefite

meter readings Obviously, since the process of depolar-

ization spreads in all directions through the hcaH, the

potential differences shown in the figure last for only a

few milliseconds, and the actual voltage measurements
can be accomplished only with a high-speed recording

apparatus

FLOW OrUECTKICAl CURRISTS AROUND
WE HEART IN WE CHEST

Figure 15-5 Illustrates the ventricular muscle mass
lying within the chest. Even the lungs, though filled

with air, conduct eleetneity to a surprising extent, and
fluids of the other tissues surroundingthe heart conduct
electricity even more easily. Therefore, the heart is

actually suspended m a conductive medium. When one
portion of the Ventricles becomes electronegative with
respect to the remainder, electrical current flows from
the depolarized area to the polarized area m largd

circuitous routes, as noted in the figure.

It will be recalled from the discussion of the Purkinje

system in Chapter 14 that the cardiac impulse first

arrives in the ventricles in the septum and shortly

thereailer reaches the endocardial surfaces of the re-

mainder of the ventricles, as shown by the colored areas

figure 15-5. Flow of current in the chest around a parUaOy

depolarized heart

and the negative signs In Figure 15-6. This provides

electronegativity on the insides of the ventricles and
elcrtropositivity on the outer walls of the ventncJes, and
current flows through the fluids surrounding the ventri-

cles along elliptical paths, as illustrated in the figure If

one algebraically overages all the lines of current flow

(the elliptical lineal, one finds that the average current

flow is from the base of the heart toward the apex.

During most of the remainder of the 'dollarization

process, the current continues to flow in this direction

as the depolarization spreads from the endocardial sur-

face outward through the ventricular muscle However,

immediately before the depolarization has completed its

course through the ventnejes, fhe direction of current

flow reverses for about l/lOO second, flowing then from

the apex toward the base because the vcry.last_part of

the heart to becnmc depolamcd IS theoufri-tf^ia oFthe
ventricles ne^thc^as^Cthe hcati«

Tfih^rtn'fhtmdmial'hlJtfrt' rt“may be considered that

current flows primarily in the direction from the base

toward the apex during almost the entire cycle of depo-

lanzalion except at the very end. Therefore, if a meter

IS connected to the surface of the body as shoivn in

Figure 15-5, the electrode nearer the base will be

negative with respect to the electrode rcarer__^the apex,

and the recording meter will show a slight positive

potential between the two electrodes In making electro*

cardiographic recordings, various standard positions for

placement of electrodes ere used, and whether the po*

iarity of the recording during each cardiac cycle is

positive or negative is determined by the onentatien of

electrodes with respect to the current flow In the heart,

Some of the conventional electrode eyatems, commonly
colled eieelroeardiogmphte leads, are discussed below

ELECTROCARDIOGRAPHIC LEADS

THE THREE BIPOIAR UMB LEADS

Figure 15-6 illustrates electrical connections between
the limbs and the electrocardiograph for recording elec-

IrocardiogToms from the 'so-called Standard “bipolar”

limb leads. The term "bipolar” means that the electro-

Ihe body, in this case on the limbs. The electrocardi-

ograph in each instance is illustrated by mechanical
meters in the diagram, though the actual electrocardi-

ograph is a high-speed recording meter
Lead I. In recording limb lead I, the negalii'e terminal

of the electrocardiograph is connected to the right arm
and theposUue terminal to the left arm. Therefore, when
the point on the chest where the right arm connects to

the chest is electronegative with respect to the point

where the left arm conn^ta, the electrocardiograph

records positively—that is. above the zero voltage ime
in the electrocardiogram When the opposite is true, the

electrocardiograph records below the line.-

Lead 11. In recording limh lead II, the negative ter-

muial of Ike electrocardiograph ts connected (o tfte right

arm and the positive terminal to Ihe left leg. Therefore,

when the righf arm is negotive with respect to the left

leg, the electrocardiograph records positively.

l^ad ni. In recording limb lead III, the negative

tervninaf ofthe electrocardiograph Is cortnected to the left

arm and the positive terminal to the left leg This means
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Fljure I S>-6. ConventionAl ^rrAnjemcnt 0/ eI«eirodes fot le-

cording the standard electrocardiographic leads Cirtthoven's iri>

angle Is superimposed on the chest.

that the electrocardiograph records positively when the
leil arm is /legative with respect to the left leg

Einthoven'e Triangle. In Figure 15-6, a triangle,

called Etnthoien‘$ triangle, is drawn around the area of

the heart. This is a diagrammatic means of illustrating »

that the two arms and the led leg.fonn apices of a
triangle surrounding the heart The two apices at .the

upper part of the triangle represent the points at which
the two arms connect electrically with the fluids around .

the heart, and the lower apex is the point at which the )
left leg connects with the fluids.-'

Eintboven’s Law. Einthoven’s law states simply that

if the electrical potentials ofany two of the three bipojar
limb eiectrftcj^rdio^aphiclgadyafe Known afUfty*given

instant, the third one caifSedetermiiied mathematically
from the first two by simply summing the first two (but

note that the positive and negative signs of the diilerent

leads must be observed when making this summation).
For instance, let us assume that momentarily, as noted
in Figure 15-6, the right arm is 0.2 mv negative with
respect to the average potential in the body, the left

arm is 0.3mv positive, and the left leg is 1.0 mv po^Uye.
Observing the meters in the figure, it will be seen that
lead I records a positive potential of 0.5 mv because this

is the difference between the -0.2 mv on the rightarm
and the +0.3 mv on the left arm. Similarly, lead III

records a positive potential of 0.7 mv and lead II records
a positive potential of 1.2 mv because these are the
instantaneous potential differences between the respec-
tive pairs of limbs.
Note that the sum of the voltages in leads I and III

equals the voltage in lead //..That is, 0.5 plus 0.7 equals
1.2. Mathematically, this principle, called Einthoven’s
law, holds true at any given instant while the electro-
cardiogram is being recorded.

Normal Electrocardiograms Recorded from the
'Three Bipolar Limb Leads. Figure 15-7 illustrates

simultaneous recordings of the electrocardiogram in

leads 1, II, and III. It is obvious from this figure that the

electrocardiograms in these three leads are very similar

to each other, for they all record positive P waves and
positive T waves, and the major portion of the QRS
complex is also positive in each electrocardiogram,

On analysis of the three electrocardiograms, it can be

shown with careful measurements that at any given

instant the sum of the potpnttais in leads 1 and 111

equals the potential in lead II. thus illiigfmfTnfT.fhp

validity of EintRoven's law^

Because the recordings from all the bipolar limb lea^
are similar to each othgr, it does not matter Neatly
which lead'is recorded when one wishes to diagnose the

different cardiac arrhythmias, for diagnosis of arrhyth-

mias depends mainly on the time relationships between
the different waves of the cardiac cycle. On the other

hand, when one wishes to diagnose damage in the

ventricular or atrial muscle or in the conducting system.

It does matter greatly which leads are 'recorded,' for

abnormalities of the cardiac muscle change the patterns

of the electrocardiograms markedly in some leads and
yet may not^ affect other leads.

Electroca^iographic interpretation of these two types

of conditions—cardiac m^i^athies and cardiac arrhyth-

mias—IS discussed separately in the following two chap-

ters

CH£5T LEADS (PRECORDIAL LEADS)

Often electrocardiograms are recorded with an elec-

trode placed on the anterior surface of the chest over

the heart ^ one ot tne sfifTeparatblreircolored points

m Figure 15-6. This electrode is connected to the posi-

tive terminal of the electrocardiograph, while the neg-

ative electrode, called the indifferent electrode, is nor-

mally connected sisvuUaneSuily ihrougn electrical

resistances to the nght arm, left arm, aP.d-Jeft. leg, as

also shown in the figure Usually six different standard

chest leads are recorded from anterior chest wall,

the chest electrode being placed respectively at the six

figure t5-7. Normal elecirocardtogrami recorded from the

three standard electrocardfogtaphic leads.
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nsare I S-4. ConAectlons of ih« body with (he electmuntto-

graph fd( recording ch«t leads

points illustrated in the diagram. The different record-

ings recorded by the methed illustrated in Figure 15-8

arc known as lends V„ V,. V<. V„ and V,

Figure 15-9 illustrates the electrocardiograms of the

normal heart as recorded from these six standard chest

leads. Qeeause the heart surfaces arc close to the chest

wall, each chest lead records mainly the electrical po-

tential of the cardiac musculature immediately beneath

the electrode Therefore, relatively minute abnormali-

ties in the ventricles, particularly in the anterior ven-

tricular wall, frequently cause marked changes in the

electrocardiograms recorded from chest leads.

In leads V, and V(. the QRS recordings of the normal
heart are mainly negative because, as illustrated in

Figure 15-8, the chest electrode in lead* »a pynf»r

the base of the hoort ^fln .the. apex. which is the
direction of eleclronegatrvity dunng most of the ven-

tricular depolaritation process. On the other hand, the

fisure IS-9. Nortrul electrocsrdlogrsmf iccorded Oom the

St* sundAnS chest ICAdv

•

I I -Mrl- fe-l -^hii

aVR qVL aVF
ngure (S-IO. NofrruU electrocardiogfams recorded from the

three ougmenced unipolar limb leads

QIG complexes m leads V„ V», and V* are mainly
positive because the chest electrode in these leads is

nearer the apex, which is the direction of electropositiv-

ity dunng most of depolarization^

AUCMtfmD UNIPOLAR LIMB UADS

Another system of leads in wide use is the “augmented
unipolar limb lead " In this type of tecording. two of the

limbs are connected through electrical rSistanees to the

negative tcrminaPof tfie ^ecfrocafStogfapITTvhile the

third hmb is connected to the positive termTnaUWhcn
the positive tertmrval is on tbe’righ’tTnrrrrth'fe lead Is

known as the aV^ lead , when on the left arm, the aVt

lead, and when on the left leg, the aV, lead

Normal recordings of the augmented unipolar limb
leads are shown m Figure 15-10 These are all similar

to the standard limb lead recordings except that the

recording from the aV^ lead Is inverted The reason for

this inversion is that the polarity of the electrocardi-

ograph in this instance is connected backward to the
major direction of current flow in the heart dunng the
cardiac cycle

Each augmented unipolar limb lead records the poten-
tial of the heart on the side nearest to the respective

limb Thus, when the recording in the aV, lead is

negative, this means that the side of the heart nearest

to the nght arm is negative in relation to the remainder
of the heart; when the recording in the aV, lead is

positive, this means that the apex of the heart, which is

the part of the heart nearest the left foot, is positive

with respect to the remainder of the heart.

RtfERENCES
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Electrocardiographic

Interpretation in

Cardiac Muscle
Abnormalities—
Vectorial Analysis

From the discussion in Chapter 14 of impulse trans-

mission through the heart, it is obvious that any change
in the pattern of this transmission can cause abnormal
electrical currents around the heart and, consequently,

can alter the shapes of the waves in the eTectrocardi-

ogram. For this reason, almost all serious abnormalities
of the heart muscle can be detected by analyzing the

contours of the dilTerent waves m the difl'erent electro-

cardiographic leads. The purpose of the present chapter
is to discuss the various alterations in the electrocardi-

ograms when either the muscle of the heart or the
conduction system, especially of the ventricles, functions

abnormally.

PRINCIPLES OF VECTORIAL
ANALYSIS OF ^
ELECTROCARDIOGRAMS \
USE or VECTORS TO REPRESENT '

ELECTRICAL POTENTIALS

Before it is possible to understand how cardiac abnor-
malities affect the contours of waves in the electrocar-

diogram, one must first become familiar with the concept
of vectors and vectorial analysis as applied to electrical

currents flowing in and around the heart
Several times m the preceding chapter it was pointed

out that heart currents flow in a particular direction at
a given instant in the cardiac cycle. A vector is an arrow
that points in the direction of current flow tvUh the

arrowpoint in the positive direction. Also, by convention,
the length of the ariUC7"is drawn proportional to the

voltage generated by the current flow—
In Figure 16-1, severaT~dilKfeHt vectors are shown

between areas of negativity and positivity in a syncytial
mass of cardiac muscle. Note, first, that each vector
points from negative to positive and, second, that the
length of each vector is proportional to the amount of
charges causing the current flow.

The “Resultant” Vector in the Heart at Any Given
Instant Figure 16-2 shows, via the shaded area and
the negative signs, depolarization of the vf-nirimlnr

septum and parts of the lateral endocardial wailg of tho
two \entrielES. hlectncal currcnts_now ttftvTfeen these
depoi^zed areas insioe the heartand the nondepolar-
ized areas on the outside of the heart os indicated by
the elliptical arrows. Currents also flow inside the heart
chambers directly from the depolarized aretJs toward the
polanzed areas. Even though a small amount of current
flows upward inside the heart, a considerably greater
quantity flows downward on the outside of the ventricles
toward the apex. Therefore, the summated vector of
currents at this particular instant. callaLlhsUastunto-

"rp^ullant" Vector, is drawn through the center of
the ventricles in a direction from the base of the heart
toward the apex. Furthermore, because these currents
are considerable in quantity, the vector is relatively

long.

/«
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njure 16-2 . A 'resulcani vector through the partUIfy depo-

larfzed heart

-yUtt” or EACH OF THE BIPOLAR AND

DENOTING THE DIRECTION OFA VECTOR
([(_*'

IN TERMS or DEGREES

When a vector is horizontal and directed toward the

subject’s left side, it is said that the vector extends m
the direction oLO degrees, as is illustrated m Figure

lS-3. From thiszero refersftce point, the scale of vectors

rotates clockwise, when the vector extends from above
downward, it has a direction of 90 degrees; when it

extends from the subject's left to the right, it has a
direction of 180 degrees; and, when it extends upward.

It has a direction of -90 or +270 degrees.

In a normal heart the aTnagrarnretion of the vector

of the heart during spread of the depolarization wave
through the ventricles, called the mean ORS vector. Is

approximately 59 de^es, which is illustrated by vector

A drawn through the center of Figure 10-3 in the 59
degree direction, This means that dunnl most of the

depolaniatitm wave, the apex* of the heart remains

positive with respect to the base of the heart, as is

discussed later in the chapter.

fLy^ unipi

UNIPOLAR LIMB LEADS

'P In the preceding chapter the three bipolar and three

unipolar limb leads were desenbed. Each lead is actually

a pair of electrodes connected to the body on opposite

/ sides of the heart, and the direction from* the negative

7 to the positive electrode is called the of^the leatT
^ Lead'] IS recorded irom two elecir~Mes'placed respcisLead'] IS recorded irom two electr~c>oe3'~plBced respec-

tivety on the two arms. Since the eicetr^g lie in the

horizontal direction "with the positive electrode to the
left, the axis ojTead I is 0 degrees.

In recoraing leadH, eiectrod^are placed on the right

arm and IcflXeg The right arm connects to the torso m
the upper nght-hend comer and the lefl leg to the lower
left-hand corner Therefore, the direction of this lead is

approximately 60 degrees.

By a similar analysis; it can be seen that lead III has
an axis of approximately 120 degrees^ lead aV„_ 210
degrees, aVr 90 degrees, *30 dggT«?e8 The
directions oi me axes of all these’difierent leads are
shown m the diagram of Figure 16-4jjwhich iS;known
os the kejogonal reference system. The polarities of the
electrodes are illustrated by th^ plus and minus signs

The student must team these axes and Ihetr polarities,

particularly for the bipolar limb leads I, U, and III, in

order to understand the remainder of this chapter.^

njure 16-3. Vectort drawn to fepresent direction of cuimn
flow and potentials for several different hearts.

VECTORIAL ANALYSIS 6f POTENTIALS^
RECORDED IN DITFERENT LEADS

Now that we have discussed, first, the conventions for

representing current flow and potentials across the heart

by means of vectors and, second, the axes of the leads,

It becomes possible to put these two together to deter-

mine the potential that will be recorded in each lead for

a given vector in the heart.

Figure 16-^ illustrates a partially depolarized heart;

vectorA represents the instantaneous mean direction of

current flow in the heart and its potential. In this

instance the direction of current flow is 5S degrees, and
the potential will be assumed to be 2 my. ThrdUgh the

base of vector A is drawn the axis of lead I m the 0

degree direction From the tip of vector A a perpendic-

ular is dropped to the lead I axis, and a so-called

projected sector (D) is drawn along the axis The head

of this vector is in the positive direction, which means
that the record momentarily being recorded in the eleo



16 ElectroatrdlogrAphlc lnteq>retadon in C»rdlic Musde AbnormjiIldes-^VectorlAl Anjilysls 185

Figure 1 6-S. Determination of a projected vector B along the
axis of lead I when vector A represents the Instantaneous current

flow m the ventricles.

trocardiogram of lead I will be positive. The voltage
recorded will be equal to the length ofB divided by the

length ofA times 2 mv, or approximately 1 mv.

Figure 16-6 illustrates another example ot vectorial

analysis. In this example, vector A represents the cur-

rent flow at a given instant during ventricular depolar-

ization in another heart, in which the left side of the
heart becomes depolarized somewhat more rapidly than
the right. In this instance the'vector has a direction of

100 degrees, and the voltage is again 2 mv. To determine
the potential in lead I, we drop a 'perpendicular to the
lead I axis and find the projected vector B. Vector B is

very short and this time in the negative dire^ion,
indicating that at this particular instant the recording
in lead I will be negative (below the zero line), and the
voltage recorded will be' slight. This figure illustrates

that when the vector in the heart is in a direction almost
f^rpendicular to the axis of the lead, the voltage recorded
in the electrocardiogram of this lead is very low. On the
other hand, when the heart vector has almost exactly the
same axis as the lead, essentially the entire voltage ofthe
vector will be recorded.

Vectorial Analysis of Potontiala in the Three
Standard Dipolar Limb Leads,. In Figure 16-7. vector
A depicts the instantaneous direction and potential of
current in a partially depolarized ventricle. To deter-

mine the potential recorded at this instant in the elec-

trocardiogram of each one of the three standard bipolar
limb leads, perpendiculars are dropped to all the lines

representing the diderent leads as illustrated in the
figure. The projected vector B depicts the potential

Figure 16-6. Dciermlrucion of the projected vectoc B akpos
ihe Axis ol iexd I wlien vector A represents the ittst»nuf>eOus

cuneni Bow In the ventrtdes.

Figure 16-7. Deteimlnation of protected vectors In leads I. II.

and 111 when vector A represents the Instantaneous current flow

In the ventddes.

recorded at that instant in lead I; projected vector C
depicts the potential m lead II; and projected vector D,
in lead 111. In each of these the record m the electrocar-

diogram 13 positiv^that IS, above the zero line—be-

cause the projected vectors he m the positive directfons

along the axes of all the leads. The potential in lead 1

IS approximately on^-half that of the vector through the

heart, in lead II it is almost exactly e^ua! tcTthat m the

heartland m lead 111 if is about onc-tlirrd that in the

heart.

An identical analysis can be used to determine poten-

tials recorded m augmented limb leads, except that the

respective axes of these leads (sec Figure 16-4) are used

m place of the standard bipolar limb lead axes used m
Figure 16-7, -

VECTORIAL ANALYSIS OF THE
NORMAL electrocardiogram

VECTORS OCCURRING DURING
DEPOIARIZATJON OF THE VENTRICLES—
THE QRS COMPLEX

When the cardiac impulse enters the ventricles

through the A-V bundle, the first part of the vcntncics

to become depolarized isthe left endnc.T njinI mrtnee of.

the septum. Thin rlrp^lfinniinn rpmdj Fiipul*}' in-

v^e bouT endocardial surfaces of the «^tum. as illus-

trated by the shaded poRlOh ol the ventricle in Figure

16-8A. Then the dcpolaruation spreads along the en-

docardial surfaces of the two ventricles, os shown in

Figures 1&-SB and C. Finally, it spreads through the

ventricular muscle to the outside of the heart, os shown
progressively in Figures I6-6C, D,-and E.

At each .stage of depolarization of the \entncles in

Figures I&-8A to £. the instantaneous, sdmmatcd cur-

rent flow is represented by a vector superimposed on the

vcntnclc in each figure. Each ofthesevcctomi analyzed

by the method desenbed in the preceding section to

detcnnme the voltages that will be roconied at each

instant in each of the three standard electrocardi-

ographic lea^ To the right in each stage of the Cgure

is shown the progressive development of the QllS com-
plex. Keep m mind that a posilii* ixelor in a lead will

asuse the tveording'in the tltetrvcardiogran to be above
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figure 16-8. A. The ventrtculAr veefors and the QRS complexes 001 second after onset of ventricular

depolarization 8 002 second after oruei of depolartzatlotL C0035 second after onset of depolarization. D.

0 OS secortd after onset of depolarization and £ after depolatizatlon of the venirldes Is complete, 0 06 second
aftei onset.

Ihe zero line, while a negolii'e vector iviU cause the

recording to he below the line

Before proceeding with any further consideration of
vectertat analysts, il t& cssenttai (fmC tKte of (Ke
successive normal veefors presented in Figure 26-S be
understood Each of these analyses should be studied in

detail by the procedure given above. A short summary
of this sequence is the following

In Figure 16-8A the ventricular muscle hasjust begun
to be depolarized, representing an instant about 0.01

second after the onset of depolanzation At this time,

the vector is short because only a small portion of the
ventricles—the septum—is depolarized. Therefore, all

electrocardiographic voltages arc low^as recorded to the
right of the ventricular muscle for each of the leads.

The voltage in lead 11 is greater than the voltages in
leads I and III because the heart vector extends mainly
in the same direction as the axi.s nf load 11.

In Figure 16-8B, which r^resenu approximately0 02
second after onset of depolarization, the heart vectOf is

because much of the ventricles has now become

^
' ized Therefore, the voltages in all clectrofaidi-

' leads have merfiased
In Figure 16-SC, about 0035 second after onset of

.
lanzation, the heart vector is becoming shorter and

the recorded EKG voltages are less because the outside

of Ihe apex of the heart » now electronegative, neutral-

izing much of the negativity on the endocardial surfaces

of the heart Also, the axis of the vector is shilling

toward the left aide of the eheet heeause the left,ventricle

IS slightly slower to depolarize than the right. The ratio

of the voltage in lead I to that in lead IHTTincreasing
Id Figure 16--8D, about 0.05 second after onset of

depolarization, the heart vector points towanTthe base

of the left ventncle, and it is short because only a

minute portion of the ventricular muscle is still i»Ur‘
ized. Because of the direction of the*vector at this time,

the voltages recorded in leads U and UI are both nega-

tive—that IS, below the line.

In Figure 1&-8E, about 0 06 second after onset of

depolanzation, the entire ventricular muscle mass is

depolarized so that no current flows around the heart at

all The vector becomes zero, and the voltages in all

leads become zero.
Thus, the QRS complexes are completed m the thr^

Btandari bipolar limb leads. The QRS complex some-

times has a slight negative depression at its beginning

inone or more of the leads, which is not shown m Figure

I6-S. this is the Q wave. When it occurs, it is caused by
initial depolarization'of the left side of the septum before

the right side, which creates a weak vector from left to

nght for a fraction of a second before the usual base-tn-
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apex vector occurs. The major positive deflection shown
in Figure 16-8 is the R wave, and the final negative

deflection is the S wave.

THE EUCTROCARDIOCRAM DURING /I q
REPOLARIZATION^THE T WAVE

Once the ventricular muscle has become depolarized,

approximately 0.15 second elapses before sufficient re-

polarization begins for it to be observed m the electro-

cardiogram; then repolarization proceeds throughout the
ventricular muscle until it is complete at a^ut 0.35

second after the onset of the QRS complex. It is this

process of repolarization that causes the T wave in the

electrocardiogram.

Because the septum and other endocardial areas of

the ventricular muscle depolarize first, it seems logical

that these areas should repolanze first as well.^ut this

is not the usual case because the septum and the other

endocardial areas have a longer period of contraction

and depolarization than do ‘other areas of the_heart

Actually, the greatest portion at ventricalar muscle to

repolanze first is that iMated over the entire outer surface

ofthe ventricles dhdespeciaUy near the apex of the k^rl

The endocardial areas, w_the~other hand, hdr^lly

repolytze last The reasonlor this abnormal sequence

ofreclamation is belte'ved to be that high pressure in

the ventricles dunng contraction greatly reduces coro-

nary blood flow to the endocardium, thereby slowing the

repolarization process in the endocardial areas-

Therefore, because the outfr ana apicai surfaces of

the ventricles repolanze before the toner and ba^
surfaces, the positive end, of the heart vector during

repolanzation is tovjiriroie autix o l Uie heart; thus, the'

predominant direetion of the vector throueh the heart

during repolanzation of the ventricles is front base to

apex, which is also the predominant direction of tl^

vector during depo.lanzatiqn. As asosultTt^e f wave m
the normal bipolar limb leads is positive, which is also

(fie polarity of most of the normot QRS complcc.

In Figure 1&-9 five stages of repolanzation of the

ventricles are denoted by the progressive increase of the

T r. 7 r r. /\

n^urc t&-9. Cer>ef«tion of the T w^e duhng rcpoUdution

of the ventticlcs. showing a vectorial analysis of the first stage.

The total rime from the beglnmns of the T wave to the end Is

about 0. i S second.

white areas—the repolarized areas. At each stage, the
vector extends from the base toward the apex__untir it

disappeatrs in the last stage. At first the vector is

relatively small because the area of repolarization is

small. Later the vector becomes stronger and stronger
because of greater degrees of repolanzation. Finally, the
vector becomes weaker again because* the areas of de-
polarization still persisting Income so sh'ght that the
total quantity of current flow begins to decrease. These
changes .illustrate that^the vector is p-iSlest wljen
approximately half the heart is in the polaipzed state

and approximately half is depolarized

,

'Die changes in the electrocardiograms of the three
standard limb leads during the process of repolanzation
are noted under each of the ventricles, depicting 'the

progressive stages ofrepolanzatiop. Over approximately
0.15 second, the period required for the whole process to

take place, ‘the T wave of the electrocardiogram is

generated.

DEPOLARIZATION OF THE ATRIA--
THE P WAVE

Depolanzation of the atna begins m the S-A node and
spreads in all directions over the atna. Therefore, the
point of onginal electronegativity m the atria is approx-

imately at the base of the 8Upenor*yeria cava wher? the

S-A node lies, pnd th& dircrtion^f flow in

direction noted in Figure 16>ip. Furthermore, the vector

remains generally m this direction throughout the proc-

ess of atnal depolanzationjr

Thus» the vector of current flow dunng depolanzation

in the atna points in almost the some direction as that

in the ventncles. And. because this direction is in the

directions of the axes of the standard bipolar limb leads

1. 11, and 111. the electrocardiograms recorded from the

atria dunng the process of depolarization usually are

positive m all three of these leads, as illustrated m
Figure 16-10. The record of atrial depolarization is

known as the P wave.
Rcpolarizatioa oT the Atria—^The Atrial T Wave.

Spread of the depolanzation wave through the atrial

muscle is much slower than in the ventricles. Therefore,

ir.

flfufe Ifr-ia DepoUfluition erf the usU toa itnenoon of

the r weve. ihowvig ihe veao* throush the *trti And the reiUtAr.i

vectors In the three itAnriArd ICAds. At right Are the AxrUf r atkJ T

wAves.
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the musculature around the S-A node becomes depolar-

ized a long time before the musculature in distal parts

of the atria. Because of this, the area in the airin that

becomes repolanzed first is Ifie S-A nodal rfmon. the

arcolhot had originally become depolaraeel first, which

is an entirely diUereiiV situation Irom that in the ven-

tricles ihus, when repolarization begins, the region

around the &A node becomes positive with respect, to

the rest of the atria. Theretdre, the atrial repoiarization

vector is^ backu-aru to the lector of depolamation. (Note

again that this is opposite to the effect that occurs in

the ventricles ) Therefore, as noted to the nghtm Firat*
16-10, the so-called atrial T wave follows abou^pj^
second after the atrial P wave, but this T wave^Tm
the opposite side of the zero reference line from the P
wave—that is, it is normally negative rather than pos-

itive in the three standard bipolar limb leads. In the

normal electrocardiogram this T wave appears at ap-

proximately the same time that the CJRS complex of the

ventricle appears Therefore, it is almost always totally

obscured by" the larger QRS complex, though in some
abnormal states it does play a role in the recorded
electrocardiogram

THE VECTORCARDIOGRAM

It was noted m the preceding discussions that the

vector of current flow through the heart changes rapidly

as the impulse spreads through the myocardium. It

changes in two aspects First, the vector increases and
decreases in length because of the increasing and de-

creasing potential of the vector Second, the vector

changes its direction because of changes in the average
direction oCcurrent flow around the heart The so calM
veetorcardiodram depicts these changes ih the vectors

at tHe different times during the cardiac cycle, as illus-

trated In Figure 16-11.

In the vectorcardiogram of Figure 16-11, point 5 is

the eero re/erenee point, and this point is the negative
end of all the v«toTS While the heart is quiescent, the
positive end of the vector also remains at the zero point

because there is no current flow. However, just as

ns current begins to flow through the heart, the positive

end of the vector leaves the zero reference point

When the septum first becomes depolarized, the vector

extends downward toward the apex of the heart, but it

IS relatively weak, thus generating the first portion of

the vectorcardiogram, as illustrated by the positive end
of vector 1 As more of the heart becomes depolarized.

nsure 16-II.TheQltS 4odTv«ctofcardlogr«ns.

the vector becomes stronger and stronger, usually

swinging slightly to one side Thus vector 2 of Figure

l6-li represents the state of depolarization of thfl heart

about 0.02 second ailcr vector 1. After another 0,02

second, vector 3 represents the current flow in the h?art,

and vector 4 occurs in still another 0.01 secand. Finally,

the heart becomes totally depolarized, and the vector

becomes zero once again, as shown at point 5^^
The elliptical figure generated by the positive ends of

the vectors is called the QRS oectorcarc/iogram,.-*

Vectorcardiograms can be recorded insfSnlaneously

on an oscilloscope by connecting electf^es from above

and below the heart to the vertical plates of the oscil-

loscope and connecting electrodes from each side of the

heart to the horirontal plates. When the vector changes,

the spot of light on the oscilloscope follows the course of

the positive end of the changing vector, thus inscnbing

the vectorcardiogram on the oscilloscopic screen.

The "T" Vectorcardiogram. Changing vectors ui

the heart occur not only during the depolarization proc-

ess, for vectors depicting current flow around the ven-

tncles also reappear dunng repoiarization. Therefore, a

second, smaller vectortardiogram—the T iwtorcardi-

ognim—is inscribed dunng repoiarization of the mus-

cular mass; this is depicted to the right in Figure 16-

10. Also, a still smaller P ivctorcardiogram is inscribed

dunng atrial depolarization.

THE MEAN ELECTRICAL
AXIS OF THE VENTRICLE

The vectorcardiogram of the ventricular depolanza*
tion wave (the QRS vectorcardiogram) shown m Figure
16-11 is that of a normal heart,^Note from this vector-

cardiogram that the preponderant direction of the vec-

tors of the ventricles is normally toward the apex of the

heart—that is, during most of the cycle of ventricular
depolarization, current flows from the base of the ven-
tncles toward the apex. This preponderant direction of

current flow dunng depolarization is called the mean
efectneaf ox is of the eentnef* ! mfri' ^ igee«r

The mean electrical axis o( the normalventricles is 59
degrees However, m certain pathological conditions of

the heart this direction of current flow is changed
markedly—sometimes even to opposite poles of the
heart.

DETERMINING THE ELECTRICAL AXIS FROM
STANDARD LEAD ILECTROCARDieCRAMS

Clinically, the electrical axis of the heart is usually
determined from the standard bipolar limb lead electro-

cardiograms rather than from the vectorcardiogram.

Figure 16-12 illustrates a method for doing this After
recording the various standard leads, one determines
the maximum potential and polarity of the recording in

two of the leads. In lead I of the figure the recording is

positive and in lead III the recording is mainly positive,

but negative during part of the cycle. If any part of the

recording is negative, this negattve potential is sub-
trusted from the positive potential to determine the net
potential for that lead,•as ilTustrarCd hy the arrows to

the right of the QRS complexes of leads I and III. (To be
even more accurate, most cardiologists subtract the area

ofthe negative wave from the area ofthe positive wave.)
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Figure 16-12. nodlng (he mean electrical axis of the heart

from two electrocardiographic leads.

After subtracting the negative portion of the QRS wave
in lead III from the positive portion, each net potential

is plotted on the axes of thcTcspiective leads, with the
base of the potential at the point of intersection of the
axes, as illustrated in Figure 16-12.

If the net potential of lead I is positive, it is plotted

in a positive direction along the line depicting Icad>.I.

On the other hand, if this pulential is negative, it is

plotted in a negative dircctiSn. Also, for lead III, the net
potential is placed with its base at the point of mtcrsec*
tion, and. if positive, it is plotted in the positive direction
along the lino depicting lead HI. If it is negative it is

ploit^ in tho negative direction.

To determiifo the actual vector of current flow in the
ventricles, one draws perpendicular lines from the apices
of the two net potentials of leads I and III,Respectively*
'Hie point of intersection of these two perpendicular
lines represents, by vectonal analysis, the apex of the
actual mean QRS vector in the ventricles, and the point
of intersection of the two lead axes represents the
negative end of the actual vector. Therefore, the mean
QRS vector is drawn between these two points. The
average potential generated by the ventricles' di^ng
depolarization is represented by the length of tho ve^r,
and the mean electrical axis is represented by Hie
direction ofthe vector, Thus, the'orientation of the mean
electrical axis of the normal ventricles, as determined
in Figure 16-12, is 59 degrees.

ABNORMAL VENTRICULAR CONDITIONS
THAT CAUSE AXIS DEVIATION

Though the mean electrical axis of the ventncles
averages approximately 59 degrees, this axis can swing
to the left even m the normal heart to approximately
20 degrees or to the right to approximately 100 degrees.
The causes of the normal variations arc simpiy anaiom-
ical differences m the Purkinje system distribution or
in the musculature itself of different hearts Yet, a
number of conditions can cause axis dotation even
beyond these normal limits, as follows:

Change in the Position of the Heart. Obviously, if

the heart itself is angulated to the left, the mean
electrical axis of the heart will also shift to the left.

Such shift occurs (a) during expiration, (b) wHerTaperson
lies down, because the abdominal contents press upward
against the diaphragm, and (c) quite frequently in
stocky, fat persons whose diaphragms normally press
upward against the heart all the time.

Likewise, angulation of the heart to the right causes
the mean electrical axis of the ventricles to shift to the

right. This condition occurs (a) during inspiration, (b)

when a person stands up, and (c) normally in ta ll. lanky
persons whose hearts hang downward.**

Hypertrophy of One Ventricle. When one ventricle

greatly hypertrophies, the axis of the heart shifts toward
the hypertrophied ventricle for two~reasons: First, far

greater quantity ol muscle exists on the hjqiertrophied

side ofthe heart than on the other side, and this allo'ws

excess generation of electrical currents on that side.

Second, more time is' required for the depolarization

wave to travel through the hypertrophied ventricle than

through the normal ventricle. Consequently, thejiormal

ventricle becomes depolarized—that is," becomes nega-

tive—considerably in advance of the hypertrophied ven-

tricle, and'lhis causes a strong vector from the normal
side of the heart toward the hypertrophied side, which
is still positively charged. Thus the axis deviates toward
the hypertrophied ventricle.

Vectorial Analysis oF^ft Axis Deviation Result^

ing from Hypertrophy of the Left Ventricle. Figure

16-13 illustrates the three standard bipolar limb leads

ofan electrocardiogram in which an analysis of the axis

direction shows left axis deviation with the mean eleo-

trica! axis pointing m the - 15 deCTee direEtifip. This is

a typical electrocardiogram resultrng from increased

muscular mass of the left ventricle. In this ins^nce'the

axis deviation was caused bv JivDertension'thieii blood

pressure), which caused the left ve^Eii^Shffiertrophy
in order to pump blood against the-elevatad systemic

arterial pressure, however, a sirmiar picture_ofJeft axis

deviation 1°^ v^Dtnelfi hypertrophies '

as a result of aortic vatvular stenosis, aortic valvular

regurgitatuin, or any of a number of ooneenita l heart

conditions in ftnlarffea wbila the,

right side of the heart remains relatlvdymonnal in size.^

Vectorial Analysis of^Rigbt Axfs Deviation Tie-

suiting l^oni Hypertrophy of the Right" Venttjcle.

Figure 16- 13. Left deviation in hypenensive heart disease.
Note the slightly prolonged QRS complex as well
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The electrocardiogram of Figure 16-14 illustrates in-

tense right axis deviation with an electrical axis of

approximately 170 degrees, which is 111 degrees to the

right of the normal mean electneal axis ofthe ventricles.

The right axis deviation illustrated m this figure was
caused by hypertrophy of the right wntncle as a result

of pulmonary stenosis. However, right axis deviation

may also o«ur inolher congenital heart conditions that

cause h>-pertrophy of the right ventricle, such ns tetral-

ogy of Fallot or interventricular septal defect Also, hy-

pertrophy of {he nght veniricle as a result of increased

pulmonary vascular resistance can cause nght axis de-

%nation

Bundle Branch Block. Ordinarily, the two lateral

walls of the ventricles depolanze at almost the same
time, because both the left and right bundle branches of

the Purkinje system transmit the cardiac impulse to the
endocardial surfaces of the two ventricular v,aHs at

almost the same instant As a result, the currents

flowing from the walls of the two ventncles almost
neutralize eacK oih^However, iJ^ne oi the major
bundle branches is blocked, the cardiac impulse spreads
through one ventncle long before it spreads through the

other. Therefore, depolanzation of the ti^o ventncles
does not occur even nearly simultaneously, and the

depolarization currents do not neutralize each other As
a result, axis deviation occurs as follovi-»~l

Vectorial Analysis of Left Bundle Branch Block.
When the led bundle branch is blocked, cordiac depo-

lanzation spreads through the nght ventncle two to

three times as rapidly as through the led ventricle

Consequently, much of the left ventncle remains polar-

flsure 1^14. High volMge elecirocardiogram In puhnonafy
stenosis vsith right ventricular hypertrophy Intense right axis

deviation is also seen, and a sHghdy prolonged QRS corr^ilex as
well

HI

/

figure 16-15. Left axis devUiion due lo left bundle branch

block. Note the gieai^ prolonged QkS complex.

ized for a long time after the nght ventncle has become
totally depolarued Thus, th? nght v^gjjIudtJjccames
electronegative while the left ventncle remninx electro-

positive dupng most of thd dcnolanzatiori process, and
a very strong vector~proj«lHiom the right ventricle
toward the left venintle^ln other words, there is jfilenso

left axis deviation because the^silfve end of the ve^r
points toward the left ventncle. This is* illustrated In

Figure 16-16, which shows typical left as^s deviation
resulting from left bundle branch block Note that the
axis is approximately -60dejrrees •/'

Because of slowmess'^ impulse nndu^iop when the
Purkiiyc system is blocked, axis dcviation'resulting from
bundle branch block also greatly increases’ thb durotion
of the QBS complex, which onccan sec by observing the
excessive widths of the QRS wavex tn Figure IIUIS
This will be discussed Ih gTiater detail later in the
chapter This prolonged QRS complex differentiates this

condition from axis deviation caused by hypertrophy.
VectorialAnalysis ofRight BundleBranch Block.

tVhen the right bundle branch is blocked, the left ven-

Fljure 16-16. Right axis deviation due to right bundle branch

block. Note the greatly prolonged QRS complex
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tncle depolarizes fzir more rapidly than the right ven-
tricle so that the leil becomes electronegative while the
right remains electropositive. Therefore, a very strong
vector develops with its negative end toward the left

ventricle and its positive end toward thTright ventricle.

In other words, intense nght'axis deviation occurs.

Bight axis deviation caused by right bundle branch
block is illustrated and its vector analyzed in Figure
16-16, which shows an axis of approxiraateljklOJ^e-
grees eind a prolonged QBS complex because of blociced

conduction. Note the great prolongation of the ORS
complex.

CONDITIONS THAT CAUSE
ABNORMAL VOLTAGES
or THE QRS COMPLEX

INCREASED VOLTAGE IN THE
STANDARD BIPOLAR UMB LEADS

Normally, the voltages in the three standard bipolar
limb leads, as measured from the peak of the.R wave to

the bottom of the S wave^ vary tKtwceh 0 S and *2.0 n^v .

with lead III usually recafcling the lowest voltage and
lead II the highesj. ijowever, these relationships are not »-v

invariably true'even in the normal heart. In general, \
when the sum of the voltages of all the QRS complexes
of the three standard leads is greater than» 4 mv, one
considers that the patient has a high-voltage eiectrocar-
diogram.

The cause of high voltage QRS complexes is most
often increased muscular mass of the heacL which or-

dinarily results from hypertrophy of the muscle, in re-

sponse to excessive load on one cart «if tha hpurt &r the
other. For instance, the ngnc ven^tncle hypertrophies
when it must pump blood through a stenotic pulmonary
valve, and the left ventricle hypertrophies when a person
has high blood pressure. The incrpaspH nnantity of
muscle allows generation of increased quantities of mr-
rent around the heart. As a result, the electrical poten-
tials recorded in the electrocardiographic leads are con-
siderably greater than normal, as shown in Figures
16-13 and 16-14.

DECREASED VOLTAGE OF THE
ELECTROCARDIOGRAM

There are three major causes of decreased voltage in

the electrocardiogram. These are, first, abnormalities of
the cardiac muscle itself that prevent generation onarge
quantities of currenti ^cona, abnormal conditions
around HlffheaHTWUTat current cannot be conducted
from the heart to the surface ot Uie body ease; and,
third, rotation of the apex of the hearfto point toward
the anterior chest wall so that the electrical current of
the heart Sows mainly anteropostenorly in the chest
rather than in the frontal plane of the body, which
decreases the voltages in the limb leads.^

Decreased Voltage Caused by Cardiac Myopa-
thies. One of the most usual causes of decreased voltage
of the QRS complex is a series nf ntri mynfnrrlm! infeirc.

lions associated with dimini^edmns^^le mask 'i'his also
causes the depolarization wave to move through the
ventricles slowly and prevents major portions, of the
heart from becoming massively depolanzed all at once.

nr
figure 14-17. Low-voltage elecctocacdiogram. with evidence

of local damage throughout the ventricles caused by old myo-
carditJ Infarctioa

Consequently, this condition causes moderate prolon-

gation of the QRS complex along with the decreased
voltage Figure 16-17 illustrates the typical low-voltage

electrocardiogram with prolongation of the QRS com-
plex. which one often finds after multiple small infarc-

tions of the heart that have resulted m local blocks and
loss of muscle mass throughout the ventricles^

Decreased Voltage Caused by Conditions Sur-
roundiaif H^nrL One of the most important causes
of decreased volta^m the^iectrocaraiographic Imas is

fluid tn the Dencaroium Because extracellular fluid

cohduct8~electncal cu^ents with gre^ ease, a large

portion of current howing out of the heart is conducted
from one part of the heart tn nnnth^r thmiiph the

pericardial effusion Thus this effusion efTectivelv

“short-cirmts" the current that is generated by the

hearTsgTliarthe proportion bi' t hig oirrpnt jearhini^ the

surface of the bogy is ereatlv diminished. Pleural effu'

Sion to a lesser extent can also “short’* the current

afnnnitThp hparf. gn fhnt the voltages at the surface of

the body and in the electrocardiograms are decreased.

Pulmonary emphysema can decrease the electrocardi-

ogra^tc potentials but by a dillerent method from that

of pencaroial eiTUSlOn. In' PUlmnriary pmphygama, con-

duction of eiectnc^ current through the lungs is consid-

erably depressed because of the excessive quantity of

aiiun the lungsTAlso, tne cnest cavity eniargeSTand the

lun^ tend to envelop the heart to a ^ater extent than

normally, inerefore, the lungs act as an Insulator to

prevent spread of current from the heart to the surlace

of the body. aniT this in general results in decreased

electrocardiographic potentials in the vapnyg lonJg, «

PROLONGED AND BIZARRE
PATTERNS OF THE QRS COMPLEX

,

PROLONGED QRS COMPLEXAS A SESULT ^

,

OF CARDIAC HYPERTRCSPHY OR
DILATATION
The QRS complex lasts as long as the process of

depolarization continues to spread through the ventri-

cles—that is, as long as part of the ventricles is depo-
larized' apd,£arti8stin_polarized. Therefore, the cause
of a prolongeJ'tjKS complex ft always prolonged con-
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duction of the, impulse through the ventricles Such
prolongation ofteiToccura~when one or both v^tricles

are hypertrophied or dilated, owing to the longer palh-

way that the impulse must,then travel. The normal
Olifi cnmnley^lastt; .whereas in

hypertrophy or dilatation of the lelt -or__right ventricle

the QRS complex jnay be prolonged to' OJO ta 0

1

2*

PROLOSCED QRS COMPLEX RESULTISC
PROM PURKINJE SYSTEM BLOCKS

Block of the Purkinje fibers requires that the cardiac

impulse be conducted by the ventricular muscle instead

of through the specialized conduction system, thereby
decreasing the velocity of impulseconduction toa^^rox*
imately one-third to one-fourth normal Therefore, if

complete block of one of the bundle branches occurs, the
duration of the QKS complex is usually increased to 0 14

second or greater •

In ppneral. n QRS complex i*; cnn«idfred to be abnor-
mallv long when it more than 0 09 secfind~^nd
when it lasts more than 0 12 second the prolnnCTtion is

almost certain to^be cnuseH hv mtholoiyical hlock^he
cond-artion system somewhere in the ventricles ns t»ua.

trated by the eiectrncardiograms for bundle branch block

in Figures 1&-15 and 16-16
~

CONDITIONS CAUStNC ^

BIZARRE QRS COMPLEXES ^
Bizarre patterns of the QRS complex arc most fre-

quently caused by two conditions hrst, destruction of
cardiac muscle m various areas throughout the ventric-
ular system with replacement of this ntuscjfc by ^ar
tissue, and, second, local blocks in the conduction of
impulsjjJayJheJhiflunjejiatem
Sometimes local blocks ^ur in both the right and

left ventricles. If the blocks are such that the impulse
reaches the blocked area in the right venlnrie much
later than it reaches the blocked area in the left ventri-
cle, but the total quantity of blocked nuisclein Ihenght
ventricle is greater than the total quantity in the left

ventricle, then a situation might occur in which the axis
of the heart first shifts to the leR and then, when the
left ventncle has become totally depolarized but e por-
tion of the nght ventncle still remains polanzed. rapidly
shifts diametrically oppositely toward the right ventn-
cle. This effect causes double or even triple peaks m
some of the electrocardiographic leads, such as those
illustrated in Figure 10-15

CURRENT or INJURY

Many different cardiac abnormalities, especially those
that damage the heart muscle itself, often cause part of
the heart to remain partially or totally depotarued alt

the time When this occurs, current flows between the
nathologic^hy depolanzed and the normally nolanzed

This is called a~ci7rreni ot injury. Note espeaally
the injured "paiTof~lhriT!tirt « negative berause it

IS part that ts depolarized and emits negative charges
nle (he remainder of the heart is posilwe.

Some of the abnormalilies that can cause current of
injury are. (1) mechanical trauma, which makes the

membranes remain so permeable that full tenolanzation

cannot take place, (2) infectious processes that damage
thd muscle^embranes, and (3) ischemia of local areas

of muscle caused coronary occiHsionTwhich i ŷ far

the most common cause of currehtjf iniurv irTiheTicart;

dunng ischemia enough energy aimpiv is not available

to the heart musclelo maintain normal function

EffECT or CURRENT OT INfURY
ON THE QRS COMPLEX V"

In Figure a shaded area in the base of the left

ventricle is newly infarcted Therefore, during the T-P

interval—that is, when the norma! ventricular muscle

IS polarized—current flows from the base of the left

ventricle toward (he rest of the ventricles TTie vector of

this "current of iiyury," as illustrated 7n the first-and

the last hearts, js in a direction of approximate!)^ 125
degrees, with the base of the vector, the negatii^end,
toward the injured muscle As illustrated in the lower

i

portions of the figur^ tfven before the 'QRS eSmplex

begins this current /low causes pn initial record in lead

1 below the zero pofenlial line because the projected

veirtor oi the current ot injury in lead'] points toward

the negative end of the ^ead 1 axi» In lead 11 the record

IS alwvc the line because the prcbectod vector points

toward the positive terminal of lead 11 In lead 111 the,

projected vector of the current flow Is ilso in the same
direction as (he polarity of lead III s^thai the record is

positive Furthermore, because (he mtor of (he current

of iigury lies almost exacliy along the axis of lead III,

thepotentml of the current ofir\jury in lead III is much
greater than m either of the other two records

As the heart then proceeds ihiouch its normal process

of depolarization, the septum first becomes depolanzed,

and the depolarization spreads down to the apex and

back toward the bases of the ventricles The last portion

of the ventricles to become totally depfilarizeitTS^h#-

base of the right ventricle, because the ba^^gHIydeft

,
vimtrtc\eis-a\it!Uii!i V®ia,\\y liKTp'fetmawmUfSe^lamed.

By vectorial analysis, as illustrated m the figure, the

Lelectrocordiogram generated by the depolarization wave

traveling through the ventricles maybe* constructed

graphically, as shown m Figure

fisure 16-18. Iflect of a current of Injury on the electroeardi-

ogrjun.
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When the heart becomes totally depolarized at the

end of the depolarization process, as noted by the next

to last stage in Figure 16-18, all of the ventricular

muscle is in a negative state. Therefore, at this instant

in the electrocardiogram, absolutely no current flows

around the musculature of the ventricles, because now
the injured heart muscle and the contracting muscle are

both completely depolarized

As repolarization then takes place, all the heart finally

repolanzcs except the area of permanent depolarization

in the injured base of the left ventricle. Thus, the
repolarization causes a return of the current of iryury

in each lead, as noted at the far nght in Figure 16-18.

THE I POIST—THE ZERO REFERENCE
POTENTIAL OF THE ELECTROCARDIOGRAM

One would think that the electrocardiograph^ ma-
chines for recording electrocarHin^riirns 'roufJSetennino
when no current is flowing around the heart However,
many stray currents exist m the body, sych as currents
resulting from "skin potentials” and from diflerences m
ionic concentrations in different parts ofthe body.There-
fore, when two electrodes are connected between the
arms or between an arm and a leg, these stray currents
make it imjjoss^ible for one to pfbdetermine the exact
zero reference levelln the electrocardiogram. For these
reasons, the following procedure must be used to deter* figure Tbe "J point as the zero reference voltage of

mine the zero potential level. First, one notes the exact the elecnocardiogram Also, method for plotting the axis of a

point at whteh the wave oLdejjolamation lusi completes current of injury is shown (tower)

its passage through^lhe heart; which occurs at the very* »

end of the QRS complex., At exaaly this point, all parts
of the \entriclea are depolarized so that

'

nn. current is

flowing around the heart. Kvon <;* miurv determined by the method already described In this

disappears at this poin t. Therefore, the potential oflhe instance, the vector ofthe current of injury extends from

electrocardiogram at this instant is at exactly zero the right side of the. veotncles toward the left and
voltage. This point is known aa the "J point” m the slightly u^warih with an axis of anproximately -3fL^

electrocardiogram, as illustrated in Figures 16-18 and degrees
16-19. ' U one places the vector of the current of iryury directly

For analysis of the electrical axis of the current of over the ventricles, the neeative end ofthe points

iiyury, a horizontal line is drawn through the electro- toward the permanently depolariz^, "injj^d'' area of

cardiogramatthelevelofthejpoint.andthishorizontal the ventricles. In the instance illustrated m Figure

line is the zero potential line in the electrocardiogram 16-19, the injured area would be m the lateral wall of

from which all potentials caused by currents of injury thanght ventricle.

must be measured. prr*** jS) Phenomenon of S*T Segment Shift- The por-

Use of the 3 Point in plotting the Axis of a9(^tiOn of the eJectrocardiogram that occurs between the

Current of Injury. Figure 16-19 illustrates electrocar-*^' end of the QRS complex and the beginning of the T
diograms recorded from leads 1 and III, both of which ; , vtave is called the S-T segrticnt. The J point lies at the

show currents of injury, In other words, the J'pomt'and '*
.
‘ beginning ot this l^gm^nr. Therefore, every time a

the S-T segment ofeach of these two electrocardiograms current of iniurv nmir^a in nnp of the electrocardio-

are not on the same line as theT-P segment. A horizon- graphic leads, one also finds that" the S-T segment and

tal line has been drawnthrougn me J point to represent the T-P segments of the eiectrocardiogram.aro not at

the zero potential Jbvfl in each of the two recordings. the^me potential levels in the record. Actually, it is

The potential of the current orinjury in each lead ts the Uie T-P segment and not the S-T segment that is shifted

difference between the level of the T-P segment of the away from the zero axis, nowevw, most persons are

electrocardiogram (which is tecordbd between heart conditioned to consider the T-P segment of the electro-

heats when there is a current of injury) and the zero cardiogram as the reference potential level rathei' than

potential line, as illustrated by the arrows In lead I tije the_J point. Therefore, when a current of nyury is

recorded potential caused by thfe current of injury is evident in an electrocardiogram, it appears that the

above the zero potential line and is, therefore, positive- S-T segment is shifted from iu normal level__in the

On the other hand, in leadTIl the T-P segment is below electrocardiogram, and this is c^ted an 6'-7' segment

the zero potential line; therefore, the potential of the sh^ Obviously, when one sees an S-T segment shllcin

current of injury m lead lllis negative.
'anelectrocardiogram, he or she knows immediately that

At the bottom in Figurel6-19.' 07e potentials ofthe the electrocardiogram shows the characteristics of a
current of injury in leads I and III are plotted on the current of injury. In fact, most clcctrocardiographers do
coordinates of these leads, and the r^ultant vector of not speak of current of injury at all but simply speak of

the current of injury for the whole ventricular mass is S-T segment shift, which means the same thing.



194 TheHeATt

CORONARY ISCHEMIA AS A CAUSE
CURRENT OFINJURY 50^ '

Insufficient blood flow to the cnrdiac mpaele depresses

metabolism the muscl& for three ^kiterent regions'

oxygen lack, excess carbon dioxide, and lack of sufficient

nulnents Consequently; rt'jJulUFixation of the mem*
branes cannot occur in areas of severe tnyocat^ial ts-

chemia Often, the heart muscle does not die oecaus®

the blood flow is sufficient to maintain life of the muscle

even thoujjh jt is nTi^siiftici^nt to cdiJ^ repoiarimtion

of the membranes As long^as this state exists, a current

of injury continues to flow during djflgtple

Extreme ischemia oi tlie cardiac mus^e occurs follow-

ing coronary occlusion, and a strong current of injury

flows from the infarCt^ area of the ventricles during

the period between heartbeats, as is illustrated in Fig-

ures 16-20 and 16-21 Therefore, one of the most Im-

portant diagnostic features of clcctTocardiograms re-

corded following acute coronary thrombosis is (he

current of injury - i*
Acute Anterior Wall Infaretidn. Figure 16-20 illus-

trates the electrocardiogram in the three standard bi-

polar limb leads and in one chest lead recorded from a
patient with acute anterior wall cardiac infaretion^The

most important diagnostic fedture of this electrocardi-

ogram is the intense current of injury in the chest lead

If one draws a rero potential lin«>4fawtlffrthrtf*pf5fRt of

this electrocardiogram, a strtng nfgalnc eurrenf of

ii\jury dunng diastole is foupd, which means that tho

chest electrode oxst^the front of the hsagt is m an area

of strongly negative po&ntrai in other worus, the neg-

ative end tf the current of mjuo' vector is against the

chest wall This means that the current of ir\juiy is

emanating from the antenor wall of the ventricles,

which U the main reason for diagnosing this condition

as anterior wall infarction

. 16-10. Cuntm ofinloiy In acuie ante riot wall mtaicttaii.

ihe Intense curtent of Injuiy In lead V,

I I H V,

I m

m D
fljure 16-11. Curtent of Injury In acute posterior wall. aplc*l

infatedoa

Anelyiing the currents of injury in leads 1 and HI.

one fends a negative potential caused by the current of

injury in lead I and a positive potential for fhc current

of injury in lead III. ThiT*liuans' thariKT rcsultfnt

vector of the current of Injury in the heart is 8ppn)*i'

mately -r 15(L4ggreea. with the nlgative end of the

vector pointing toward the left ventneio and the positive

end pointing toward the right ventnric. Thus, In this

particular electrocardiogram the current of injury 6P-
pears to be coming mainly from the left ventnele and
from the antenor wall of the heart. Thertfore, one would
suspect that this antenor wall Iftfaretlon'is probably
caused by thrombosis of the antenor descending Umb of

the left coronary artery.

Posterior Wall Infarction. Figure 16-21 llluatrates

the three standard bipolar limb leads and one chest lead

from a patient with posterior wall infarclion-The major
diagnostic feature of this clcctfScailliogfam is also m
the chest lead. Ifa rero potential reference line is drawn
through the J point'orUiis lead,it Is 'readily apparent
that during theT-P interval the potential of the current

of injury is positive This mctins that the positive end of

the vector is at tfle chest wall and the negative end
(injured emil is avViliy'Titiiii the chest wail In other

words, the current of iryuiy is coming fronjTKe side of

the heart opposite that portion adjacent to the chest

wall, which is the reason why this tj^pe of electrocardi-

ogram 18 the basis for diagnosing posterior wall infarc-

tion
“

If one analyzes the currents of injury in leads II and
UI of Figure 16-21, it is readily apparent that the

current of injury is negative in both leads By vectorial

analysis as shown in the figure, one finds ISial the vector

of the current of injury is approximately -95 degrees,

with the negativckcnd of the vector pointing downward
and the positive end upward Thus, because the Infarct,

aa. indicated by the chest lead, is on the posterior wall

of the heart and, as indicated by the currents of injury

in leads II and III, is in the apical portion of the heart,

one would suspect that this infarct U close to the apex

on the posterior wall of the left ventricle.
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Infarction in Other Parta of the Heart By the
same procedures as those illustrated in the preening
two discussions of anterior and posterior wall infarc-

tions, it is possible to determine the locus ofan infarcted

area emitting a current of injury regardless of which
part of the heart is involved. In making such vectonal
analyses, it must always be remembered that the positive

end ofthe vector points toward the normal cardiac muscle
and the negofa'e end^mts toward the abnormal poi^n
ofthe heart that is emitting the current of iniurv.

""

Recovery^^rom Uoronary Thrombosis. Figure
16-22 illustrates a V, chest lead from a patient with
posterior infarction, showing the change in the electro-

cardiogram oTHhis lead from the day of th% attack to

one week later, then three Weeks later, and finally one
year later. Fromjhis electrocardiogram it can be seen
that the cifirent of injury is strong immediately after

the acute attack (T-P segment displaced positively from
the J point ancT the S-T segment), but after approxi-

mately one week the current of injury has diraimshed
considerably and after three weeks it is compfetely gon^
After that, the electrocardiogram does not change
greatly during the following year This is the usual
recovery pattern following dardiac infe^Oji of moder-
ate degree when the collateral coronary Blodd flow is

sufticient to reestablish appropriate nutrition to most of
the infarcted area.
On the other hand, when all the coronary vessels

throughout the heart are fairly well sclerosed, it may
not be possible for the adjacent coronary vessels to

supply sufficient blood to the infarcted area for recovery

Therefore, in some patients with coronary infarction,

the infarcted area never redevelops an adequate coro-

nary blood supply, some of the heart muscle dieS.

relative coronary insufficiency persists m this area of

the heart indefinitely. If the muscle does not die and
become replaced by scar lissue, it continually emits a
current of injury as long as the relative ischemia exists,

particularly during bouts of exercise when the heart is

overloaded.

Old Recovered Myocardial Infarction. Figure
16-23 illustrates leads I and III following anterior in-

farction and posterior infarction as these leads appear
approximately a ^ar after the acute episode. These are
what might be called the “ideal” configurations of the
QRS complex in these types of recovered myocardial

infarction. It is illustrated in these figures that usually

a Q wave develops at the beginning of the QRS complex
in lead I in antenor infarction becaase of loss of muscle
mass in the anterior wall of the left ventricle; whereas

rr 1 T;

0 .1 ;
c:.
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> 1

~r 1: 7
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Some doy IwK. 3wks. lyr.

njure I&—22. Rccovety ol the myoca/dium ft^owlng modef-
ate posterior waU inlarctioa lausnatlng disappearance of the

current of Injury (leadV,).

Pasterw

I 11

fljure 1 6-23. Dectrocardiograms of old anteriorand posterior

waU infarctions. UJustratlng the Q wave In lead I In old anterior

waD bifarcnon and the Q wave in lead III in old posterior wall

infarctioa

Anterior

in posterior infarction a O wave develops at the begin-
ning of the QRS complex lea^ III b^use'of loss of
muscle m the posterior apical part of the vehinrla

TTiese configurations are certainly not those found in
all cases of old antenor and posterior cardiac infarction.

Local loss of muscle and local areas of conduction bl^k
can cause the following abnormalities of tha QRS com-
plex- bizarre patterns (the prominent Q waves, for in-

stance), decreased voltage, and prolongation,

Current of Injury in Angina Pectoris. “Angina
pectons** means simply pain m the pectoral regions of
the upper chest, fhis pain usually radiating into the
neck and down the left »m.~The pain is caused by
relative ischemia of the heart. No pain is usually felt as
long as the person is perfectly quiet, but, just a£ soon os
the patient overworkS'^he heart, the pam appears.

A current of injury often occurs during an attack of
severe angina pectons, for the relative rtronary'insuf-

fiaency theiToccasfShally becomes''^at enough to pre-

vent adequate repolaruation of the membranes In some
areas of the heart during diastole

ABNORMAIITIES IN THE T WAVeL.^^"
''

Earlier in the chapter it was pointed out that the T
wave IS normajly positive m^alf th‘e standard bipolar

limb leads and that this is caused by repolanzation of

the apex of the heart ahead of the endocardial surfaces

of the ventricles. This direction in which repolanzation

spreads over the heart is backward to the direction in

which depolanzation takes place. (If the basic pndciplcsl

of the upnght T wave in the'standard leads have not

been understood by now, the student should become
familiar with the earlier, more detailed discussion of
this before proceeding to the following few sections.)

The T wave becomes abnormal when the normal
sequence of repolanzation does noLoccur. Several factors

can chants this sequTnee of repo(^zation, aa follows.

EfnCT OFSLOW COSDUenON OF TUE
DEfOlARIZATIOS WAVE ON THE T WAVE

Referring back to Figure 16-15, note that lhe_QfiS
complex is considerably prolong^. The reason for this

prolongation is delayed conduction in the left vcntrj^cle

as a result of left bundle branch block. The left vcntnclc
becomes depoIanzeO approximaiFly nnq
depolanzation ot the ngfat ventridc.'w hidi p^r« ^
strong mean VjivS vector TeTl. The refractory
penods ot the right and left venlncuUr auscie
are not greatly di/fercat from each *,5
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nght %«rvlnc!c begins to repolarize long before the left

ventricle; this causes positivity in the right ventricle

and negalivily in the left ventricle. In otherVords, the

mean axis of the T wave is to the rtghf, which is opposite

the mean eicctpcal axis of the_,QRS complex in this

same electrocardiogram Thus, when conduction of the

impulse through the s entricles is greatly delayed, the T
wave IS almost always of opposite polarity to that of the

QRS complex
In Figure J6-16 and in several figures in the following

chapter, conduction also docs not occur throu^ the

Purkinje system As a result, the rate of conduction Is

greatly slowed, and tn each instance the T wave is of

opposite polarity to that of the QUS complex, whether

the condition causing this delayed conduction happens
to be left bundle branch block, nght bundle branch

block, premature vcntncular contraction, or otherwise.

tljme 16-15. Btphaslc T wave caused by digitalis toxlcicy

mocoiVGco DcroLnirzArroN in
rORTIONS OF THE VENTRICULAR MUSCLE
ASA CAUSE or ABNORMAiniES
IN THE T WAVE

if the apex of the ventricles should have an abnor«

matly long period of depolarization, that is, a prolonged
nctlon potential, then rcpolanzation of the ventricles

would not begin at the apex as it normally does Instead,

the base of the ventricles would rop'olanzc ahead of the

apex, and the vector of repoh-irization would point froi

lA the usual vector of rcpolarization, and, consequently,

thcT wascin all three standard leads would be negative
rather than the usual positive Thus, the simple fact

that the apical muscle of jfu: heart had a prolonged
period of depolarization would* be safTicient'to cause

marked changes in the T wave, even to the cxte'nt of

changing the entire polarity, Ss is sllustraled in Figure

\^2A
Ischemia is by far the most common cause of increased

duration of depolariialion of cardiac muscle, and, when
the i<!chemia occurs in only one area of the heart, the

dcpolanzation period of this area increases out of pro-

portion to that in other portions As a result, definite

changes in the T wa^e may take place The ischemia

may result from chrome, progressive coronary occlusion,

acuto coronary occlusion, or relative coronary insuRi-

ciency occurring during exercise.

One means for detecting mild coronary insufficiency

IS to have the patient exorcise and then to record the

!“1>V Effe,

electrocardiogram immediately thereafter, noting

whether or not changes occur in th^T waves The
dianges in the T waves need not be cpecifii^ for any

change tn theT wave in any lead—mve^ion, for in-

stance, or a biphasic wave—is often evidence enough
that some portion of the ventricular muscle has in-

creased its period of depolarization out of proportion to

the rest of the heart, and this is probably caused by
relanve coronary insuffieiencv

All the other conditions that can cause currents of

injury, including pericarditis, myocarditis, and mechan-
ical trauma of the heart, can also cause changes in the

T wave. A current of injury occurs when the period of

depolarization ofsome muscle is so long that the muscle
falls to Tepotaruc completely before the pext cardiac

cycle begins Therefore, 0 current of iqjury is actually

on exacerbated form of abnormal T wave, for both of

these result from an increased depolsrizstion period of
' more portions of cardiac muscle, and the dlf^e^

only a matter of degree.

»n 'ji' T Wave. As discussed in

Chapter 26, digitalis 1$ a drug that can be used during
relative coronary insufticiency to* increase the strength
of cardiac musCular contrection.TIovrever, digitalis also

Increases the periodbf depolarization of cardiac muscle

It usually increases this penod by*approximatciy the
same proportioivin all or mosToilhe vetitrlcular muscle,

losages of digitalis are given, the depo-

I --tK -Hr N i.l

j±L:

but when overdosages 0 _
lanzalion period of one part of the heart may be in-

creased out of proportion to that of other ports. As a
result, nonspecific changes, such as T wave inversion or
biphasic T waves. m4y occur m one or more of the
electrocardiographic leads. A biphasic T wave caused by
excessive administration of digitalis 'is Illustrated in

Figure 16-25 There is a slight amount of current of
ii\)ury. too. This probably results from continuous de-
polarization of part of the ventricular muscle.
Changes in the T wave during digitalis administration

arc the earliest signs of digitalis toxicity If still more
digitalis is given to the patient, strong currents of injury

may develop, and, as noted in the following chapter,
digitalis can also block conduction ofthe cardiac impulse
to vm-iou9 portions of the heart,so that various arrhyth-
mias can result. It is desirable clinically to keep the
effects of digitalis from going beyond the stage of mild
T wave ahnormalUies Tliereforc, the electrocardiograph
IS used routinely in following digitalized patients.

ittftRtNCES

Sm biWiexnphy ,!
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Electrocardiographic
interpretation of
Cardiac Arrhythmias

The rhjthmicity of the heart and some afanormahlies
of rhythmieity were discussed in Chapter 14. The miyor
purpose of the present chapter is to discuss still other
ahnonnalities of rhythm and to desenbe the clectrocar*
diograras recorded in the conditions known clinically as
“cardiac arrhythmias."

ABNORMAL SINUS RHYTHMS

TACHYCARDtA

The term “tachycardia" means fast heart rate, usually
defined as faster than 100 beats per minute An electro*

^rdiogram recorded from a patient with tachycardia is

illustrated in Figure 17-1. This electrocardiogram is

normal except that the rate of heartbeat, as determined
from the time intervals between QRS complexes, is

approximately 150 per minute instead of the normal 72
per minute.
The three general causes of tachycardia are t1(creased

body temperature, itimulation of the heart by the svm-

pathetic nerves, and toxic conduions of the heart.

The rate of the heart increases aoproximatelv IQ beats
per minute for each degree Fahrenheit (18 beats per
degree Celsius) increase in hody temperature up to a
body temperature of about 105^ beyond this the heart
rate may actually decrcase.'owing'to progressive weak-
ening of the heart muscle as a result of the fever. Fever
causes tachycardia because increased temperature in-

creases the rate of metahnl><tm nf iho .mhit-h

in turn directly increases its excitability and rate of
rhythm.
The various factors that can cause the sympathetic

nervous system to excite the heart will be discussed in

Chapter 22 in relation to the reflexes that control the
circulatoiy system. For instance, when a patient loses

blood and passes into a state of shock or seniishock,

Figure 17—1. Sinus tachycarijia {lead 1}

reflex stimulation of the heart increases its rate to as
high as 150 to 180 beats per joinute. Also, simple
weakening of the myocardium usually increases the

he5Tt^te-bec<fttseThT\veaJcine3^RgST^Deinnorpi2np
blood into the artdhal tree to a normal extent, and this

elicits reflexes to i ncreAcn ^he rate of the heart.

BMDYCARDIA

The term “bradycardia” means a slowed heart rate,

usually defined as less than 60 beats per minute . Brady-
cardia IS illustrated by the electrocardiogram m Figure
17-2.

'

Bradycardia in Athletes. The athlete's heart is con-

siderably stronger than that of a normal person, a fact

that allows the athlete's heart to pump a greater stroke

volume output per boa t. The excessive quantities of

blood pumped into the arterial tree With each..beat

presumably initiate ureulaKit'y reflexes co cause the

iiradycardia.

Vagal Stimulation as a Cause of Bradycardia.
Obviously, any circulatory reflex that stimulat'es the

vagus nerve can cause the heart rate to decrease consid-

r

erably. Perhaps the most striking example ofthis occurs

in patients with the carottr^ sinus svndrortK . In these

patients an arteriosclerotic process in the carotid sinus

reino^of thiTcarotid^artery c^ses excessive sensitivity

of the pce^ure receptors, (baroreceptors) located in the

arterial wail; as a i^ulb mild pressure on the neck
elicits a strong barorec^ptor reflex, causing intense va-

gal stimulation of the heart and extreme bradycardia.

Indeed, sometimes this reflex is so powerful that it

actually stops the heart.

SINUS ARRHYTHMIA

Figure 17—3 illustrates a cardiotachometer recording
of the heart rate during normal and deep respiration. A

Figure 17-2. Sinus bradyc^dia (lead III)

/P7
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figure 17-3. Sinus arrhythmia as detected by a eardiotach*

ometer To the left Is the recording talren when ttie subject was
breathing normally, to the right, when breathing deeply

cardiotachometer ts an mstrument that records by the

height of^uccessive spikes the duration of the interval

between each two QK complexes in the electrocardi-

ogram Note frotn this record that the heart rate in-

creases and decreases approximately 5 per cent during
the vanous phases of the quiet respiratory cy-cle How-
ever, during deep respiration, as shovi'n to the right m
Figure 17-3, the heart rate even normally increases and
decreases by as much as 30 per cent

Sinus arrhyt^tnia is the result of several circulatory

reflexes that wiU be desenbed m detail in Chapter 22
First, when the blood pressure rises and falls dunitg
each cycle of respiratior^ the baremeptars ore alter-

nately stimulated and depressed, causing reflex slowing
and speechng up of the h^rt Second, during each
respiratory cycle, the negative intrapleural pressure

increases and decreases, which increases and decreases

the effective pressure in the veins in the chest and in

the right atnum This elicits_a_ axm/ij arid u-animf
Batnbri^e that also incfe'aSu and decreases the
cardiac rawTThird, when the respiratary center of the
medulla is excited dunng each respiratory cycle, some
of the impulses ‘^spdl Ofer" from the resoiratonreealer

into the vasohioivr eu I nll'ktteniate incrcasg^nd
decrease in the number or impulses ininamitte^ to the
\^art through4he sympatheticuftd la^'s her^a.****

ABNORMAL RHYTHMS
RESULTING FROM
IMPULSE CONDUCTION BLOCK

SINOATtUAl BLOCK

In rare instances the impulse from the S-A node is

blocked before it ehteis the atn&l muscle This phenom-
enon IS illustrated in Figure 17-t, which shows the
sudden cessation of P waves with resultant atandstiU of
the atnum However, the ventneJe picks up a 'new
rhythm, the impulse usually imginating in the A-V
node, so that the ventncular QR5-T complex is not
altered

ATlUOVUmiCUtAR BLOCK

The only means by which impulses can ordinanly
pass from the atna into the ventricles is through the
A-V bundle^vhtch is also known as the bundle ofHis.

'Hie different conditions that can cither decrease the

rate of conduction of the impulse through Uiis bundle or

can totally block the impulse are

1. Itehemia r>f the A-V nodal fibers often delays cr

blocks cmduction from the atria to the ventricles. Cor-

onary insufficiency can cause iscberma of the A-V node

in the same manner that it can cause iKhemia of the

myocardium.
2. f̂ pmprex^tnn of the A-V bundle by scar tissue or by

calcified portions of theTieart can depress or block

conduction from the atria to the ventricles.

3. InRnmmettan.of the A-V node or A-V bundle can

depress conductivity between the atna and the ventri-

cles Inflammation results frequently from different

types of myocarditis such as occur in diphtheria and

jbeumatie fever -
*

‘ i' Kxireme stimulation ofthe heart bv the ta^us nems
jo rare instant blocks impulse conduction ihrough the

A-V node. Such vdgal excitation occasionally results

from strong stimulation of the baroreceptors in persons

with the eoratid sinus »«-"-^mrTTr-”'hich w [is

earlier in relation to bradycardia.

»

Incomplete Heart Block. ftt>/ong^erf F-if for P-Q)
Interval—"First Degree BIq£jc-''The normal lapse of

time between the beginning of the P wave and the

beginsing of the QRS complex is approximately 0.16

second when the heart is beating at a normal rate This

P-R interval usually decreases in Iength'*^th Thster

heartbeat end increases with slower heartbeat-Ifi gen-

eral when the P-B interval increases above a value of

approximately 0 20 second m the heart beating at nor-

Dial rate, the P-R interval is said to be prolonged, and

the patient is said to have fint degree infewi>lefc.Ltatt.

block Figure 17-5 illustratesM ^SctrocarHIogrim with

a prolonged P-R nsUrval. the Interval in this instanw
being approximately 0 30 second.

The P-R interval rarely increases above 0 35 to 0 45

second, for by the time rate of conduction through
the A-V node and bundle is depressed to such an extent,

conduction stops entirely Thus, when a patient's P-B
interval is approaching these limits, additional slight

increase m the seventy of the condition will block

impulse conduction rather than simply delay conduction

further.

One of the means for determining the severity ofsome
heart diseases—rheumatic fever, for instance—is to

measure the P-R interval

Second Degree Block. WTien conduction through the

A-V junction is slowed until the P-R interval is 025 to

0 45 second, the action potentials traveling through the

A-V node someUril^ .are struild 't!UbUgH~ to pass on

enough. Often the ventricles

following one atrial contraction and fails to pass follow-

ing the next one or two atrial contractions, thus alter-

nating between conduction and nonconduction. In this

instance, the ntna heat; p t q fontuderwhlv faster rate

than the ventncles. and it ts said that there are “dropped
hpHLn" TK»« i-fm/titinn ts called second

degree incompUte heart block..

ngure 1 7^. S-A nodal block widi A-V nodal rhythm (lead III) figure 17-5. Prolonged P-R Interval (lead 11]
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figure 1 7~6. Second degree Incomplete etnaventrfcuUr block
(lead V,)

Figure 17-6 illustrates P*R intervals of 0.30 second,
and it also illustrates one dropped boat as a result of
failure of conduction from the atria to the ventricles
At times every other beat of the ventricles is dropped

so that a “2:1 rhythm” develops m the hez^, with the
atriabcating twice for every single beat of tKe ventricles
Sometimes other rhythms, such as 3 2 or 3.1, also
develop.

Complete Atnoventricular Block flTiird Degree
Block). When the condition causing poor conduction jp
the A'V node or b^aie becomes extremely severe,
complete block of the impulse from the ^tna into the
ventndes occurs. In this instance the P waVSTbecome
completely dissociated from the QRS-T complexes, as
illustrated in Pigi^e 17-7. Note that the rate of rhythm
of the atria in this elecbroeardiogram ts approximately
100 beats per minute, while the rate of ventncular^beat
is less than 40 per minute Furthermore, there is no
relationship whatsoever between the rhythm of the atna
and that of the ventricles, for the ventndes have ‘‘es-

caped" horn control by the atna, and they are beating
at their own natural rate.

Stokes-Adarnjs Svntfrome—V^ritriculcr Escape In
some paueots with atnoventr^lar bl^ck, the total

block comes and goes—that is, impulses are conducted
from the atria into the ventndes for a penod of Clme.
and then suddenly no impulses at all are transmitted.
The duration of total block may be a few seconds, a few
minutes, a few hours, or it may be weeks or even longer
before conduction returns. In particular, this condition
occurs in hearts with borderline ischemia.
Immediately after A-V conduction is first blocked, the

ventricles stop contracting entirely for 5 to SO seconds
because of the phenomenon called overdrive suppression
that was discussed in Chapter 14. Then some part of
the Purkuije system beyond the block, usually in the
distal part of the A-V node beyond the blocked point in

the node or in the A-V bundle, begins discharging
rhythmically at a rate of 15 to 40 times per minute and
acting as the pacemaker of the ventricles. This is called

ventricular 'esmpg. ~Because the'brain cannot remain
active for more than 3 to 5 seconds without blood supply,
patients usually a few seconds after complete block
occurs because the"heart then does not pump any blood
for 5 to 30 seconds until the ventricles "escape." How-
ever, even the slowly beating ventricles usually pump
enough blood to allow rapid recovery from the faint and

flxute 1 7-7. Complete atrioventriculif block (lead II)

then to s^tain the person. These periodic faintjn^jtpplla

areJgjasin-as4he-Stds£g:yiiiams8yndroiSfi,_
Occasionally the interval

,

nf ventricular at

the onaet'of ?ntnplptp Mock is so long that it either
become detrimental to the health of th*e patient or
causes death. Consequently, many of th^ patients
would be better offwith total heart block than constantly
shifting back and for& between total heart block and
atrial control~of thi^ vpntnclps- Such patipnis arp-fre.

quently treated with drugs that depress- conductionin
the A-V node so that the total heart block persists all

the time. Commonly, ^fi^taliTlis the drug used for this

purpose, but qumi'dine or barium ion can also convert a
Stokes-Adams syndrome into total heart block.

However, most of these patients are now provided
with an artificial pacemaker, which is a small battery-
operated electrical stimulator planted beneath th^skin,
the electrodes from which are connected to the right

ventricle. This pacemaker provides continued rhythmic
impulses that take over control of the ventncjes. The
batteries are replaced about once every five years.

INCOMPim IWTBAVESTRICULAR BLOCK-^
aECTJilCAL ALTEkf^S

Most of the same factors that can cause A-V block can
also block impulse conduction ih peripheral portions of
the ventncuW Purkinje system. At times, incomplete

block occurs so that the impulse is sometimes transmit-

ted and sometiibes not transmitted, causing block of the

impulse during some heart cycles and not during others.

The QRS complex may be considerably abnonnarduring
those cycles in which the impulse is blocked. Figure 17-

8 illustrates the condition known as electncgt alurnans,
which results from partial intraveni¥llcul5r‘ block every

other heartbeat. 'This electrocardiogram also Ululates
tachycardia, which is'probably the reason the b^k has
occunod, for when the rateofrthe heart is very rapid it

may be impossible for portions of the Purkinje system
to recover from the refractory period quickly enough to

respond during each succeeihng heartbeat. Also, many
conditions that depress the heart, such as is^emia,
myocarditis, and digitalis toxicity, can~Cause incomplete
intraventricular bl^k with resultant electrical alter-

nans.
*'

PREMATURE CONTRACTIONS

A premature contraction « contra rfio" nfthv

prior to the time that normal contraction would have

beaiT expected. 1 Iub condition is also frequently called

extrasystole or premature beat
’’ CauKCB nf Fremnturp ConteyUons. Most prema-

ture contractions result from ectopic foci m the heart.

figure J7-i PanJaJ imrave/itdaiUr Wock—ci 'i

OeadlU).
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Nvhich emit abnonnal impulses at odd times during the

cardiac rhythm. The possible causes of ectopic focj are

{!> local areas of ischemia . <21 small cakiRed plaguegjt
difiercnt points in the heart, which press agamstthe
adjacenfCardiac muscle so that some of the fibers are

irritated, and (3) toxic irritation of thp A.V node ,

Icinje system, or myocardium caused by dnigs. nicotine.

ouaTfeine Mechanical initiation of prbmatur6 contrac-

tions Ts also frequent during cardiac catheterization,

large numbers ofpremature contractions often occurring

when the catheter enters the right ventricle and presses

against the endocardium *

In persons with ischemic heart disease, the ectopic

rhythm is, on occasion, believed to be caused by a re-

entrant signal as follows. The normal heart beat excites

an area of ischemic tissue in which the cardiac innpdtSe

travels extremely slowly. Then, after the contraction of

the normal heart muscle is over, the slowly traveling

signal m the ischemic tissue escapes back into the

normal cardiac muscle, in this way causing a second

contraction at a later time in the heartbeat.

PRIMATVRE ATIUAL CONTKACnONS -

Figure 17-9 is an electrocardiogram showing a single

premature atnal contraction The P wave of this beat is

relatively* normal and the QRS complex is also normal,
but the P-R interval and the interval between the
preceding contraction and the premature contraction is

shortened. Also, the intorvol between the premature
emtract&n and the next succeeding eont'ractiott7 is

slightlyjruionged. which !« called a compc/im/orycntisg
The reason for this is that the premature contraction

originated in the atnum some distance from the S-A
node, and the impulse from its ongin had to travel

through a considerable amount of atrial muscle before
It discharged the S-A node Conseouontlv-tht* S-A nMc
3i»chargeq very late -in the premature cycle, and this

made the sucdeedi^g'heartbeat also late m annearing
Pr'eTnaiDr5”fltrl!lt tuiurattlojli Occur IrequVniiy ' m

healthy persons and, indeed, are often found in atljiletes

or others whose hearts are certain to be m healthy
condition Yet mild toxic conditions resulting from such
fftctore wi excess smelMng. \ath of sleep, too much roffee.

alcoholism , and use ot various drugs can aUtTiniHato
such cQ âetioTts

Pulse Deficit. When the heart contracts ahead of
schedule, the ventricles will not have filled with blood
normally,' and the stroke volume output during that
contraction is depressed or sometimes almost absent
Therefore, the pulse wave passing to the penphery
following a premature contraction may be so weak that
the pulse cannot be felt at all in the radial artery,

whereas the succeeding pulse may be extra strong be-
cause of compensatory overfilling Thus, a deficit In the
number of pulses felt in the radial pulse occurs In
relation to the number of contractions of the heart

PreiTiQluTft beol

risure 17-9. Atrial premature contraction {lead I)

figure 17-10. A-V nodal premature contraction (lead III}.

BigeminaLPulse. At times every other beat of the

heart may be a premature contraction. This causes the

patient to have a bigeminal pufse—that is, two pulses

close together, then a longer diastolic interval, then

again, and so on.

A-VSODAL OR A-V BtINDLf
PREMATURi COSTRACnOSS

Figure 17-10 illustrates a premature contraction OPS'
inating either in the A*V node or m the A-V bundle.

The P wave is missing from the record of Ui^rematuTC
contraction. Instead, the P wave is superimposed onto

the QRS-T complex ofthe premature contraction because

the cardiac impulse travels backward intoThe'atria at

the same time that it travels forward into the'ventriel«i

this P wave distorts the complex, but the P wave iwelf

cannot be discerned as such.

In general, A-V nodal premature contraetiens
the same significance and causes as’atrial premature
contractions. •

PRIMATURE VENTRICULAR CONTRACTIONS
(PVCs)

The cleclrecardiogram of Figure 17-11 illustrate* ®

senes of preihaturo ventricular contractions alternating

with normal contractions Most premature ventncul**'

figure 17-1 1. Premature ventricular contractions (PVCs) dtus-

Ualed fay the large afarronTial QRS-T complexes fiesds 11 arid I")

Axis of the premature confiaerions Is plotted In accord with the

prhc^ites of vectorial analysis explained In Chapter 1

6
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contractions of this type probably result from a re-

entrant signal from ajn ischemic area nf

muscle, as described earnin’. This causes several effects

in the electrocardiogram;

First, the QRS comnlex is usually mnsiderably pro-

longgiLfThe reason is that the impulse_is_£onducte3
mainly through the slowly conducting muscle of the
ventricle rather than through the Purkinje system.

Second, the QRS complex has a vet^ high voltage for

the following reason: \Vhen the normal impulse'^>as5es

through the heart, it passes through botlTventricles ;

approximately simultaneously; consequently the 'Hepo-

larization waves of the two sides of theTiearl"parttalIy
neutralize each other. However,*when a vehtncular
premature contraction occurs, the J^mpulse"travels in

only one direction so that there is no su^ neutralizatiUn

effect, and one entire side of the heart is depolarized

while the other entire side is still polarized; this causes
intense electrical potentials^

tractions the T%ave has a.potential opposite to that of{i>^
the QRS complex, beMuse the slour^nductiofTnr the' /
impulse through, the cardiac muscle causes the area first

depolarized also to repolarize hrst. a result, the
direction of current ffow fn the heart during repolari-

zation is opposite to that durins depolariz^tii^Tand the

sometimes cause rapid rhythmic discharge of impulses
which spread in all directions throughout the heart.

This IS most frequently caused by re-entrant pathways
that set up local circus movements. Because ofthe rapid
rhythm in the untable focus, this focus becomes the
nacemaker of fbp. hpart

~ ^

The term “paroxysmal” means that the. heart rate
usually becomes very rapid in paroxysms, with the
paroxysms beginning, suddenly and lasting for a few
seconds, a few minutes, a few hours, or sometimps mnrh
longer Then the paroxysms usually end as suddenly as
they had beeim . the pacemaker ot the heart then shiflmg
back to the S-A node.
Paroxysmal tachycardia can often be stopped,by elic-

iting a vagal redex. A strange type of vagal reflex

sffiigtii'iies'^itHed for this purpose is one that occurs

when oainml pressure is applied to the eyes. Also,

pressure on the carotid sinuses can sometimes elicit

enough of a vagal reflex to stop the tachycaniia~VanQU3
\drugs may also be us^. Two frequently used are auin-

idine and lidocaine, both of which depress the normal
increasgln sodium permeability of tne cardiac muscle

potential of the T wave is reversed to the QRS
complex. This is not true ot the nonnal T wave, as was ^
explained in Chapter 16.

' *

_

Some premature ventricular contractions are rela-
tively benign in their origin and result from sample
factors such as cigarettes, coffee, lack of sleep,

mild toxic states, and%ii.en emotional irritabilityTln
the other hand, a large share of premature ver^cular
contractions results from stray, impulsesor're-entrant
signals originating around the boilers of infarcted or
ischemic areas of the heart. Therefore, the presence of
such PVCs is not to be taken lightl^- Statistics show
that persons with significant numbers of such PVCs
have a much higher than normal chance of developing
spontaneous lethal ventricular libnllation, presumably
initiated by one of the PVCs itself. This is especially
true when the PVCs occur during the vulnerable period
for causing fibrillation, just at the end of the T wave
when the ventncles are coming out of refractoriness, as
explained in Chapter 14.

Vector Analysis of the Ori^n of an Ectopic Pre-
mature Ventricular Contraction. In Chapter 16 the
principles of vectorial analysis were explain^ Applying
these principles, one can determine from the electrocar-

diogram in Figure 17-11 the point of origin of the
premature ventncular contraction as foIlowsi-Nqte that
the potentials of the premature .conQacticns-in-leads II

and III are both strongly positive. Plotting these poten-

tials on the axes of leads Q and in and solving by
vectorial analysts for the resultant^ean QRS vector in
the heart, one finds that this vector of the premature
contraction has its negative end (oripn) at the base of
the heart and its positive end 'toward the apex. Thus,
the first portion of the heart-to-become depolarized
during the premature contractions lies near the base of
the heart, which therefore is the locus of the ectopic
focus.

PAROXYSMAL TACHYCARDIA

Abnormalities in any portion of the heart, including
the atria, the Purkirye nnil thp ventnclga. can

uicinu.-i.ic uuiinti Liic lu.c aCtlOn potclltial.

thereby otten blocking the rhythmic discharge oY^the

focal re_gion that is causing the paroxysmal attack

'
ATRIAL PAROXYSMAL TACHYCARDIA

Figure 17-12 illustrates in the middle of the record a

sudden increase in rate ofheartbeat from approximately

95 to approximately 150 beats per minute On close

observation of the electrocardiogram it will be seen that

an inverted P wave occurs before each of the QRS-T
complexes during Die paroxysor of rapid heartbeat, and
this P wave i; partiallx superimpose on the normal T
wave of the preceding beat This indicates that the origin

of this paroxysmal tachycardia is in the atrium, but,

e_tjie P wav^is^nomjaliJhfijirjginJaJiaLCfiarbecause ti

_tti^SSInS3Sr”
A-V Nodal Paroxysmal Tachycardia,..Paroxysmal

tachycardia very often results from an aberrant rhythm
that involves the A-V node.'-The usual cause is a local

re-entrant circus movement Two of the most common
of these are the following. (1) Occasionally, some of the

A-V nodal-fibers are very slow to come out ot retract

rine^~~ (̂r others come out rapidly. 'Thbrelore, alter

ventricular cohtracfioil, occafiluiiaHy a re-entrant car-

diac impulse is transmitted backward through the rap-

idly recovering A-V nodal fibers. This then re-excites

the proximal portions of the A-V node (as well as the

atnuro itselD and the signal returns once again to the

ventncles, but through the slow A-V nodal fibers that

have by now come out of the refractoiy state Thus a

new ventricular contraction occurs, followed by re-entry

once again through the rapidly r^venng A-V nodal

fibers and continuation of the repetitive cycle.

(2) In some hearts a second bundle of cardiac fibers

besides the A-V bundle connects the atnal and ventric-

ular muscle masses. This extra muscle pathway is fre-

quently called the bundle, ofKent In such instances, the

fisure 17-12. AirUJ paroxysmal uchycardta—onset bi middle

of record {lead I).
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sigrnal transmittiMi through the A*V bundle into the

ventricles can return to the atria through the bundle of

Kent and cause a second contraction shortly after the

firet Or it is also possible for the signal to go first

through the bundle of Kent and then to return by way
of the A-V bundle. In either event a local tircuB move*
ment is initiated.

Hegardless of the cause of the A-V nodal tachycardia,

It usually causes almost normal QRS-T complexes.

Atrial or A-V nodal paroxysmal tachycardia, both of

which are called supravenirtcuhr tachycardias, usually

occurs in young, otherwise healthy persons. In general,

supraventricular tachycardia frightens the individual

tremendously and may cause weakness during the pa-

roxysms but only rarely docs permanent harm come
from the attacks

VtNTRlCUIAR PAROXYSMAL TAOtYCARDlA

Figure 17-13 illustrates a typical short paroxysm of

ventricular tachycardia The electrocardiogram of ven-

tncular paroxysmal tachycardia has the appearance of

a series of ventricular premature boats occurring one
after another without any normal boots interspor^
Ventricular paroxysmal tachycardia is usually a se-

rious condition for two reasons First, this type of tachy-

cardia usually does not occur unless considcrab!e_ia.

ehcmie damage is present in fFc ventricles Second.

vcntflCUlar Ulthycaruia very irotiuonllv initiates ven-

^eular fibnllation. tthicK Is almost mvanably fatal

The reasons why ventricular tachycardia predisposes to

ventricular fibnIlaCion arc Firs t, rapid stimulation de-

oeoases the refracton.- ppi-i^d onhe heart and slows

induction, both of which predispose to circus move-
ments Second, 'one of the ventricular impulses fre-

quently occurs at an instant when part of the vontncular
muscle is still in a refractory state and port in a
nocirefractory state—that Is, during the vulnerable pc-

nod for initiating fibrillation, this causes the impulse to

take a devious, one-way route through the heart, avoid-

ing the refractory areas and initiating a long arniitous

pathway, as was discussed vn Chapter 14 The long

pathway allows the impulse to continue around and
around the ventricles, resulting in ventricular fibrilla-

tion

Diatalis intoxication sometimes causes ventricular

taefiyc^ia. On the other hand, quinidinc or ltdocoine,

which increases the refractory of cardiac muscle
and also increases its thresholdfbreireTratrbn, may be
used to block imtablo foci cansinTventTTCTllar tachycar-

dia ^ ^

aUTTER AND TIBRILLATION

As explained in Chapter 14, when a circus movement
spreads synchronously around a long pathway »n the

Fljoft 17-14. A»Ul flutter—2 1 and 3 I rhythm (lesdl)

alna. etnal flutter occurs On the other hand, when the

circus movement becomes eynchronous In either thr

atrial muscle or the ventricular miu^e. fibnllatios

occurs—alnaUibrillaiion m the first insta nce, centneu-

far A6ri//nr<o/tTirtriclecotid instance

ATRIAL nUTTlR

Figure 17-14 illuatrates lead 11 of the electrocanll-

ogram in atrial flutter The raft* of atrial contraction (P

waves) IS approumstcly 300 tlmc^-pcr mihute, whil*

the rate of vontncular contraction (QRS-T waves) u
only 125 times per minute'^From the record it will be

seen thot sotnetlmeTEIther a 2-1 ora .*1 1 rhrthm occurs

In other words, because of the^ong r¥fractop:.pcnad tf

the A-V node the atpa contre^two orlbS^timesTirr
every one iiiipulse'fhnt is condiiCfwniTroijgh the A-V
bundle into the ventricles.

An important distinguishing feature of atnal flutter

IS the relatively high voltageJLiJi-M mv of the P

waves m lead II and sometimes m lead HI. Leads II and

1(1 record higher voltage Uian lead I because the amts
movement pathway of the impulse causing atnal flutter

almost always passes around and around the atna from
top to bottom This means that the current flow in the

atna extends up and down the body more or leas parallel

to the axes of leads II and 111, which causes strone

voltages in the.ve leads but weak voltages in lead I.

ATRIAL mmiATTON
Figure 17-15 illustrates the electrocardiogram during

atnal fibnllation As discussed in Chapter 14. numerous
small depolarization waves spread in all directions

through the otna dunng atnal fibnllation. Because the

waves arc weak and because many of them are of

opposite Mlanty at any given time, they usually almost

completely neutralize each other ITierefore, in the elec-

trocardiogram one can sec either no P waves from the

alna or a fine, ^jgh frequency^cry low voltage wavy
rerord. On the other hand the QRS-T complexes are

completely normal unless there is some pathology of the

ventricles, but their timing h very irregular for the

following reasons:

Since the fibnllatory dcpolaruation waves in the atna
arc completely irregular, the Intervals between impulses

amving at the A-V node are extremely vanahle. There-

fore, an impulse may amve at the A-V node immedi-
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ately after the node itself is out of its refractory period

horn its previous discharge, or it may net arrive there

for several additional tenths of a second. Consequently,
the rhythm of the ventricles is very irregular, many of
the ventricular beats falling quite close together and
many far apart, as illustrated in Figure 17-15. The
ovei^l ventricular rate is 125 to 250 beats per mmute
in most instances.

riUation is considerably depressed because the ventricles

often do not have suihcient time to fill between beats.

Therefore, one of the principles of treating patients with
atrial fibrillation is to slow the rate of the ventricles
This is ordinarily done by administering dimtaiis, which
causes a prolonged refractory period ofihe A-V node,
probably by stimulating the vagal nerves to the node,

thereby decreasing the number of impulses conducted
from the atria into the ventricles and preventing any
two ventricular beats from occurring close together.

Heart function may be greatly unproved when the rate

is thus depressed to less than 100 beats per minute.

Pulse Deficit in Atrial Fibrillation. In the same
maimer that premature contractions can cause a pulse
deficit in the radial pulse, so can ventricular beats
occurring close together in atnal fibnllation also cause
a pulse deficit. Therefore, before treatment of atrial

fibrUlation one frequently finds a pulse deficit, whereas,
a^r slowing the ventricular rate, the pube deficit often
disappears.

VESTRICULAR flBRJUATION

In ventricular fibrillation the electrocardiogram is

extremely bizarre, as seen in Figure 17-16. and ordi-
narily shows no tendency toward a regular rhythm of
any type. In the early pluses of ventricular fibnltaUon
relatively large masses of muscle contract simultane-
ously, and this causes strong though irregular waves in
the electrocardiogram. However, afteronly a few seconds
the coarse contractions of the ventricles disappear, and
the electrocardiogram changes into a new pattern of low
voltage, very irregular waves. Thus, no repetitive elec-

trocardiographic pattern can be ascnbed to ventricular
fibrillation except that the electrical mn-
stantlv and snasnuxlicallv rhanre. hecausp the Currents
in the heart flow first in one direction, then ^another,
and rarely repeat any specific cycle,

figure 17—16. Ventricular fibrillation (lead U)

The voltages of the waves in the electrocardiogram in

ventricular fibrillation are usually about 0.5 mv when
ventricular fibrillation first begins, but these decay

rapidly so that after 20 to 30 seconds they are usually

only 0.2 to 0.3 mv. Mmute voltages of 0.1 mv or less

may be recorded for 10 minutes or longer after ven-

tricular fibnllation bepns As already pointed out, ven-

tricular fibrillation is lethal unless it is stopped by some
heroic therapy such as immediate electroshock through

the heart, as explained in Chapter 14.
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18
Physics of Blood,
Blood Flow, and
Pressure:
Hemodynamics

THl CIRCUlATOItY SYSTtM
ASA-attcuir

The most important feature of the circulation

that must always be kept in mind is that it la a
continuous circuit. That is, if a given amount of
blood is pumped by the heart, this same amount
must also flow through each subdivision of the
circulation

Figure 1&-1 illustrates the general plan of the
circulation, showing the two major subdivisions,

the syatenuc'cirxulation and the pulmonary circu-

PULMONARY ClRCULATtON

lO-l, Repmmutlon of the circuUhofi, showing both
, d‘sfensS)le *nd the reststh« poniora of the systemic *nd
fx*nofu/y clrcuUhons

206

lation. In the figure the arteries ofeach subdivisic

are represented by a single distensible chambt
and all the veins by another even larger distensib
chamber, and the arterioles and capillaries repn

sent very small connections between the arterii

and veins Blood flows with almost no resistanc

in all the large vessels of the circulation, but Ih
IS not the case in arterioles and capillaries. 1

cause blood to flow through these small “resi:

tance" vessels, the heart pumps blood into th

arteries under high pressure—normally at a sy:

tollc pressure of about 120 mm Hg in the system:

system and 22 mm Hg in the pulmonary system.

As a first step toward explaining the overa
function of the circulation, this chapter will discui

the physical characteristics of blood itselfand the
the physical principles of blood flow through th

vessels, especially the interrelationships amon
pressure, flow, and resistance. The study of thea

interrelationships and other basic physical princ
pics of blood circulation is called hemodynamics.

THE PHYSICAL CHARACTERISTICS
OF BLOOD

Blood is a viscous fluid composed of cells an
plasma. More than 99 per cent of the cells are re<

blood cells; this means that for practical purpose
the white blood cells play almost no role in deter

mining the physical characteristics of the blood.

mi HtMATOCm
The per cent of the blood that is cells is calle<

the hematocrit. Thus, ifa person has a hematocri
of 40, 40 per cent of the blood volume is cells anc
the remainder is plasma. The hematocrit ofnorma
man averages about 42, while that of norma
woman averages about 38. These values vary tre
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mendously, depending upon whether or not the

person has anemia, the degree of bodily activity,

and the altitude at which the person resides. These
effects were discussed in relation to the red blood

cells and their function in Chapter 4.

Blood hematocrit is determined by centrifuging

blood in a calibrated tube such os that shown in

Figure lS-2. The calibration allows direct reading
of the per cent of cells.

Effect of Hematocrit on Blood Viscosity.

Blood is several times as viscous as water, and
this viscosity increases the difficulty with which
the blood flows through the small vessels. The
greater the percentage of cells in the blood—that
is, the greater the hematocrit—the more fnctlon

there is between successive layers of blood, and
this friction determines viscosity. Therefore, the
viscosity of blood increases drastically as the he*

matocrit increases, as illustrated in Figure 18-3.

If Nve consider the viscosity of water to be I, then
the viscosity of whole blood at normal hematocrit
is about 3; this means that three times as much
pressure is required to force whole water through
the same tube. Note that when the hematocrit
rises to 60 or 70, which it often does in polycy*

fhemta as discussed in Chapter 4, the blood viscos*

ity can become as great as ten times that of water,
and its flow through blood vessels is greatly re>

tarded.

Another factor that affects blood viscosity is the
concentration and types of proteins in the plasma,
but these effects are so much less important than
the effect of hematocrit that they are not signiii*

cant considerations in most hemodynamic studies.

The viscosity of blood plasma is about 1.5 times
that of water.

NORMAL ANEMIA

L 100

90
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60

50
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30

20

fO

0

POLYCYTHEMtA
Figure 1 8-2. Hematocrits In the normal person and in patients

with anemia and polycythemia.

Figure IS-3. Elfect of hematocrit on vlscosliy

Since most resistance in the circulatory system

occurs lo the very small blood vessels, it is espe*

daily important to know how blood viscosity af-

fects blood flow in these minute vessels. At least

three additional factors besides hematocrit and
plasma proteins affect blood viscosity in these

vessels*

1. Rlr.ftfi-flftw m uory tninult* vy^sels exhibits

less viscous effect than it in large vessels.

This is called the Fahraeus-Lindgvist effect. It

begins to appear when the vessel diameter falls

below approximately 1.5 mm In vessels as small

as capillaries, this effect is so prominent that the

viscosity of whole blood is as little as one half that

in large vessels The Fahraeus-Lindqvist effect is

caused by alignment of the red cells as they pass

through the vessels. That is, the red cells, instead

of moving randomly, line up and move through

the vessels as a single plug, thus eliminating the

viscous resistance that occurs internally in the

blood itself. The Fahraeus-Lindqvist effect, how-
ever, is probably more than offset by the following

two effects under most conditions.

2. JNp vigp-nsity nf hlnod increases tremendously

as its velocity of flow decreases. Since the velocity

of blood flow in the small vessels is extremely

minute, often less than 1 mm per second, blood
viscosity can increase as much as ten-fold from
this factor alone. This effect is partly caused by
adherence of the red cells to each other (formation
of rouleaux and larger aggregates) and to the
vessel walls.

3. Cells also often become stuck at constrictions

in small blood vessels; this happens especially in

capillaries where the nuclei of endothelial cells

protrude into the capillary lumen. When this oc-

curs, blood flow can become totally blocked for a
fraction of a second, for several seconds, or for

much longer periods of time, thus giving an ap-
parent effect of greatly increased viscosity.
Because of these special effects that occur in the

minute vessels of the circulatory system, it has
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been impossible to derive an exact mathematical

relationship that describes how the hematocrit

affects viscosity in the minute vessels, which is

the place in the circulatory system where visaisity

plays Its most important role. Nevertheless, be-

cause some of these effects tend to decrease viscos-

ity and others tend^to increase viscosity, it is

reasonable to assume that the overall viscous ef-

fects in the small vessels are approximately equiv-

alent to those that occur in the latter vessels.

PIASMA

njurc IB—4. ReUctoruhips amons pressure, resistance,

blood flow

INTERRELATIONSHIPS AMONG
PRESSURE, FLOW,
AND RESISTANCE

Plasma is pytmepl lular-fluid of the

body. It IS almost identical to the interstitial fluid

found between the tissue cells except for one mqjor
difference: plasma contains about 7 per cent pro-

tein, while interstitial fluid contains an average of

only 2 per cent protein. The reason for this differ-

ence is that plasma protein leaks only slightly

through the capillary pores into the interstitial

spaces. As a result, most of the plasma protein is

held in the circulatory system, and that which does

leak is eventually returned to the circulation by
the lymph vessels Therefore, the plasma protein

concentration is about 3 5 times that of the fluid

outside the capillaries.

The Types of Protein in Plasma. The plasma
protein la divided into three major types, as fol-

lows:

Groms
Per Cent

Albumin 4.5

Globulins 2.5

Fibrinogen 0.3

The primary function of the albumin (and of the
other types of protein to a lesser extent) is to cause
osmotic pressure at the capillary membrane. This
pressure, called eoJl&id osmoiic pressure, prevents
the fluid of the plasma from leaking out of the
capillaries into the interstitial spaces. This func-

tion is so important that it will be discussed in

detail in Chapter 30.

The globulins are divided into three mqjor types:

alpha, beta, and gamma globulins. The alpha and
beta globulins perform diverse functions in the
circulation, such as transporting various sub-
stances by combining reversibly with them, acting
as substrate for formation of other substances, and
transporting protein itself from one part of the
body to another. The gamma globulins, and to a
lesser extent the beta globulins, play a special role

in protecting the body against infection, for it is

these globulins that are mainly the antibodies that
resist infection and toxicity, thus providing the

with what we call immunity. The function of
' " ity was discussed in detail in Chapter 6.

• <The /ifcrinogcn of plasma is of basic importance
blood clotting and was discussed in Chapter B

Flow through a "blood vessel is determined en-

tirely fay two factors* (1) the pressure difference

between the two ends of the vessel, which is the

force that pushes the blood through the vessel, and

(2) the impediment to blood flow through the ves-

sel, which is called vascular resistance. Figure

18-4 illustrates these relationships, showing a

blood vessel segment located anywhere in the cir-

culatory system.

P, represents the pressure at the origin of the

vessel; at the other end the pressure is Pj. The
flow through the vessel can be calculated by the

following formula, which is called Ohms law:

in which Q is blood flow, 4P is the pressure

difference {P)-P») between the two ends of the

vessel, and R is the resistance This formula states,

in effect, that the blood flow is directly proportional

to the pressure difference but inversely propor-

tional to the resistance.

It should be noted especially that the difference

in pressure between the two ends of the vessel

determines the rate of flow and not the absolute

pressure in the vessel For instance, ifthe pressure
at both ends of the segment were 100 mm Hg and
yet no difference existed between the two ends,

there would be no flow despite the presence of 100

mm Hg pressure.

Ohm’s law expresses the most important of all

the relationships that the student needs to under-

stand to comprehend the hemodynamics of the

circulation Because of the extreme importance of

this formula, the student should also become fa-

miliar with its other two algebraic forms:

AP = Q X B (2)

BLOOD now
Blood flow means simply the quantity of blood

that passes a given point in the circulation m a
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given period of time. Ordinarily, blood flow is

expressed in milliliters or liters per minute, but it

can be expressed in milliliters per second or in any
other unit of flow.

The overall blood flow in the circulation of an
adult person at rest is about 5000 ml per minute.
This is called the cardiac output because it is the
amount of blood pumped by the heart in a unit

period of time.

Methods for Measuring Blood Flow. Many dtfler*

ent mechanical or mechanoelcctrical devices can be
Inserted in series with a blood vessel, or m some in-

stances applied to the outside of the vessel, to measure
flow. These are called simply flowmeters. %

The Electromagnetic Flan-mcter. In recent years

several new devices have been developed that can be

used to measure blood flow in a vessel without opening

it. One of the most important of these is the electromag-

netic flowmeter, the principles of which are illustrated

in Figure 18-5. Figure 18-5A shows generation of

electromotive force in a wire that is moved rapidly

through a magnetic fleld. This is the well-known prin-

ciple for production of electricity by the clectnc gener-
ator. Figure 18-5B shows that exactly the same princi-

ple applies for generation of electromotive force m blood

when it moves through a magnetic fleld. In this case, a
blood vessel is placed between the poles of a strong

magnet, and electrodes are placed on the two sides of

the Vessel perpendicular to the magnetic lines of force.

When blood flows through the vessel, electrical voltage

proportional to the rate of flow is generated between the
two electrodes, and this u recorded using an appropriate

meter or electronic apparatus. Figure t8-5C illustrates

an actual “probe” that is placed on a large blood vessel

to record its blood flow. This probe contains both the
strong magnet and the electrodes.

A special advantage of the electromagnetic flowmeter
IS that it can record changes in flow that occur m less

than 0.01 second, allowing accurate recording of pulsa-
tile changes m flow as well as steady flow

The Ultrasonic Doppler Flowmeter. Another type
of flowmeter that can be applied to the outside of the
vessel and that has many of the same advantages as
the electromagnetic flowmeter is the ultrasonic Doppler
flowmeter illustrated in Figure 18-6. A minute piezo-

electric crystal is mounted in the wall of the device.

This crystal, when energized with an appropriate elec-

tronic apparatus, transmits sound at a frequency of
several million cycles per second downstream along the
flowing blood A portion of the sound is reflected by the
flowing red blood cells so that reflected sound waves
travel backward from the blood toward the crystal.

However, these reflected waves have a lower frequency
than the transmitted wave because the red ceils are
moving away from the transmitter crystal. This is called

the Doppler effect. (It is the same effect that one expe-
riences when a tram approaches a listener and passes
by while blowing the whistle. Once the wlustle has
passed by the person, the pitch of the sound from the
whistle suddenly becomes much lower than when the
tram is approaching.) The transmitted wave is inter-

mittently cut offand the reflected wave is received back
onto the crystal, then amplified greatly by the electronic

apparatus. Another portion of the apparatus determines
the frequency difference between the transmuted wave
and the reflected wave, thus also determining the veloc-

ity of blood flow.

Like the electromagnetic flowmeter, the Ultrasonic

Doppler flowmeter is capable of recording very rapid,

pulsatile changes in flow as well as steady flow.

Laminar Flow of Blood in Vessels. When blood
flows at a steady rate through a long, smooth vessel, it

flows m streamlines, with each layer of blood remaining
the same distance from the wall Also, the central

portion of the blood stays m the center of the vessel.

This type of flow is called lammor flow or streamline

flow, and it is opposite to turbulent flaw, which is blood

rigure 18-5. A flowmeter of the elec-

tromagnetic type, showing A. generation
of an electromotive force in a wire as It

Passes through an electromagnetic fleld.

B. generation, of an electromotive force In

electrodes on a blood vessel when the
vessel Is placed in a strong magnetic field
and blood flows through the vessel, and
_C a modem electromagnetic flowmeter
"probe" for chronic Implantation around
blood vessels.
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figure An ultrasonic Doppler flowmeter.

flowing in all direction in the vessel and continually

miicmg within the vessel, as will be discussed below
Parabolic Velocity Proflle During Laminar Flow.

When laminar flow occurs, the velocity of flow in the

center of the vessel is far greater than that toward the

outer edges This is illustrated by the expenment shown
in Figure 18-T In vessel A are two diffeTenl fluids, the
one to the left colored by a dye and the one to the right

a clear fluid, but there is no flow m the vessel Then the

fluids arc made to flow, and a parabolic interface devel*

ops between the two fluids, as shown 1 second later in

vessel B, illustrating that the portion of fluid adjacent

to the vessel wall has hardly moved at all, the portion

slightly away from the wall has moved a small distance,

and the portion in the center of the vessel has moved a
long distance This effect is called the parabolic profile

for the velocity of blood flow

The cause of the parabolic profile is the following- The
fluid molecules touching the wall hardly move b^ause
of adherence to the vessel wall The neat layer of

molecules slips over these, the third layer over the

second, the fourth layer over the third, and so forth

Therefore, the fluid in the middle of the vessel can move
rapidly because many layers of molecules exist between
the middle of the vessel and the vessel wall, all of these

capable of slipping over each other, while those portions

of fluid near the wall do not havi^this advantage
Turbulent Flow ofBlood Under Some Conditions.

When the rate of blood flow becomes too great, when it

parses an obstruction in a vessel, when it makes a sharp
turn, or when it passes over a rough surface, the flow

may then become turbulent rather than streamline
Turbulent flow means that the blood flows crosswise in

the vessel as well as along the vessel, usually forming
whorls in the blood called eddy currents These are
simitar to the whirlpools that one frequently sees in a
rapidly flow ing nver at a point of obstruction

When eddy currents are present, blood flows with
much greater resistance than when the flow is stream-
line because the eddies add tremendously to the overall

fnction of flow in the vessel

The tendency for turbulent flow increases in direct

proportion to the velocity of blood flow, in direct propor-
tion to the diameter of the blood vessel, and inversely

nsvre 1 ^7. An expcHment IdustraiEns laminar blood Dow A.

iwo separate fluids before flow begins. B. the same fluids I

second alter flow begirts.

proportional to the viscosity of the blood divided by ib

density in accordance with the following equation:

in which Re is Reynolds' number and is the measure d
the tendency for turbulence to occur, v is the velocity ef

blood flow (in centimeters), q is the viscosity (m poises)

and p IS density. The viscosity of blood is normally about

1/30 poise, and the density Is only slightly greater than

1 When Reynolds’ number rises above 200 to 400,

turbulent flow will occur nt some branches of ves.<icli

but will die out along the smooth portions of the vessels

However, when Reynolds’ number nses above approxi-

mately 2000, turbulence will usually occur even in a

straight, smooth vessel Reynolds’ number for flow in

the vsKular system even normally rises to 200 to 41X1

in Urge arteries; as a result there is almost always some

turbulence of flow at the branches of the vessels In the

proximal portions of the aorta and pulmonary artery,

Reynolds' number can rise to several thousand during

the rapid phase of ejection by the ventricles; this causes

considerable turbulence m the proximal aorta and pul-

monary artery where many conditions arc appropriate

for tuibulence (1) high velocity of blood flow, (2) pul-

satile nature of the flow, (3) sudden change In vesse!

diameter, and (4) large vessel diameter.
However, m small vessels. Reynolds' number is almost

never high enough to cause turbulence.

DLOOD PRISSURI

The Standard Units of Pressure. Blood pres*

sure 18 almost always measured in millimtura of

mercury(mm Hg) because the mercury manometer
(shown m Figure 18-8) has been used as the

standard reference for measuring blood pressure

throughout the history of physiology Actually,

100 mm HgprKlurt

ngure IS-S. Recording arterial pressure with d mereory ma-

nometer. a method that has been used In the mannef shown

a^cye for recording pressure throughout the history of physfol-

ogy
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blood pressure means the force exerted by the blood
against any unit area of the vessel wall. When one
says that the pressure in a vessel is 50 mm Hg,
this means that the force exerted is suiBcient to

push a column of mercury up to a level 50 mm
high. If the pressure is 100 mm Hg, it will push
the column of mercury up to 100 mm.

Occasionally, pressure is measured in centime-

ters of water. A pressure of 10 cm of water means
a pressure sufficient to raise a column of water to

a height of 10 cm. One millimeter ofmercury equals

1.36 cm of water because the specific gravity of
mercury is 13.6 times that of water, and 1 cm is

10 times as great as 1 mm. Dividing 13.6 by 10,

we derive the factor 1.36.

Measurement of Blood Pressure Using the
Mercury Manometer. Figure 13-8 illustrates a
standard mercury manometer for measunng blood

pressure. A cannula or catheter is inserted into an
artery, a vein, or even the heart, and the pressure

from the cannula or catheter is transmitted to the
lell'hand side of the manometer where it pushes
the mercury down while raising the right-hand
mercury column. The difference between the two
levels of mercury is approximately equal to the
pressure in the circulation in terms of millimeters
of mercury.
High-Fidelity Methods for Measuring Blood Pres-

sure. Unfortunately, the mercury In the mercury ma-
nometer has so much inertia that it cannot nse and fall

rapidly. For this reason the mercury manometer, though
excellent for recording steady pressures, cannot respond
to pressure changes that occur more rapidly than ap-
proximately one cycle every 2 to 3 seconds. Whenever it

is desired to record rapidly changing pressures, some
other type of pressure recorder is needed. Figure 13-9
demonstrates the basic principles of three electronic

pressure transducers commonly used for converting
pressure into electrical signals and then recording the
pressure on a high-speed electneal recorder. Eo^ of
these transducers employs a very thin and highly
stretched metal membrane which forms one wall of the
fluid chamber The fluid chamber in turn is connected
through a needle or catheter with the vessel in which
the pressure is to be measured. Pressure variations in
the vessel cause changes of pressure m the chamber
beneath the membrane. When the pressure is high the
membrane bulges outward slightly, and when low it

returns toward its resting position.

In Figure 18-9A a simple metal plate is placed a few
thousandths of an inch above the membrane. When the
membrane bulges outward, the capacitance between the
plate and membrane increases, and this change in ca-
pacitance can be recorded by an appropriate electronic

system.

In Figure 18-9B a small iron slug rests on the mem-
brane, and this can be displaced upward into a coiL

Movement of the iron changes the inductance ofthe coil,

and this, too, can be recorded electronically.

Finally, in Figure 1&-9C a very thin, sketched resis-

tance wire is connected to the membrane. ^Vben Uus
wire is greatly stretched its resistance increases, and
when less stretched the resistance decreases. These
changes also can be recorded by means of an electronic

system.

Hgute lS-9. Principles of three different types of electronic

iran^ucers for recording rnpldly changing blood pressures

With some of these high-fidelity types of recording

systems, pressure cycles up to 500 cycles per second
have been recorded accurately, and in common use are

recorders capable of registering pressure changes occur-

nng as raprdjy as 20 to 100 cycles per second.

RlStSTANCE OF BLOOD FLOW

Units of Resistance. Resistance is the impedi-

ment to blood How in a vessel, but it cannot be
measured by any direct means. Instead, resistance

must be calculated from measurements of blood

flow and pressure difference in the vessel. If the

pressure difference between two points in a vessel

is 1 mm Hg and the flow is 1 ml/sec, then the

resistance is said to be 1 peripheral resistance unit,

usually abbreviated PRU.
Expression ofResistance in CGS Units. Occasion-

ally, a basic physical unit called the CGS (centimeters,

grams, seconds) unit is used to express resistance. This
umt is dyne seconds/centimeters.'* Resistance in these

imits can be calcidated by the following formula:

f
.

dynesec\ 1333 x mm Hg (5)

\ cm® / ml/sec

Total Peripheral Resistance and Total Pul-
monary Resistance. The rate of blood flow

through the circulatory system when a person is

at rest I's close to 100 m(/sec, and the pressure
difference from the systemic arteries to the sys-

temic veins is about 100 mm Hg. Therefore,, in
round figures the resistance ofthe entire

’’
.
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circulation, called the (otai penpfteral resistance,

is approximately 100/100 or 1 PRU. In some con-

ditions in which all the blood vessels throughout

the body become strongly constricted, the total

peripheral resistance rises to as high as 4 PRU,
and when the vessels become greatly dilated it can
fall to as little as 0.2 PRU.

In the pulmonary system the mean arterial pres-

sure averages 16 mm Hg and the mean left atrial

pressure averages 2 mm Hg, giving a net pressure

difference of 14 mm Therefore, m round figures

the total pulmonary resistance at rest calculates to

be about 0.14 PRU This can increase in disease

conditions to as high as 1 PRU and can fall in

certain physiological states, such as exercise, to as
low as 0 04 PRU.
“Conductance” of Blood in a Vessel and Its

Relationship to Resistance. Conductance is a
measure of the blood flow through a vessel for a
given pressure difference. This is generally ex-

pressed in terms of mhset/mm Hg pressure, but it

can also be expressed in terms of liters/sec/mm Hg
or in any other units of blood flow and pressure.

It is immediately evident that conductance is

the reciprocal of resistance in accord with the
following equation:

Conductance =• s—T

Resistance

Effect of Vascular Diameter on Conduct-
ance. Slight changes in the diameter of a vessel

cause tremendous changes in its ability to conduct
blood when the blood flow is streamline This is

illustrated forcefully hy the experiment m Figpite

18-lOA, which shows three separate vessels with
relative diameters of I, 2, and 4 but with the same
pressure difference of 100 mm Hg between the two
ends of the vessels. Though the diameters of these

trwrease tmly ^troriold, \he xespective Hows
are 1, 16, and 256 ml/mm, which is a 256'fold
increase in flow. Thus, the conductance of the

t S-t 0. A. Demonstration ol the effect of vessel t&uneter
Dtood flow a. Concentric rings of blood Rowing ai dieerent

.-eloclfles the farther away from the vessel wan. the faster the
Row

vessel increases in proportion to the fourth powtt

of the diameter, in accord with the following for-

mula:

Conductance “ Diameter^ (71

Poiseuiile's Law. The cause of this great increase in

conductance with an increase in diameter can be ex-

plained by referring to Figure 18-lOB This illustratfs

cross-sections of a large and a small vessel. The conceR-

tnc rings inside these vessels indicate that the velocity

of flow in each ring la different from that in the other

nnga because of laminar flow, which was discuss^

earlier in the chapter That is, the blood in the rifig

touching the wall of the vessel is flowing hardly at ?11

because of its adherence to the vascular endolheUui'R-

Thc next nng of blood slips past the first ring and.

therefore, flows at a more rapid velocity. The thii4.

fourth, fifth, and sixth rings likewise flow at progres-

sively increasing velocities. Thus, the blood that is very

near the wall of the vessel flows extremely slowly, whjl«

thatm the middle of the vessel Rowe extremely rapidly-

In the small vessel essentially all the blood is very

near the wall so that the extremely rapidly flowing

central stream of blood simply does not exist.

By integrating the velocities of all the concentric rin^

of flowing blood one can derive the following formula

relating meon velocity of the total blood flow to vaseulW

radius

APt» (81

“
8t|1

in which V IS velocity (m centimeters per second), aP h
the pressure gradient (m dynes per square ccntimetef'i

r IS the radius of the vessel (in centimeters), -n is tht

viscosity (m poises), and 1 is the length of the vessel (u>

centimeters)

The quantity of blood that will flow through a vessel

m a given period of time is equal to the velocity of flow

times the cross-sectional area according to the following

equation

Q = vnr'
(9'

In which Q is the rate of blood flow (in miliiliters p®*

second) and -trr* is the cross-sectional area (in squart

centimeters).

Now let us substitute the value for velocity of bloc®

flow from Equation 8 into Equation 9. This gives ih*

following equation, which is known as Poiseuiile's lai^-

ffAPr* UO'
^ “

8ti1

Note particularly in this equation that the rate

blood flow IS directly proportional to the fourth power o)

the radius of the vessel, which illustrates once again

that the diameter of a blood vessel plays by far lb*

greatest role of all factors in determining the rate

blood flow through the vessel.

Summary of the Different Factors That Affe*^

Conductance and Resistance. In the equation repr^
senting Poiseuiile’s law, Q represents flow, and
represents the pressure difference. The remainder of th®
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equation represents the conductance in accordance with
the following equation:

n . JllL til)

^ 8ql

And, Since conductance is the reciprocal of resistance,

the following equation shows the factors that affwt
resistance:

R ^ §J3l

7rr*

Thus, note that the resistance of a vessel 13 directly

proportional to the blood viscosity {q) and length (1) of

the vessel but inversely proportional to the fourth power
of the radius (r*).

Resistance to Blood Flow Through Series Vessels.
In Figure 18-llA are two vessels connected in series,

having resistances of R, and R,. It is immediately evi-

dent that the total resistance is equal to the sum of the
two, or

= R, + R, (13)

Furthermore, it is equally evident that any number of
resistances in series with each other must be added
together. For instance, the total peripheral resistance
IS equal to the resistance of the arteries plus that of the

arterioles plus that of the capillaries plus that of the
veins.

Resistance of Vessels in Parallel. Shown in Figure

18-UB are four vessels, connected tn parallel, with
respective resistances of R„ R„ Rj, and R,. However, the
diameters of the vessels are not exactly the same It is

obvious that for a given pressure difference, far greater
amounts of blood will flow through this system than
through any one of the vessels alone Therefore, the
total resistance is far less than the resistance of any
single vessel.

To calculate the total resistance in Figure IS-llBone
first determines the conductance of each of the vessels,

which is equal to the reciprocal of the resistance, or

1
and The total conductance IC (total)) of all

the Vessels is equal to the sum of the individual con-
ductances:

tllure I S- 1 1 . Vascular resistances. A. in series and fl. In paraRri.

And resistance through the parallel circuit is the recip-

rocal of the total conductance, or

^ X.X.X.l,
R. R, R, R.

Effect of Pressure on VascuIac ResIstAnce
And Tissue Blood Flow

From the discussions thus far, one would expect that

an increase in arterial pressure would cause a propor-
tionate increase m blood flow through the various tissues

of the body However, the effect of pressure on blood

flow is far greater than one would expect, as illustrated

in Figure 18-12 The reason for this is that an increase

in arterial pressure not only increases the force that

tends to push blood through the vessels but also distends

the vessels at the same time, which decreases their

resistance Thus, increased pressure increases the flow

in two different ways Consequently, for most tissues,

blood flow at 100 mm Hg arterial pressure 13 usually

about four times as great as the blood flow at 60 mm
Hg
Note also in Figure 18-12 the large changes in blood

flow that can be caused by either increased or decreased

sympathetic stimulation of the peripheral blood vessels

Thus, inhibition of sympathetic stimulation greatly di-

lates the vessels and therefore increases the blood flow,

sometimes as much as twofold or more. Conversely, very

strong sympathetic stimulation can constnet the \ cssels

so much that blood flow can be decreased sometimes to

as low as zero for short periods of time despite high

arterial pressure.

Cessation of Blood Flow at Very Low Arterial

Pressures. Careful study of the lower ends of the curves

in Figure 18-12 will show that the blood flow ceases

completely even when a small amount of pressure is

still m the arlencs There arc two major reasons for

this

First, as the arterial pressure falls to progressively

lower levels, the extent to which the pressure stretches

flzure 18-12. tJIeci of Mierial pte&vuie on blood flow thtoujb

a blood veivel at d>ITtient dcs'eev of vucuUr tone CAu>ed by
Incieascd or deoeosed sympdthetK »tim.^tk>n of the vcvvelv
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the vessel ^^all diminishes, finally reaching a point at

which the pressure inside the vessel is no longer* capable

of opposing the muscular tone in the vessel wall and
keeping the vessel open This point at which the vessel

closes is called the "critical closing pressure "A physical

law, the law ofLaplace, helps explain this closure of the

vessels This law states that the circumferential force

tending to stretch the muscle fibers in the vessel wall is

proportional to the diameter of the vessel times the

pressure inside the vessel, or F = D • P. Therefore, as

the pressure m the vessel falls there is double reason

for the diameter to decrease first, the decrease in pres-

sure causes decreased diameter; then this decreased

diameter decreases the force of stretch still more, caus-

ing still further decrease in diameter Thus, a vicious

circle can develop that will cause vessels to close very

suddenly. This is the origin of the term “critical closing

pressure
”

Second, another cause of the cessation of blood flow at

low arterial pressures is the tendency for the blood cells

to become stuck in the arterioles and capillaries when
the pressure becomes too little to force the cells past

obstruction points, especially points where the nuclei of

the endothelial cells protrude into the vessel lumens
T^e pressure level at which the red cells will barely

begin to flow through a narrow vessel is called the |^ield

pressure," but the term cntical closing pressure is fre-

quently used in an all-inclusive manner to include this

yield effect as well To illustrate the importance of the

blood cells, the average artenal pressure level at which
blood flow ceases m most tissues is about 20 mm Hg
when whole blood flows through the tissue and only 5
to 10 mm Hg when plasma without blood cells flows

through

VASCULAR DISTENSIBILITY

The diameter of blood vessels, unlike that of

metal pipes and glass tubes, increases as the in-

ternal pressure increases, because blood vessels

are dtsfensible. However, the vascular distensibil-

ities dtftw greatly dlC&rewt segmewta of the
circulation, and, as we shall see, this aflects sig-

nificantly the operation of the circulatory system
under many changing physiological conditions.

Units of Vascular Distensibility. Vasculardis-
tensibihty is normally expressed as the fractional

increase in volume for each millimeter mercury
rise in pressure m accordance with the following
formula.

Vascular distensibility =

Increase in volume
Increase in pressure x Original volume

^

That 18
,

if 1 mm Hg causes a vessel originally
containing 10 ml of blood to increase its volume

1 ml. then the distensibility would be 0 1 per
, u Hg or 10 per cent per mm Hg.

-Difference in DisfensibiWIy of the Arteries
‘the Veins. Anatomically, the walls ofarteries

are far stronger than those of veins Consequently,
the veins, on the average, are about six to ten

times as distensible as the arteries. That is, a

given rise in pressure will cause about six to ten

times as much extra blood to fill a vein as an

artery of comparable size.

In the pulmonary circulation the veins are very

similar to those of the systemic veins. However,

the pulmonary arteries, which normally operate

under pressures about one sixth those in the sys-

temic arterial system, have distensibilities only

about one half those of veins, rather than one

eighth as is true of the systemic arteries.

VASCUtAR COMPUASet
(OR CAPAOTANCl)

Usually in hemodymamic studies it is much more

important to know the total quantity of blood that

can be stored m a given portion of the circulation

for each mm Hg pressure rise than to know the

distensibility of the individual vessels. This value

is sometimes called the overall distensibility or

total distensibility, or it can be expressed still more

precisely by either of the terms compliance or

copacitarice, which are physical terms meaning the

increase in volume that causes a given increase in

pressure m any vascular area as follows:

Vascular compliance
Increase in volume
Increase in pressure

(17)

Compliance and distensibility are quite diRerent

A highly distensible vessel that has a very slight

volume may have far less compliance than a much
less distensible vessel that has a very large vol-

ume, for compliance is equal to distensibility ^
volume
The compliance of a vein is about 24 times that

of its corresponding artery because it is about 8

times as distensible and it has a volume about 3

limes as great (8x3 = 24).

VOl(//M£-n{£5Sf;R£ CURVIS Of THE
ARTERIAL AND VENOUS aRCUlATJONS

A convenient method for expressing the relation-

ship of pressure to volume in a vessel or in a large

portion of the circulation is the so-called volume-

pressure curve (also frequently called the pressure-

volume curve). The two solid curves of Figure

18-13 represent respectively the volume-pressure
curves of the normal arterial and venous systems,

showing that when the arterial system, including

the larger arteries, small arteries, and arterioles,

IS filled with approximately 750 ml of blood the

mean arterial pressure is 100 mm Hg, but when
filled with only 500 ml the pressure falls to zero

In the entire venous system, on the other hand,

the volume of blood normally is about 2500 mh
and tremendous changes in this volume are r®'

quired to change the venous pressure only a few

millimeters of mercury.
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Fljute I S-l 3. Volume-pressure curves of the sysremic juterbl

And venous systems, shov^ns Also ihe effects of sympathetic
sUmuUdon and sympatheilc Jnhibitlon.

Difference in Compliance of the Arterial and
Venous Systems. Referring once again to Figure
lS-13, one can see that a change of 1 mm Hg
requires a very large change in venous volume but

much less change in arterial volume. That is, the
compliance ofthe venous system w far greater than
the compliance of the artenes-^bout 24 Itmes as
great.

This difference in compliance is particularly im>
portant because it means that tremendous
amounts of blo^ can bo stored in the veins with
only slight changes in pressure. Therefore, the
veins are frequently called storage areas of the
circulation.

Effect of Sympathetic Stimulation or Sym-
pathetic Inhibition on the Volume'Pressure
Relationships of the Arterial and Venous Sys-
tems. Also shown in Figure 18-13 are the volume-
pressure curves ofthe arterial and venous systems
during moderate sympathetic stimulation and dur-
ing sympathetic inhibition. It is evident that sym-
pathetic stimulation, with its concomitant increase
in smooth muscle tone in the vascular walls, in-

creases the pressure at each volume of the arteries
or veins while, on the other hand, sympathetic
inhibition decreases the pressure at each respec-

tive volume. Obviously, control of the vessels in

this manner by the sympathetica is a valuable
means for diminishing the dimensions of one seg-

ment of the circulation, thus transferring blood to

other segments. For instance, an increase in vas-

cular tone throughout the systemic circulation

often causes large volumes of blood to shift into

the heart, which is a major way in which pumping
by the heart is increased.

Sympathetic control of vascular capacity is also

especially important during hemorrhage. En-
hancement of the sympathetic tone of the vessels,

especially of the veins, reduces the dimensions of
the circulatory system, and the circulation contin-

ues to operate almost normally even when as much
as 25 per cent of the total blood volume has been
lost.

“MEAN CIRCULATORY FILLING
PRESSURE” AND VOLUME-PRESSURE
CURVES OF THE ENTIRE
CIRCULATORY SYSTEM

THE MEAN ORCUIATORY flLLING
PRESSURE

The mean circulatory filling pressure (also called
the “mean circulatory pressure” or the “static pres-
sure") is a measure of the degree of filling of the
entire circulatory system. That is, it is the pressure
that would be measured m the circulation if one
could instantaneously stop all blood flow bring
all the pressures in the circulation immediately to

equilibrium. The mean circulatory filling pressure
has been estimated reasonably accurately jn dogs
wilhm 2 to 5 seconds after the heart has been
stopped. To do this the heart is thrown into fibril-

lation by an electrical stimulus, and blood is

pumped rapidly from the systemic arteries to the
veins to cause pressure equilibration between the
two major chambers of the circulation

The mean circulatoiy filling pressure measured
in the above manner in the normal pentobarbital-
anesthetized dog is almost exactly 7 mm Hg. It is

believed to be about this same value in the human
being. However, many dilTerent factors can change
it, including especially change in blood volume
and increased or decreased sympathetic stimula-
tion.

The mean circulatory filling pressure is one of
the major factors that determines the rate at which
blood flows from the vascular tree into the right

atrium of the heart, which in turn determines the

cardiac output. This is so important that this

relationship will be explained in detail m Chapter
23; it will also be discussed in relation to blood
volume regulation in Chapter 36.

VOLUME’PRESSURE CURVES
Of THE ENTIRE CIRCULATION

Figure 18-14 illustrates the changes in the
mean circulatory filling pressure as the total blood
volume increases (1) under normal conditions, (2)

during strong sympathetic stimulation, and (3)

during complete sympathetic inhibition. The point
marked by the arrow is the operating point of the
normal circulation: a mean circulatory filling pres-
sure of 7 mm Hg and a blood volume of 5000 ml.
However, if blood is lost from the circulatory sys-
tem, the mean circulatory Riling pressure falls to

a lower value. If increased amoimts of blood are
added, the mean circulatory filling pressure rises
accordingly.

The compliance of the entire circulatory system
in the human being—that is, the increase in vol-
ume when the filling pressme increases is ap-
proximately 100 ml for each I mm rise in mean
drcalatoiy filling pressure.
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symiviihetk.

Sympathetic stimulation and inhibition affect the

volume-pressure curves of the entire circulatory

system in the same way that they affect the vol-

ume-pressure curves of the individual parts of the

circulation, as illustrated by the two dashed curves

of Figure 18-14. Thai is. for any given blood

volume, the mean circulatory Hlling pressure rises

two- to fourfold with strong sympathetic stimula-

tion and falls markedly when tiie sympathctics

are inhibited This is an extremely important fac-

tor in the regulation of blood flow into the heart

and thereby for regulating the cardiac output, for
instance, during exercise, sympathetic activity in-

creases the mean circulatory filling pres-surc sev-

cralfold, in this way helping to increase the cardiac

outTyot.

DEIAYED COMPLIANCE
(STRESS-RELAXATION)
OF VESSELS

Ix-gan lo "rTTCp" to longer lengths, and their tcnsioni

coirrspondingly decfcns^ Therefore, the pressure i^
marki-diy at first but then ilecrMsed with time

effm I* A tharnttervtie of all emwth my«cle tissue

IS called finsi rr/asofien. which was explained In

ter 12
Alter the ilclayet] increase in compliance had laltt«

place in iVie experiment illuitrulcd in Fiifurv 18-JS-

extra bloKi volume was suddenly removrd, and the

pressure immctiiatcly fell to a very low value Sub**"

guently. the smooth muscle fiberi began to readju**

their tensinni back to their initial values, and
number of minutes the normal vascular pressure b*

*

mm ilg relumed
Delayed compliance oecum only slightly In the arteti”

but to a much greater extent in the veins As a rvs“,*

prolonged elevation of venous preMure can often doU®*^

the blood volume m the venous tree This is u valuable

mechanism by which the circulation can accommodate
much extra blood when necessary, such os following

large a transfusion Also, delayed compliance in the

reverse direction is one of the ways in w hich the cif™‘

lation automatically odjusta itself over a period of

utes or hours to diminished blood volume after senou*

hemotrhage

MflRlNCES

The term “delayed compliance" means that a vessel

whose pressure is increased by increased volume grad-

ually loses much of this prei>surc over a period ofmany
minutes because of progressive stretch of the vessel

Likewise, a vessel exposed to constantly increased pres-

sure becomes progressively enlarged
Figure iS-lb diagrams one of the effects cd delayed

compliance In this figure, the pressure is being recorded
m a small segment of a vein that is occlud^ at both
ends. Then, an extra volume of blood is suddenly ir^ected

into the segment until the pressure rises from 5 to 12
Ug Even though none of the blood is removed after

iiyectcd, the pressure nevertheless begins to fall

-'y and approaches approximately 9 mm Hg
several minutes In other words, the volume of

’ iryectcd caused immediate elastic distension of the
vein, but then the smooth muscle fibers of the vein
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The Systemic
Circulation

The circulation is divided into the systemic cir-

culation and the pulmonary circulation And. be-

cause the systemic circulation supplies all the

tissues of the body except the lungs with blood

flow, it 13 also frequently called the greater circu-

lation or peripheral circulation.

Though the vascular system in each separate

tissue of the body has its own special characteris-

tics, some general principles of vascular function

nevertheless apply in all parts of the systemic

circulation It is the purpose of the present chapter

to discuss these general principles.

The Functional Parts of the Systemic Cir-

culation. Before attempting to discuss the details

ofllinctton m the systemic circulation, it is impor-

tant to understand the overall role of each of its

parts, as follows:

The function of the arteries is to transport blood

under high pressure to the tissues For this reason

the arteries have strong vascular walls, and blood

flows rapidly in the arteries.

The arferiofcs are the last small branches of the

arterial system, and they act os control wjfws
through which blood is released into the capillar-

ies The arteriole has a strong muscular wall that

is capable of dosing the arteriole completely or of

allowing It to be dilated sevcralfold, thus having
the capability of vastly altering blood flow to the

capillaries.

The function of the capillaries is to exchange
fluid, nutrients, electrolytes, hormones, and other

substances between the blo<^ and the interstitial

spaces For this role, the capillary walls are very

thm and are permeable to small molecular sul^

stances

The eenulM collect blood from the capillancs;

they gradually coalesce into progressively la^r
veins
The veins function as conduits for transport of

blood from the tissues back to the heart. Since the

. pressure in the venous system is very low, the
\ cnous walls are thin. Even so, they are muscular,

1
* this allows them to contract or expand and

• hereby act as a reservoir for extra blood, either a

small or large amount depending upon the needs

of the body.

PHYSICAL CHARACnRJSTICS OF
THE SYSTEMIC CmCUUTION

Quantities of Blood In the Different Parts of

the Circulation. By far the greater amount of the

blood m the circulation is containedm the systemic

veins. Figure 19-1 shows this, illustrating that

approximately 84-Bef_ cent of the entire blood

volume of the body is in tiie systemic circulation,

with 64 per cent in the veins, 15 per cent In the

arteries, and 5 per cent in thecapillaries. The

heart contains Tirer cent of the blood, and the

pulmonary vessels, 9j}er cent . Most surprising is

the very low blood volumeT^he capillaries of the

systemic circulation, only about 5 per cent of the

total Yet, it is here that the most important

function of the systemic circulation occurs, diffu-

sion of substances back and forth between the

blood and the tissues. This function is so important
thot it will be discussed in detail in Chapter 30
Cross-Sectional Areas and Velocities of

Blood Flow. If all vessels of each type were put

Tlgure 19-1. Tercenuse of (he total blood volume in eafh

poiflon of the tlftuUtory sy«cm.
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side by side, their total cross-sectional areas would
be:

cm*
Aorta 2.5

Small arteries 20
Arterioles 40
Capillaries 2500
Venules 250
Small veins 80
Venae cavae 8

Note particularly the much larger cross-sec-

tional areas of the veins than of the arteries,
averaging about four times those ofthe correspond-
ing arteries. This explains the very large storage
of blood in the venous system in comparison with
that in the arterial system.

Because the same volume of blood Bows through
each segment of the circulation each minute, the

velocity of blood flow in each segment is inversely

proportional to its cross-sectional area. Thus, un-

der resting conditions, the velocity averages 33 cm
per second in the aorta, but I/IOOO of this in the

capillaries, or about 0.3 mm per second. However,
since the capillaries have a typical length of only

0.3 to 1 mm, the blood remains in the capillaries

for only 1 to 3 seconda>-a very surprising fact

since all diflusion that takes place through the
capillary walls must occur in this exceedingly
short time.

Pressures and Resistances in tho Various
Portions of the Systemic Circulation. Because
the heart pumps blood continually into the aorta,

the pressure in the aorta is obviously high, aver-

aging approximately 100 mm Hg. And, also, be-

cause the pumping by the heart is pulsatile, the
arterial pressure ductuaCes between a systolic level

of 120 mm Hg and a diastolic level of 80 mm Hg,
as illustrated in Figure 19-2. As the blood flows

through the systemic circulation, its pressure falls

progressively to approximately 0 mm Hg by the

time it reaches the right atrium.

The decrease in arterial pressure in each seg-

ment of the systemic circulation is directly propor-
tional to the vascular resistance in the segment.
Thus, in the aorta the resistance is almost zero;

therefore, the mean arterial pressure at the end of
the aorta is still almost 100 mm Hg. Likewise, the
resistance in the large arteries is very slight so
that the mean arterial pressure in arteries as small
as 3 mm in diameter is still 95 to 97 mm Hg. Then
the resistance begins to increase rapidly in the
very small arteries, causing the pressure to drop
to approximately 85 mm Hg at the beginning of
the arterioles.

The resistance of the arterioles is greatest of any
part of the systemic circulation, accounting for
about half the resistance in the entire systemic
circulation. Thus, the pressure decreases about 55
mm Hg in the arterioles; therefore, the pressure
of the blood as it leaves the arterioles to enter the
capillaries is only about 30 mm Hg. Arteriolar
resistance is so important to the regulation of blood

flow in diflerent tissues of the body that it is

discussed in detail later in the chapter and also in

the following few chapters, which consider the
regulation of the systemic circulation.

The pressure at the arterial ends of the capillar-

ies is normally about 30 mm Hg and at the venous
ends about 10 mm Hg. Therefore, the pressure
decrease in the capillaries is only 20 mm Hg, which
illustrates that the capillary resistance is about
two fifths that of the arterioles

The pressure at the beginning of the venous
system, that is, at the venules, is about 10 mm Hg,
and this decreases to almost exactly 0 mm Hg at
the right atrium. This large decrease in pressure

in the veins indicates that the veins have far more
resistance than one would expect for vessels of
their large sizes. Much of this resistance is caused
by compression ofthe veins from the outside, which
keeps many of them, especially the venae cavae,

collapsed a large share of the time. This eftect is

discussed later in the chapter

Hgure 19-2. Blood pressures In the different portions of the
systemic circulatory system.
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FUNCTION OF THE LARGE ARHIUES

The large arteries provide two m^or functions.

The first and most obvious of these is to act as

conduits to conduct blood to all the peripheral

tissues. Under resting conditions, after the Mood
picks up oxygen in the lungs it generally reaches

the tissues in less than 10 seconds; in very heavy
exercise, this period is reduced to as little as 2 to

3 seconds.

The second important function of the arteries is

to serve os a high pressure reservoir to receive the

pulsatile output of blood from the heart and to

store some of this blood for part of a second until

the next heartbeat. To serve this function, the

large arteries are elastic, which means that they

stretch as the pulse of blood from the heart enters

the arterial tree. Then they recoil to a smaller si2C

as the blood flows out of the arteries between
heartWts This elastic nature of the arteries is

important for two principal reasons; (1) It prevents

the pressure from nsmg extremely high when the

blood is pumped into the arterial tree by ventric-

ular contraction. (2) The elasticity maintains a
high arterial pressure between heartbeats so that

blood can continue to flow through the tissues

without interruption Therefore, the normal aortic

pressure rises only to 120 mm Hg with each heart-

beat and falls only to 80 mm Hg between beats.

THE SMAU ARTERIES, ARTERIOLES.
AND CAPILIARIES

Blood flow in each tissue is controlled almost
entirely by the degree of contraction or diialalion

of the small arteries and arterioles, and it is in

the capillaries that the important process of ex-
change between blood and the interstitial fluid

occurs These segments of the circulation are so
important that they will receive special discussion
in chapters to follow: arterial and arteriolar regu-
lation of blood flow in Chapters 20 and 21 and
capillary exchange phenomena in Chapter 30
Upon leaving the small arteries, blood courses

through the arterioles, which are only a few mil-
limeters in length and have diameters of from 8
to 50 microns. Each arteriole branches many times
to supply 10 to 100 capillaries.

An important characteristic of the small arteries
and arterioles is their strong muscular walls.
These vessels are intensely innervated by the sym-
pathetic nervous system and, when stimulated,
constrict powerfully. Furthermore, many local fac-

tors In the tissues—such as the concentrations of
oxygen, carbon dioxide, hydrogen ions, and other
factors—can directly alTect the degree of constric-

li of the vessels, especially of the arteriole,
jnerefore, it is mainly the small arteries and

.tvrtcrioles that control the blood flow to the respec-
tive tissues, and this flow is normally controlled

almost exactly in proportion to the specific ne
of each tissue as will be discussed fully in

following chapter.

There are approximately 10 billion capillai

in the peripheral tissues, and these together hj

more than 500 square meters of surface area. 1

thickness orthe capillary ivall is usually less tl

1 micron, and there are small pores in the wall

will be explained in Chapter 30) through wh
substances can diffuse.

Though the capillary walls are very thin a

therefore, very weak, their diameters are also v

small. It will be recalled from the discussion

the previous chapter of the relationship betwi

vascular pressure and vascular wall tension tl

the wall tension is directly proportional to

pressure times the diameter (l&w of Laplace). The

fore, since the diameter is extremely minute,

tension developed in the wall is also extrem

minute, which explains why the very thin-wal

capillaries can withstand the pressure therein.

EXCHANGE OF FLUID AND NUTIUENTS
THROUGH THE GAPHMRY MEAfSRANE

Though the detailed dynamics of fluid exehai

through the capillary membrane will be presen

in Chapter 30, it is important to introduce t

subject briefly here.

The most important function of the capillaries

is to allow two-way diffusion of nutrients and other

substances between the flowing blood and the

fluids of the tissues This process allows the blood

to carry oxygen to the tissues and to return carbon

dioxide from the tissues to the lungs. And such

substances as sodium ions, potassium ions, chlo-

ride ions, and others diffuse in both directions

through the capillary membrane so rapidly that

their concentrations are almost exactly the same
in both the blood and the tissue fluids

However, one of the major questions that we
need to answer is- Why does all the fluid of the

blood not leak out of the capillaries into the tis-

sues’* The average functional capillary pressure

(as will be explained in Chapter 30) is about 17

mm Hg, whereas the pressure in the tissue fluid

is near zero or even less than zero. Yet, fortunately,

the plasma proteins pass hardly at all through the

capillary membrane because their molecular sizM
are larger than the sizes of the pores in this

membrane. These plasma proteins also prevent

the leakage of fluid out ofthe blood into the tissue

spaces, which can be explained as follows:

Let us first recall from Chapter 9 the discussion

of osmotic pressure When one species of molecules

in a fluid will not pass through a membrane but

all others will, these nonpermeating molecules will

cause osmosis ofwater molecules from the opposite

side of the membrane Therefore, because of the

high concentration of protein molecules in the

plasma, there is a constant tendency for osmosis
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1

iiof water to occur into the capillaries from the

I interstitial fluids. The force caused by this osmotic

tendency is called the colloid osmotic pressure or
'i ' ix.otic pressure of the plasma. Under normal cir-

!: cumstanccs, the tendency for this colloid osmotic

< pressure to cause movement of fluid into the cap*

1 illaries is almost exactly as great as the fluid

2 pressure inside the capillaries that is tending to

I cause movement in the outward direction. There*

fore, an almost exact balance is achieved except

.
for a minute amount of leakage of fluid and pro-

' teins into the tissues which eventually enters the

] lymphatic system and is returned to the circulation

] in that way. Thus, appropriate substances diffuse

readily back and forth between the blood and the

1
tissues to provide the nutritive needs of the cells,

s and yet, at the same time, the volume of the blood
> is maintained at a normal level. The details of

s
these capillary mechanisms will be discussed in

I
Chapter 30.

THE VEINS AND THEIR FUNCTIONS

For years the veins have been considered to be
nothing more than passageways for flow of blood
into the heart, but it is rapidly becoming apparent

' that they perform many functions that are neces*
' Mry to the operation of the circulation. Especially

important, they are capable of constricting and

I

enlarging, of storing large quantities of blood and
' making this blood available when it is required by
* the remainder of the circulation, of actually pro*
' pelling blood forward by means of a so*caUed
'

“venous pump,” and even of helping regulate car*
^ diac output, a funetjon so important that it wjU be

J

desenbed in detail in Chapter 23.

I
VENOUS PRESSURIS-^RICHT ATRIAL
PRESSURE (CENTRAL VENOUS PRESSURE)

^
AND PERIPHERAL PRESSURES

* To understand the various functions ofthe veins,
* it is first necessary to know something about the
‘ pressures in the veins and how they are regulated
* Blood from all the systemic veins flows into the

J

right atrium; therefore, the pressure in the right
‘ atrium is frequently called the central venous pres-
’ sure. The pressures in the peripheral veins to a
* great extent depend on the level of this pressure;
^ that is, anything that affects right atrial pressure
^ usually affects venous pressure everywhere in the
‘ body.

Right atrial pressure is regulated by a balance
' between, first, the ability of the heart topump blood

out of the right atrium and, second, the tendency
for blood to flow from the peripheral vessels back
into the right atrium.

Ifthe heart is pumping strongly, the right atrial

pressure tends to decrease. On the other hand,
weakness of the heart tends to elevate the right

atrial pressure. Likewise, any effect that causes
rapid inflow of blood into the right atrium from
the veins tends to elevate the right atrial pressure.
Some of the factors that increase this tendency for

venous return (and also to increase the right atrial
pressure) are (1) increased blood volume, (2) in-

creased large vessel tone throughout the body with
resultant increased peripheral venous pressures,

and (3) dilatation of the artenoles, which decreases
the peripheral resistance and allows rapid flow of
blood from the arteries to the veins.

The same factors that regulate right atrial pres-
sure also enter into the regulation of cardiac out-

put, for the amount of blood pumped by the heart
depends both on the ability of the heart to pump
and the tendency for blood to flow into the heart
from the peripheral vessels. Therefore, we will

discuss the regulation of right atrial pressure m
more depth in Chapter 23 in connection with the
regulation of cardiac output.

The normal right atrial pressure is approxi-
mately 0 mm Hg, which is about equal to the
atmospheric pressure around the body. However,
it can rise to as high as 20 to 30 mm Hg under
very abnormal conditions, such as (a) serious heart
failure or (b) following massive transfusion of

blood, which will cause excessive quantities of

blood to attempt to flow into ths heart from the
peripheral vessels

The lower limit to the right atrial pressure is

usually about -3 to -5 mm Hg, which is the
pressure in the pericardial and intrapleural spaces

that surround the heart. The right atrial pressure

approaches these very low values when the heart
pumps with exceptional vigor or when the flow of

blood into the heart from the peripheral vessels is

greatly depressed, such as following severe hem-
orrhage

Venous Resistance and
PerlpheraJ Venous Pressure

Large veins have almost no resistance when they

are distended. However, as illustrated in Figure
19-3, most of the large veins entering the thorax

are compressed at many points by the surrounding
tissues so that blood flow is impeded. For instance,

the veins from the arms are compressed by their

sharp angulation over the first rib. Second, the
pressure in the neck veins often falls so low that

the atmospheric pressure on the outside of the
neck causes them to collapse. Finally, veins cours-

ing through the abdomen are often compressed by
different organs and by the intra-abdominal pres-
sure so that usually they are at least partially
collapsed to an ovoid or slitlike state. For these
reasons the large veins do usually offer considera-
ble resistance to blood flow, and because of this the
pressure in the peripheral veins is usually 4 to 7mm Hg greater than the right atrial pressure.

Effect of High Right Atrial Pressure on Pe-
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ngure 1 9-J. Factors tending to edlapse the vetns entering the

thorax

ripheral Venous Pressure. When the right atnnl

pressure rises above its norma! value of 0 mm llg,

blood begins to bach up in the large veins and to

open them up The pressures in the peripheral

veins do not rise until all the collapsed points

between the peripheral veins and the large veins
have opened up This usually occurs when the
right atrial pressure rises to about -1-4 to 6 mm
Hg. If the right atnal pressure then rises still

further, the additional increase m pressure is re-

flected by a corresponding rise in peripheral ve-

nous pressure Since the heart must be greatly

weakened to cause n rise in right atrial pressure

to as high as 4 to 6 mm Hg, one often finds that
the peripheral venous pressure is not elevated in

the early stages of heart failure

Effect of Abdominal Pressure on Venous
Pressures of the Leg. The normal pressure in

the peritoneal cavity averages about 2_jDCL.Ug.-
but at times it can rise to as high as 15 to 20 mm
Hg as a result of pregnancy, large tumors, or

excessive ascites m the peritoneal cavity as ex-

plained in Chapter 32 When this happens, the

pressure m the veins of the legs must rise above
the abdominal pressure before the abdominal veins

will open and allow the blood to flow from the legs

to the heart. Thus, if the intra-abdominal pressure

IS 20 mm Hg, the lowest possible pressure in the
femoral veins is 20 rom Hg.

Effect of “HydrostAttC Pressure

on Venous Pressure

In any body of water, the pressure at the surface
of the water is equal to atmospheric pressure, but
the pressure nses 1 mm Hg for each 13.6 mm
distance below the surface This pressure results

from the weight of the water and therefore is called

> hydrostatic pressure
) Hydrostatic pressure also occurs in the vascular
'

system of the human being because of the weight
of the blood in the vessels, as is illustrated in

Figure 1&-4. When a person is standing, the pres-

sure in the right atrium remains approximately {

mm Hg because the heart pumps Into the arterie^

any excess blood that attempts to accumulate it'

this point. However, in an adult u'ho is siandtrii

absolutely still the pressure in the veins of the f«t

is approximately •+90 mm Hg almply because d
the weight of the blood in the veins between the

heart and the feet. The venous pressures at otbr

levels of the body lie proportionately between 0

and 90 mm Hg.
In the arm veins, the pressure at the level of the

top rib is usually about +6 mm Hg because ef

compression of the subclavian vein as it possei

over this rib. The hydrostatic pressure down the

length of the arm is then determined by the dis-

tance below the level of this rib. Thus, if the

hydrostatic dificrcnce between the level of the rii

and the band Is 29 mm Hg, this hydrostatic prw-

sure 19 added to tho 6 mm Hg pressure causM by

compression of the vein as it ctomcs the rib, inaL

ing a total of 35 mm Hg pressure in the veins of

the hand.
The neck veins collapse almost completely all

the way to the skull owing to atmospheric pressure

ngure J9-4. Effect of ftydroswtk pressure on the venom

ptetsures throushout the body
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^
on the outside of the neck. This collapse causes

^ the pressure in these veins to remain zero along
their entire extent. The reason for this is that any
tendency for the pressime to rise above this level

I
opens the veins and allows the pressure to fall

back to zero, and any tendency for the pressure to

I

fall below this level collapses the veins still more,
' which increases their resistance and again returns
' the pressure back to zero.
' The veins inside the skull, however, are in a
' noncollapsible chamber, and they will not collapse.

Consequently, negative pressure can exist in the
dural sinuses of the head; in the standing position
the venous pressure in the sagittal sinus is ap-
proximately - 10 mm Hg because of the hydro-
static “suction” between the top of the skull and
the base of the skull. Therefore, if the sagittal
sinus is opened during surgery, air can be sucked
immediately into this vein; and the air may even
pass downward to cause air embolism in the heart
so that the heart valves will not function satisfac-

torily, and death often ensues.

Effect of the Hydrostatic Factor on Arterial

and Other Pressures. The hydrostatic factor also

affects the peripheral pressures in the arteries and
capillaries as well as in the veins. For instance, a
standing person who has an arterial pressure of

100mm Hg at the level of the heart has an arterial

pressure in the feet of about 190 mm Hg. There-

fore, any time one states that the arterial pressure

is 100 mm Hg, it generally means that this is the

pressure at the hydrostatic level of the heart.

Venous Valves, the "Venous
Pump,” and Venous Pressure

Because ofhydrostatic pressure, the venous pres-

sure in the feet would always be about + 90 mm
Hg in a standing adult were it not for the valves

in the veins. However, every time one moves the
legs one tightens the muscles and compresses the
veins either in the muscles or adjacent to them,
and this squeezes the blood out of the veins. Yet,

the valves in the veins, as illustrated in Figure
19-5, are arranged so that the direction of blood

flow can be only toward the heart. Consequently,
every time a person moves the legs or even tenses

the muscles, a certain amount of blood is propelled

toward the heart, and the pressure in the depend-
ent Veins of the body is lowered. This pumping
system is known as the “venous pump” or “muscle
pump," and it is efficient enough that under ordi-

nary circumstances the venous pressure in the feet

of a walking adult remains less than 25 mm Hg.
If the human being stands perfectly still, the

venous pump does not work, and the venous pres-

sures in the lower part of the leg can rise to the
full hydrostatic value of 90 mm Hg in about 30
seconds. Under such circumstances the pressures
within the capillaries also increase greatly, and
fluid leaks from the circulatory system into the

Hgure 1 9-5. The venous valves of the leg

tissue spaces As a result, the legs swell, and the
blood volume diminishes. Indeed, as much as 15
to 20 per cent of the blood volume is frequently

lost from the circulatory system within the first

15 minutes of standing absolutely still, as often

occurs when a soldier is made to stand at absolute
attention.

Venous Valve Incompetence and Varicose Veins.
The valves of the venous system frequently become
“incompetent” or sometimes are even destroyed. This is

especially true when the veins have been overstretched

by an excess of venous pressure for a prolonged period

of time, as occurs in pregnancy or when one stands most
of the time Stretching the veins obviously increases

their cross-sectional areas, but the valves do not increase
in size Hierefore, the vanes of the valves will no longer

close completely and block reverse blood flow in the
enlarged veins When this develops, the pressure in the

veins of the legs increases still more owing to failure of

the venous pump; this further increases the size of the

veins and finally destroys the function of the valves

entirety Thus, the person develops “varicose veins,"

which are characterized by large, bulbous protrusions of

the veins beneath the skin of the entire leg and partic-

ularly of the lower leg The venous and capillary pres-

sures become very high because of the incompetent
venous pump, and leakage of fluid from the capillary

blood into the tissues causes constant edema in the legs

of these persons whenever they stand for more than a

few minutes. The edema m turn prevents adequate
diffusion of nutritional matenaJs from the capillaries to

the muscle and skin cells so that the muscles become
painful and weak, and the skin frequently becomes
gangrenous and ulcerates. Obviously, the best treatment
for such a condition is continual elevation of the legs to

a lei*el at least as high as (he heart, but tight binders
on the legs are also of considerable aid in preventing
the edema and its sequelae.

Clinical Estimation of Venous Pressure. The ve-
nous pressure can often be estimated by simply obscrv-
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mg the degree of distension of the wrinfu'ra} v»fn^
espociall) the^ock veins ror instance, in <he Billing

posiiton, the neck veins ore never dirtendid in Ihe

normal person. However, when the right ntrinl pressure

becomes increased to us much as 10 mm Hg» the tower

veins of the neck begin to protrude even when one Is

sitting; when the right ntrinl pressure nse* to ns high

as 15 mm Hg, essentially ail the \eins in the neck
become distended, and the venous pul««cnn then usu.illy

bo seen in the walW of the protniding veins

Rough estimates of the venous pressure can also be

made by rai«ingorlowvringnnarmofo rcclmingperson
while observing the degree of distension of the antecu-

biial or hand veins As the nrm is progressively rnited.

the veins suddenly collapse, and the level at which they
collapse, when referred to the level of the heart, u* b
rough measure of the peripheral venous pressure

Direct Jlfcasurement of IVnous /’re«sun» and
Itight Atrinl Pressure. Venous pressure can bo meav
ured w ith case by inserting a syringe needle connected

to a pres.'-urc recorder or to a water manometer directly

into a vein

The only means by w hich nght alrtal preisurr can be

measured accurately is by inserting a catholcr through

the veins into the right alnum This catheter can then

be connected to an appropriate pressure measunng ap.

parolUB.

Pressure Reference Level for Meaitirfn^

Venous end Other OreuMery Pressures

In discusKions up to this point we have often spoken
of right atnal pressure as l^ing 0 mm Hg and arterial

pressure as being 100 mm Hg. hut wc have not stated

the hydrostatic level in the circulatory system to which
this pressure is referred There is one point in the

circulatory system at which hydrostatic pressure factor*

caused by changes in body po«itton usually do not afTeci

the pressure measurement by more than 1 mm llg This
IS at the level of the tricuspid valve, us shown by the
crossed ases in Figure 1&^ Therefore, nil pressure

measurements discussed in this test arc refemH to the

\eve\ Vhe Vncuspvb va^ve, v.Wh va ca^^eh \Vc rrjcrcnce

leul for pressure mcosMA’/nent

The reason for luck of hydrostatic eifccts nt the tri>

cuspid valve is that the heart automatically prevents

ignifiennt hydrostatic changes in prf««ure at this pou

in the following way;

If the pressure ol the tricuspid vnlvi^ rises sligbtl

above normal, then the right ventricle fills to a grcati

extent than usual, causing the heart to pump blood tofa

rapidly than usual and therefore to deemute the pie

sure at tlie tricuspid valve back toward the norc^

mean value On the other hand, if the pressure at tk

point fails, the right ventricle fail* to fill adequately, i'

pumping d*“crcase4, nnd blood damv up m the veiw’v

system until the tricu'pid pressurv again rises

normal value In other w ords, Me kmrt acts as a feedhix

rrgutalor ofpressure at the tricuspid valve
The three axes of the rtference level, ns cttropolatr

from nnimnls to the human Iwing, are ( 1 1 opproximol^'

61 percent of the thickness of (he chest in the front off*

back. (2i from side to tide afniost exactiv in the midi'i”

and <31 apprortnuife/y one quarter of the tlufance ehoi

the louerend of the sternum A prson can be Btandift

lying on his Kick, lying on hi* stomach, lying on eitk*

side, or even m the head^dowm position, and his ceni^-

venous pressure rcferTcd to this rufcrcncc level

rvmam olmosl exactly constant rfg.irdl«s of the pi^<

tion of the body TIus doe* not mean that the prmi^'^
at the tneuspid valve is always mro It may be m !**

as -4 mm Hg eras high a* *20 mm Hg, but, whate*’"

ita value, changing the position of the body doe*

alter it more than 1 mm llg

In making arteonl pmsure tnciwuTpmcnla, the
vise hydrostatic level to which pressure* are refer#™
matter* much less than for senou* pressure mensu*^
menu U'cjuse percentagewise a hydrostatic error of

much os 10 or more centimeters icquivulcnl to 7 4 rP***

Hr error) still does not alTeet the arterial pressitt^

reading to a greot extent However, m venous pressdt*

measurements the reference level must be very cxae< **

the roeiHurements are to be significant, because vent’**^’

pressure changes ns small os 1 mm Hr can often

m changes in cardiac output a» great as 60 to 100
cent.

BLOOD RlSfRVOIR fUNCHON
Of TH£ VIWS

It was pointed out earlier in this chapter thst

over 60 per cent of all the blood in the circuIatotT

lljure 19-0. Location of the refefence pol"!

for pressure measurement at the tricuspid vafv*
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I system is in the systemic veins. For this reason it

is frequently said that the systemic veins act as a
blood reservoir for the circulation. Also, relatively

large quantities of blood are present in the veins

of the lungs so that these, too, are considered to

be a blood reservoir.

When blood is lost from the body and the arterial

pressure begins to fall, pressure reflexes are elic-

ited from the carotid sinuses and other pressure-
sensitive areas of the circulation, as will be dis-

cussed in Chapter 21; these in turn send sympa-
thetic nerve signals to the veins, causing them to

constrict, and this takes up much of the slack m
the circulatory system caused by the lost blood.

Indeed, even after as much as 20 per cent of the
total blood volume has been lost, the circulatory

system often functions almost normally because of
this variable reservoir system of the veins.
Speciflc Blood Reservoirs. Certain portions of the

circulatory system are so extensive that they are specif-

ically called “blood reservoirs ” These include /li jhe_
spleen, which can sometimes decrease in size surHciently
to release as much as 150 ml of blood into other areas
of the circulation, (2) the'/mer

,
the sinuses of which can

release several hundred mulihters of blood into the
remainder of the circulation, (3) the hrce abdommal

veins, which can contribute as much as 300 ml . and <4)

the ^nous plexus beneath the shn, which can also

contriButeMveral hundred milliliters The itself

and the /unga. though not parts of the systemic venous
reservoir system, must also be considered to be blood

reservoirs. The heart, for instance, becomes reduced m
size during sympathetic stimulation and in this way can
contribute some SQ to too ml of blood, and the lungs
can contribute another 100 to 200 m) when the pulmo-
nary pressures fall to low values

Assessment of TllJIng of the Blood
Hcservolrs by Mejisuring Afean C/rcuUtory
tilling Pressure

The degree to which the blood reservoirs of ihc cir-

culation arc filled determines to a great extent how well
the circulatory system will function. If the blood reser-

voirs remain overly filled for days or weeks, a person
usually develops high blood pressure Conversely, ifthey
arc underfilled, not enough blood will be available in

the peripheral circulation to flow back to the heart, and
therefore the person will develop arculatory shock.

In experimental animals, one can dclenninc the de-

gn?e to which the reservoirs are filled irilh a high degree
of accuracy by measuring the mean circulatory filling

pressure—that is, by slopping the circulation temporar-
ily and measuring the pressure in it after all pressures
have come to equiUbnura. As pointed out in the previous
chapter, the two factors that determine the mean cir-

culatory filling pressure are (1) the blood volume, nnd
(2l the compliance of the entire circulation.

Because most of the blood volume is m the veins and
because the veins are very compliant, the mean circu-

latory filling pressure is determined mainly by the
degree of filling of the venous reservoirs.

The normal mean arculatory filling pressure is about
7 mmjlg. but following massive transrusion this value
can rise to as high as 30 to 40 mm Hg. and in congestive

heart failure, in which the circulatory volume also

becomes greatly increased, the mean circulatory filling

pressure can rise to as high as 25 mm Hg.

PRESSURE PULSES IN THE ARTERIES

Since the heart is a pulsatile pump, blood enters the

arteries intermittently with each heart beat, causing

pressure pulses in the artcnal system. In the normal
young adult the pressure at the height of a pulse, the

systolic pressure, 13 about 120 mm Hg and at its lowest

point, the diastolic pressure, is about SO mfn Hg. The
difference between these two pressures, about 40 mm
Hg, 1$ called the pulse pressure
Figure 19-7 illustrates a typical, idealized pressure

pulse curve recorded in the ascending aorta of a human
being, showing a very rapid rise in artenai pressure

during ventricular systole, followed by a rnaintaincd

high level of pressure for 0.2 to 03 second This is

terminated by a sharp incisure or notch at the end of

systole, followed by a slow decline of pressure back to

the diastolic level The incisura occurs immediately

before the aortic valve closes and.is-causcd as follows.

When the ventricle relaxes, the intraventricular pres-

sure begins to fall rapidly, and backflow of blood from

the aorta into the ventricle allows the aortic pressure

also to begin falling. However, the backfloiv suddenly

snaps the aortic valve closed. The momentum that has

built up in the backflowing blood brings still more blood

into the root of the aorta even after the valvo has dosed,

and this raises the pressure again, thus giving the short

positive pressure wave m the record immediately after

the incisura

FACTORS THATAtnCT
TH£ ruisi PR2S5URI

Effect of Stroke Volume and Arterial Compli-

ance. Two major factors aiTecl the pulse pressure:

the stroke iiofume output of the heart and (2) the com-

pliance (total distcnsibililyi of the arterial tree A third,

less important factor is the character of ejection from

the heart during systole

In general, the greater the stroke volume output, the

greater is the amount of blood that must be accommo-
dated in the artcnal tree with each heartbeat and,

therefore, the greater is the pressure rise and foil during

Hsure >9-7. A nomul ptessute pulse eooioijr recc>'0*0 hom
^^e*Ken<i41S*ooa.^ffomOp^J>le fetS Proc, II7U. 1951)
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systole and diastole, thus causing a greater pulse prca-

On the other hand, the greater the compliance of the

arterial system, the less will be the nse in pressure for

a given stroke volume of blood pumped into the arteries,

in effect, then, the pulso pressure is determined opprox*

imately by the ratio of stroke volume output to compli-

ance of the arterial tree Therefore, any condition of the

circulation that affects either of these two factors will

also affect tlie pulse pressure.

Factors That Affect the Pulse Pressure by Chang-
ing the Stroke Volume Output. So many diRcrent

circulatory conditions change the stroke volume output

that only a few of these can be mentioned.

An increa-ie in heart rate while the cardiac output

remains constant causes the stroke volume output to

decrease in inverse proportion to the increased rate.

Therefore, an increase in heart rate decreases the pulse

pressure.

A decrease in tatol peripheral resistance allows rapid

flow of blood from the arteries to the veins ITus in-

creases the venous tcIutti to the heart and increases the
stroke volume output. Therefore, the pulse pressure also

greatly increases

An increosc in mean circulatory filling pressure, if all

other urcuUtory factors remain constant, increases the

rate of stnous return to the heart and ccnsonuenlly

Increases both the stroke volume output and the pulse

pressure For instance, this is the effect that occurs

when a rapid transfusion is given to a person, Increasing

both the blood volume and the mean circulatory filling

pressure

The cAoroetef of ejection from the heart affecta the

pulse pressure in two ways First, if the duration of

systole is long, a large portion of the stroke volume
output runs off through the systemic circulation while

It is being ejected into the aorta; therefore, the magni-
tude of the stroke volume c0ect on pulse pressure is

decreased Second, rapid onset ofheart contraction some-
times occurs when a heart is beating vigorously, and
this causes the pressure in the aorta to nse very high
before the blood can run off through the peripheral
nrculation Therefore, sudden ejection causes a greater

pulse pressure than does more prolonged ejection

/ ngure 19-8. Pressure pulse contours In srteKosclerosb. patent
ductus arteriosus, and moderate aortic regurgitation.

Decreased Arterial Compliance In Old Age—
Arteriosclerosis, In contrast to the many different

conditions that can change the stroke volume output,

only one m^jor factor often alters the arterial compli-

ance: this is pathological changes that affect the di^tta-

si6t/(fy of the arterial nails. This occurs mainly in oH
age when the arterial wolls lose much of their clastic

and muscular tissues and are replaced by fibrous tissue

and sometimes even calcified plaques that cannot stretch

a significant amount This is the well-known condition

called arierxosctero^is It occurs at a much earlier age in

some people than others, hut it eventually occurs in sU

if they live long enough
Tke vascular changes in artenosclerosis greatly de-

crease the compliance of the arterial system, which in

turn causes the arterial pressure to nse very high dunng
systole and to fall greatly during diastole as blood runs

off from the artencs to the veins. The middle curve cf

Figure 19-8 illustrates the very great pulse pressure

that occurs in artcnosclcrosis

ABNOMMl PRESSURE PULSE CONTOURS

Some conditions ofthe circulation also cause abnormal
contours to the pressure pulse wave in addition to

altering the pul*e pressure Especially distinctive among
these arc patent ductus arteriosus and aortic regurgi-

tation

Patent Ductus Arteriosus. This is an abnormal
condition in which the ductus arteriosus, which carries

blood from the pulmonary artery to the aorta during
fetal life, fails to close after birth. Instead, the blood

now flows backward from tho aorta through the open

ductus into the pulmonary artery, allowing very rapid

runoffofblood from the arterial tree after each heartbeat
and a greatly decreased dtastolic pressure. However,
this IS compensated for by a greater than normal stroke
volume output because the blood flowing through the

ductus passes rapidly through the lungs a second time
and re-enters the left heart as extra inflowing blood

Therefore, the left heart beats with extra force, and the

systoltc pressure nses much higher than normal These
effects give the pressure pulse contour shown by the

lowest curve in Figure 19-S. Here one finds an elevated
systolic pressure, a greatly depressed diastolic pressure,

a greatly increased pulse pressure, and the incisura
occurring at a very low point on the downslopc because
an excessively large amount of blood runs off from the
artenes even before systole is over.

Aortic Regurgitation. Aortic regurgitation means
backward flow of blood through the aortic valve because
of failure of the valve to close This usually results from
heart diseases that destroy the valve, especially rheu-
matic fever. In aortic regurgitation much of the blood

that is pumped into the aorta during systole flows back
into the left ventnde during diastole, thus giving a low
diastolic pressure. However, this backflow overfills the
ventricle before lU next beat, therefore, the ventnde
pumps a much greater than normal stroke volume
output dunng systole, which causes a high systolic

presure. Thus, the pressure pulse contour is very sim-

ilar to that of patent ductus artenosus, as illustrated by
the lower curve of Figure lD-8, but is not identical, for

in aortic regurgitation the valve sometimes fails to close

even partially. When this is true the incisura is entirely

absent.
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\ TMSSMISSION OF THE PRIS5URE
PULSE TO THE PERIPHERY

When the heart ejects blood into the aorta during

5>stole, only the proximal portion of the aorta becomes
distended at first, and it is only in this portion of the

arterial tree that the pressure rises immediately. The
,

cause of this is the inertia of the blood in the aorta,

nhich prevents its sudden movement a^^ay from the

central artenes into the peripheral arteries.

Hone\er, the rising pressure in the central aorta

rapidly overcomes the inertia of the blood, causing the

rising pressure to move farther and farther out into the

arterial tree. Figure 19-9 illustrates this transmission

of (he pressure pulse down the aorta, the more distal

portions of the aorta becoming distended as the pressure

wave moves forward.

The velocity of transmission of the pressure pulse

along the normal aorta ia 3 to 5 meters per second,

along the large arterial branches 7 to 10 meters per

second, and the smaller arteries 15 to 35 meters per

second. In general, the greater the compliance of each

vascular segment, the slower is the velocity of trans-

mission, which explains the slowness of transmission m
the aorta versus the rapidity of transmission in the far

less compliant, small, distal arteries

Note especially that the velocity of transmission of the

pressure pulse m much greater than the telocUy of blood

flow. During transmission of the pressure pulse, only a

small amount of blood entenng the proximal aorta

pushes the more distal blood forward to elevate the

pressure in the distal artenes. Therefore, the actual

blood ejecti^ by the heart may have traveled only a few

centimeters by the time the pressure wave has already

reached the distal ends of the artenes In the aorta, the

velocity of the pressure pulse is approximately 15 times

that of blo^ flow, while in the more distal artenes the

velocity of the pressure pulse may be as great as 100

times the velocity of blood flow.

Augmentation of the Pulse Pressure In the Pe-

ripheral Arteries. An interesting phenomenon that

often occurs in transmission of pressure pulses to the

penphery is an increase in pulse pressure. This effect is

illustrated in Figure 19~10, which shows considerable

enhancement of the pulse pressure more peripherally

This e/Tect is caused primarily by reflection of the pulse

rigure 19—9. TfOgressIve stages In the transmission of the

pressure pulse along the aorta.

figure 19-10. Pressure pulse contours In different segmertts
of the arterial tree In humans, showing (1) the delay in the

pressure pulse as It spreads more and mote peripheral^ and (2]

augmentation of the pulse pressure, especially In the dorsalis

pedis aneiy (Modified from Remington and Wood I AppL
f»iystof,0440. 1956)

wave from peripheral arteries, and it may be explained
as follows

When a pressure pulse enters the peripheral artenes
and distends them, the rapidly decreasing compliance of

the smaller arteries makes it difficult for the pressure

pulse to travel any farther. Instead, the surge ofpressure
m the narrow artenes causes the pulse wave to begin
traveling backward along the same vessels from which
It had come, thus reflecting the wave backward toward
the heart This is analogous to a wave traveling in a
bowl of water until it hits the edge On striking the
edge, the wave turns around and travels back onto the
surface of the water If the returning wave stnkes an
oncoming wave, the two "summate,” causing a much
higher wave than would otherwise occur. Such is the
case in the artenal tree The first portion of the pressure

wave IS reilecced before the latter portion of the same
wave reaches the peripheral artenes. Therefore, the first

portion summates with the latter portion, causing a
much higher pressure than would otherwise be recorded.

Though this penpherai augmentation of the pulse
pressure is of little significance to the function of the
circulation, this phenomenon must be remembered
whenever pressure measurements are made in penph-
erai arteries, for systolic pressure is sometimes as much
as 20 to 30 per cent above that in the central aorta, and
diastolic pressure is often reduced as much as 10 to 15

per cent

Damping of the Pressure Pulse in the Small Ar-
teries and Arterioles. The pressure pulse becomes less

and less intense os it passes through the small artenes
and arfenoles, until it becomes almost absent in the

capdianes. This was illustrated m Figure 19-2 and is

called damping of the pressure pulse.

Damping of the pressure pulse is caused mainly by a
combined effect of vascular dislensibihty and vascular

resistance. That is, for a pressure wave to travel from
one area of an artery to another area, a small amount
ofblood must flow between the two areas. The resistance

in the small arteries and arterioles is great enough that

this small flow of blood, and consequently the transmis-

sion of pressure, is greatly impeded. At the same time, .

the distensibility of the small arteries is great

;

tiiat the small amount of blood that is caused

dunog each pressure pulse produces progressivei

pressure nse and fall the more distal the pulse

proceeds in the vessels.
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Tigure 19-11. Pressure pulse contour b the dorsalis pedis

artery of a dog recorded first, under normal condHtortt and,

second dunng stimulation of the syrripathetlc nerves supplying

the femoral artery

Figure 19-11 illustrates the extreme effect of resis-

tance on damping The two pulses to the left demonstrate

a normal pressure pulse contour recorded from the

dorsalis pedis artery in a dog To the right is the pressure

pulse contour recorded during contraction of the femoral

artery and its branches The damping effect of the

increased resistance is readily apparent. U is important

for the clinician to remember this effect when feeling

the peripheral pulses \n patients with occlusive vascular

disease.

Capillary Pulsation. Pressure pulses arc not com-
pletely damped by the time they reach the capillanea—

the pulse pressure usually still averages I mm Hg or

more. And under some conditions very severe capillary

pulsation results Two major factors can cause abnormal
capillary pulsation (1) It occurs when the central pres-

sure pulse Is greatly exacerbated, as when the heort rale

u (wiy slow or when the stroke volume output is greatly

Increased as a result of aortic rrgurgtIaUon, patent duc-

tus oriertosus. or even extreme increase to venous return

(2) Another cause of capillary pulsation is extreme dil-

atation ofthe small arteries and arterioles, which reduces

the resistance of these vessels and thereby reduces the

damping
Abnormal capillary pulsation can be readily demon-

strated by bending the anterior portion of the fingernail

downwai^ so that the blood is pressed out of the anterior

capillaries of the nail bed. This causes blanching distally

while the proximal half of the nail remains red because

of blood still in the capillaries. If significant pulsation

IS occurring in the capillaries, the border between the

red and white areas will shill forward as more capillanea

become filled dunng the high pressure phase and will

shift backward dunng the low pressure phase.

WZ RADIAL PULSE

Clinically, it has been the habit for many years for a
physician to feel the radial pulse of each patient This

is done to determine the rate of the heartbeat or, fre-

quently, because of the psychic contact (hat it gives the
doctor with the patient Under certain arcumstanccs,
however, the character of the pulse can also be of value
in the diagnosis of circulatory diseases

Weak Pulse. A weak pulse at the radial artery
usually indicates either (1) greatly decreased central
pulse pressure, such as occurs when the stroke volume
output IS low, or (2> increased damping of the pulse
wave caused by vascular spasm, the latter occurs when
the sympathetic nervous system becomes overly active,

instance, following b1«Md loss or when a person is

.ng a chill

JPuIsus Paradoxus. Occasionally the strength of the
' Ise becomes strong, then weak, then strong, occurring

in synchrony with the phases of respiration This la

caused by alternate increase and decrease in cardiac

output with each respiration. During inspiration, all the

blo^ vessels of the lungs increase in size because cl

increased negative pressure in the thorax. Therefore,

blood collects mthe lungs, and the stroke volume output

and pulse strength decrease During expiration, opposiU

efTccits occur, lliis is a normal phenomenon in all per-

sons. but it becomes extremely distinct in some condi-

tions, such as in very deep breathing or in cardist

tamponade (compression of the heart from the outside

by fluid in the pericardial sac or by a constricted peri-

cardium)
Pulse Deficit. The rhythm of the heart is very ins-

ular in atnal fibrillation or in the case of cctopic beats

In these arrhythmias, which were discussed in Chapte:

17. two bents of the heart often come so close togethei

that the second beat pumps no blood or very httic blood

because the left ventricle has too little time to fill

between the beats In this circumstance, one can hear

the second beat of the heart with a stethoscope applied

directly over the heart but cannot feel a pulsation in

the redial artciy. an effect called a pulse deficit. The

greater the pulse deficit each minute, the more serious,

ordinarily, is the arrhythmia
Pulsus Alttmans. In a few conditions the heart beats

strongly with one beat end then weakly with the next,

causing oltcmation in the strength of the pulse as well,

a condition called pulsus alternans. This alternation is

frequently caused by fnlargf*^ vf»ntni»lP8. the stroke

volume output altcmatiiig m uiiluUiu from one heart*

beat to the cert.

Some instances of pulsus altcmans result from abno^
mal rhythms of the heart, but others perhaps result

from a mechanical oscillation that ocnins in the circu-

lation as follows A strong heartbeat forces a large

amount of blood to the periphery, leaving a deficit of

blood in the central vessels Therefore, the next heart-

beat IS w cak Out by the third heartbeat, the large surge

of blood to the periphery now returns to the input ofthe

heart and a strong heartbeat ensues once again.

PRISSURl PUISZ5 IN THE VEINS

The pressure pulses in the arteries are almost com-
pletely damped out before they pass through the capil-

lanes into the systemic veins. However, pulsations arc

sometimes transmitted backward from the heart to

cause pressure pulses in the large veins. This backward
transmission of pulses does not occur to a significant

extent in the normal circulation because most of the

veins, where they lead Into the thoracic cavity, are

compressed by surrounding tissues, this causes sufficient

resistance to damp out the pulsations before they can

be transmitted backward into the peripheral veins How-
ever, whenever the right atrial pressure is high, espe-

cially in heart failure, the veins are then well filled with

blood and can easily transmit the pulsations In fact,

one can frequently make a diagnosis of heart failure b>’

observing obvious strong pulsations in protruding veins

of the neck
It IS the atrial pulsations, which were discussed in

Chapter 13, that are transmitted backward in the dis-

tended veins Briefly, these pulsations consist of three

separate waves dunng each heart cycle’ (1) the a wave,

caused by contraction of the atrium, (2) the c wave,

caused by contraction of the ventricle, and (3) the v

uaue. caused by continued infiowofblood into the atrium
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i when the A-V valves are closed dunng ventncular
’ systole.

i In severe cardiac failure when the venous pressure is

• high, the venous pressure waves usually become prom-
inent enough that one can see the veins of the patient’s

I neck pulsating. In earlier days these pulsations were

1
recorded for diagnostic purposes. The a-e interval in the

I recording is approximately equal to the P-Q interval of

] the electrocardiogram, and before the days of electrocar-

> diography this was often used as a measure of the delay

between atrial excitation and ventricular excitation.

These waves, therefore, were then of considerable value

3
in diagnosing different degrees of heart block.

s
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Local Control of
Blood Flow by the

Tissues, and
Nervous and
Humoral Regulation

Tho circulatory system is provided with a com-
plex system for control of blood flow to the different

parts of the body. In general, the controls are of

three major types:

1. Local control of blood flow in each Individual

tissue, the flow being controlled mainly in propof'

tion to that tissue’s need for blood perfusion

2 Nervous control of blood flow, which often

affects blood flow in large segments of the systemic

circulation, such as shifting blood flow from the

nonmuscular vascular beds to the muscles during
exercise or changing the blood flow m the skin to

control body temperature
3. Humoral control, in which various substances

dissolved in the blood such as hormones, ions, of

other chemicals con cause either local increase oi*

decrease in tissue flow or widespread generalired

changes in flow

LOCAL CONTROL OF BLOOD FLOW
IN RESPONSE TO TISSUE NEED

One of the most fundamental and important
characteristics of the circulation is the ability of

each tissue to control its own local blood flow in
proportion to its need. Furthermore, as the nee^
for blood flow changes, the flow follow's the change'
However, what are some of the specific needs of

the tissues for blood flow? The answer to this i?

manyfold, including the following-

(1) Delivery of oxygen to tho tissues

(2) Delivery of other nutrients like glucose#
ammo acids, fatty acids, and so forth.

(3) Removal of carbon dioxide from the tissues.

(4) Removal of hydrogen ions from the tissues.

(6) Maintenance of proper concentrations

other ions in the tissues.

16) Transport of various hormonea and oth

specific substances to the different tissues.

Also, certain organs have special requiremeni

For instance, blo^ flow to the skin determin

heat loss from the body and In this way hel

control the body temperature. And delivery

adequate quontities of blood plasma to the kidne

allows the kidneys to excrete the waste produi

of the body.

We shall see later that some of these facta

exert extreme degrees of control over local bio

flow.

Variations In Clood Flow in Different T
sues and Organs. In general, the greater t

degree of metabolism in an organ, the greater :

b!^ flow. Note, for instance, in Table 20-1 t

Table 20-1 BLOOD FLOW TO DlfftRENT ORCANS
AND TISSUES UNDER BASAL CONDtUONS

rercenf Ml'nin

Mt-ml

100 j

Brain 14 700 5C

Heart 4 200
BtoncM 2 100
Kidneys 22 1100
Uver 27 1350

eortal (2t) (1050)
Artertal 10) (300)

Muscle (Inactive suie) IS 750
Bofte 5 250
SlOn (cool weattrer] 6 300

16CTliyrold gland 1 50
Adrenal glands 05 25
Other tissues 35 175

Total 1000 5000 -
a^ed mainly on data compiled by Dr. L A. Sapitsieln.
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very large blood flows in the various glandular

organs—for example, several hundred ml/min per

100 grams of thyroid or adrenal gland tissue and
a blood flow of 95 ml/min per 100 grams of liver.

Also note the extremely large blood flow through

the kidneys, 360 ml/min per 100 grams. This

extreme amount offlow is required for the kidneys

to perform their function of cleansing the blood of

waste products.

On the other hand, most surprising is the low
blood flow to the resting muscles of the body, even
though they constitute between 30 and 40 per cent

of the total body mass. However, in the resting

state the metabolic activity of the muscles is very
low, and so also is the blood flow, only 4 ml/min
per 100 grams. Yet, during very heavy exercise,

the metabolic activity can increase as much as 50*

fold and the blood flow as much as 20- to 25-foId,

rising to as high as 80 ml/min per 100 grams.

The Importance of Blood Flow Control by
the Local Tissues. One might ask the simple

question; Why not simply allow a very large blood

flow through every tissue of the body, always
enough to supply the tissue’s needs whether the

activity of the tissue is very little or very great?

The answer to this is equally simple; To do this

would require many times the amount of blood

^
flow that the heart can pump.
Experiments have shown that the blood flow to

« each tissue is usually regulated at the minimal

j
level that will supply its requirements, no more,

j
no less. For Instance, in tissues for which the most

f
important requirement is delivery of oxygen, the

f
blood flow is only slightly more than the amount

, required to maintain the tissues at full oxygena-
tion, but no more than this. By controlling the
local blood flow in such an exact way, the tissues

never suffer from nutritional deficiency, and yet

the workload on the heart is kept at a minimum.

[I

* MECHANISMS or BLOOD FLOW CONTROL
i

Local blood flow control can be divided into two
different phases: (1) acute control, and (2) long-

® term control. Acute control means rapid changes
. in local blood flow control, occurring within sec-

• onds to minutes, to provide a rapid means for

maintaining appropriate local tissue conditions.

Long-term control, on the other hand, means slow

dianges in flow over a period of days, weeks, or

even months. In general, the long-term changes >

come about as a result of an increase or decrease''

in the sizes and numbers of actual blood vessels

supplying the tissues. However, before explaining

the acute and long-term mechanisms, let us discuss

briefly the functional anatomy of the systemic
microcirculation that is the basis of the local blood

flow control mechanisms.
Functional Anatomy of the Systemic Microcir-

culation. Though the st^ent will recall that each tissue

has iU own characteristic vascular system. Figure 20-1
presents a typical local vascular bed; this one is in the

connective tissue of the mescnteiy, which is very easily

studied and its components easily analyzed. This figure

shows that blood enters a capillary bed through a small

arteriole and leaves by way of a small venule. From the

artenole the blood usually divides and flows through
several meiartenoles before entenng the capillaries.

Some of the capillaries are very large, and they course

almost directly to the venule These are called prefer*

entixd channels. However, most of the capillaries, called

the true capillaries, branch mainly from the metarter-

lolea and then finally temunato in a venule.

The arterioles have a strong muscular coat, and the
meiartenoles are surrounded by sparse but highly active

smooth muscle fibers In addition, in many tissues, at

each point at which a capillary leaves a metarteriole, a
small muscular prccopillary sphincter, consisting of a
smgle spiraling smooth muscle fiber, surround the

ongin of the capillary. In those tissues that do not havn y
precapillary sphincters, such as in skeletal muscle, the^
mctartenoles serve the same constnctor function for

controihng blood flow into the capillancs.

The venules also have a smooth muscle coat, but one
that is much less extensive than that of the arterioles.

As will be discussed in more detail later in the chapter,

the arterioles especially, and the venules to a much
lesser extent, are suppli^ by extensive innervation from
the sympathetic nervous system, and the degree of
contraction of these structures is strongly influenced by
the intensity of sympathetic signals transmitted from
the central nervous system to the blood vessels.

On the other hand, innervation of the metarterioIes>-'C

and the precapillary sphincters is usually very sparse,'^
or even absent in most instances. Instead, the muscle
fibers of these two structures are controlled almost ^
entirely by the local factors In the tissues, that is, byV'
the concentrations of oxygen, carbon dioxide, hydrogen

Hsurc 20-1. Overall stnicture o( a Ibed (from 2»cl£*ch: factors ReauUHna
Mjre. New YofK JosUh ^v»^ j,

*
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theory could explain local blood flow regulation in

response to the metabolic needs of the tisauea.

Perhaps the truth lies in a combination of the two

mechanisms.
Possible Role of Other Nutrients Besides

Oxygen in the Control of Local Blood Flow.

Under special conditions, it has been shown that

Iflck-oLglucose. in the perfusing blood for longer

than a few minutes can'eause local tissue vas^i*

lation. It is possible that this same effect occurs

when other nutrients are also defleient. Indeed, at

least one clinical nutritional deficiency leads to

marked peripheral vasodilation. This is the vita-

min deficiency disease beriberi, in which the pa-

tient usually has deficiencies of thiamine, niacin,

and riboflavin. In this disease the peripheral vas-

cular blood flow increases as much as two- to three-

fold. Since these vitamins are all concerned with

the oxidative phosphorylation mechanism for gen-

erating ATP in the local tissues, one could suspect

that deficiency of these vitamins leads to dimin-

ished smooth muscle contraJtile ability and there-

fore leads to the local vasodilation.

Special Examples of ‘‘Metabolic'' Control of

local Blood flow

The mechanisms that wc have described thus far for

local blood flow control arc frequently called “melabolic

mechamsms" because all of them function in response

to the metabolic needs of the tissues Two odditlonal

special instances of metabolic control of local blood flow

are reactive hyperemia and active hyperemia
Beactive llyperenda. tVhen the blood supply to a

tissue Is blocked for a few seconds to several hours and
then IS unblocked, the flow through the tissue usually

increases to about five times normal, the increased flow

will continue for a few seconds if the block has lasted a
few seconds and sometimes for as long as many hours if

the blood flow has been stopped for an hour or more
This phenomenon is called reoclii'c hyperemia Reactive
hyperemia is almost certainly another manifestation of

the local “metabolic” blood flow regulation mechanism,
that IS, lack of flow sets into motion all of those factors

that cause vasodilatation Following short periods of
vascular occlusion, the extra blood flow during the
reactive hyperemia phase lasts long enough to repay
almost exactly the tissue oxygen deficit that has accrued
during the penod of occlusictn This mechanism empha-
sizes the close connection between local blood flow reg-
ulation and delivery of nutrients to the tissues

Active Hyperemia. When any tissue ^comes highly
active, such as a muscle during exercise, a gastrointes-
tinal gland during a hypersecretory period, or even the
brain during rapid mental activity, the rate of blood
flow through the tissue increases. Here again, by aiinply
applying the basic principles of local blo^ flow control,
one can easily understand this so-called aettve hyper-
emia The increase in local metabolism causes the cells
to devour the tissue fluid nutrients extremely rapidly
and also to release large quantities of vasodilator sub-

I stances. The result obviously would be to dilate the local
blood vessels, and therefore, to increase local btoe^ flow.
In this way, the active tissue will receive the addition^
nutrients required to sustain its new level of function.

As pointed out earlier, active hyperemia in skelcW

muscle can increase the local blood flow as much as20-

to 25-fold during intense exerdse,

“Autoregviailon" of Blood Flow When the

AtterlAj Pressure Changes from Normal—
,

’"Metabolic'' Versus “Myogenic’’

Mechanisms

In most tissues of the body, an acute increase or i

decrease in arterial pressure will cause an immedisl*

ini^asc or decrease in blood flow. However, within

than a minute, the blood flow usually returns roost o

the way back toward the normal level. Therefore, if<

few minutes are allowed for the local blood flow coatro

mechanisms to function properly, the blood flow will b

related to artenal pressure approximately in accord vnd

the eolid curve labeled “acute" in Figure 20-5. Note

between an arterial pressure of approximately 70 cm

Hg and 175 mm Hg the blood flow remains within ±
to 25 per cent of the normal value This maintenance e

the flow at nearly normal levels despite marked change:

in artenal pressure is called autoregulalion of if**

floiv iThe dashed curve of Figure 20^ Illustrates Ih:

long-tcTTO effecta of arterial presaure on blood flow wbe'

the pressure changes slowly over a period of weeks 4

months, as will be discussed in more detail later in th'

chapter ) For almost a century, two different view*

been proposed to explain the acute autoregulation mech*

anism These have been colled (1) the metabolic theoiy*

and (2) the myogenic theory.

The mcfobolic iheory tan be understood very oasLlfW
simply applying the basic pnneiples of local blood flo*

regulation already discussed in earlier section* Tb<i?<

when the artenal pressure becomes too great, the exf***

flow provides too many nutrients to the tissues and *lsf

flushes vasodilator substances out of the tissues; both

these effects will then cause the blood vessels to too-

stnet Therefore, the increased pressure will not incresa

flow greatly because the compensatory constriction

mainly nullify the effect of the pressure.
nie myogenic theory, on the other hand, suggests that

Bill! another mechanism besides those related to tissa*

njure 20-5. Effect of Increasing arlerial pressure on
flow ihrough a muscle. The solid curve shows the effect

artertal ptessute is talsed over a period ol a few mlrwies.^
datfied curve shows the effect If the artertal pressure Is raises

extremely slowly over a period of many weeK



20 LocjU Control of Blood Flow, *nd Nervous and Humorjd RegulAtlon B 235

metabolism either totally or partially explains the phe-
nomenon of autoregulation. This theory is based on the

observation that sudden stretch of small blood vessels

»iU cause the smooth muscle of the vessel wall to

contract. Therefore, it is believed that v/hen high arte-

rial pressure stretches the vessel, this in turn causes

vascular constriction and reduces the blood flow back
near normal. Conversely, at low pressures, the degree

of stretch of the vessel is less, so that the smooth muscle
relaxes and allows increased How.
Though some experiments are difficult to explain

without invoking the myogenic theory of autoregulation,

it IS almost certain that myogenic autoregulation is not
an extremely powerful functional mechanism in most of

the body for a very clear reason: a strong myogenic
mechanism everywhere in the body would rapidly lead

to death m the following way: An increase in pressure

would stretch the blood vessel, which would then cause
vasoconstriction. The increased constriction would in-

crease the peripheral resistance and raise the blood
pressure still more. This secondary increase in pressure
would cause another cycle of stretch followed by still

more vasoconstriction and then still more increase in

pressure. Thus, a vicious circle would ensue, and if this

should occur in all the body at once, the arterial pressure
would rise suddenly to such a high level that either the
heart would fail or the blood vessels would burst Even
69, in certain isolated tissues, it is difficult to explain
some of the phenomena observed without invoking the

myogenic theory.

It has been suggested especially that the myogenic
mechanism protects the capillaries from excessively

high blood pressures. That is, if the pressure m the
small arteries and arterioles rises too high, these vessels

simply constrict and prevent this high pressure fmm
being transmitted into the capillaries

Special Mechanisms of local Blood Flow
Regulation In Certain Tissues

In certain tissues, blood flow is mainly regulated by
other factors besides the requirement for nutrients This
is true particularly in the kidney and in the brain, as

follows:

“Autoregulation” in the Kidneys- The rate of blood
flow through the kidneys remains even more constant
than in most other tissues despite marked,changes in

arterial pressure. Yet the'availability of oxygen to the

kidneys can be changed tremendously without changing
renal blood flow significantly. Therefore, the "auto-

regulation” of renal blood flow when the arterial pres-

sure changes is undoubtedly different from the usual
type of local blood flow regulation.
Two factors that chamre renal blood flow tn-fl great

extent are sodiunrchlond^onceni r-^tinn mZtha blood

and the rnnrpntrr^tifin nf onit prfvHnff a pplrjn mctab-
olism; an inerca-cp in either of these increases, renal

blobcLflaw. REcentMpcnmen5~Suggestthat It is the

concentJations of some of these substances in the renal

tubules that control renal Jilood flow. It is believed that
the substances exert 'their fcedbacli control of afferent

arteriolar constriction at thejtulagiuTiwuIat^pparatus
where the distal tubule comesm contact with the afler-

ent arteriole. That is, when the concentration ofone or
more substances becomes too great at this point in the

distal tubule, constnclion of the afferent artenole re-

duces glomerular filtration and thereby causes less entry

of the substances into the tubular system. This mecha-
nism will be discussed in detail in Chapter 35 in relation

, to the physiology of the kidney.
Loc^ Regulation of Cerebral Blood Flow in Re-

sponse to Tissue CO, and Hydrogen Ion Concentra-
tion. In the brain, a powerful mechanism for local

regulation of blood flow'is based on carboji dioxide and
hydrogen ion concentraUons. WheifTKe concentrations

of these substances increase, the.blood^ vessels dilate,

allowing more rapid blood flow to remove muci| of the
carbon dioxide from the tissues' thereW reducing the

CO, back toward a normal mean value^ ’^is also causes

the hydrogen ion concentration to return toward normal
because removal of CO, ^so removes carbonic acid,

thereby removing hydrogen ions. Conversely, a decrease

in CO, and hydrogen ions causes vasoconstriction, which
allows these substances to accumulate in the tissues

until they rise back toward the normal mean values.

This is an important regulation because changes in CO,
and hydrogen ion concentrations drastically change the
degree ofactivity of all neurons.

LONG-TERM BLOOD FLOW REGULATION

Thus far, all the mechanisms for local blood flow

regulation that we have discussed act within a few
minutes after the local tissue conditions have
changed. Unfortunately, though, after full function

of these acute mechanisms the blood flow usually

is adjusted no more than three quarters of the way
to the exact requirement of the tissues. For in-

stance, when the arterial pressure is suddenly
increased from 100 mm Hg to 150 mm Hg, the

blood flow increases almost instantaneously about

100 per cent. Then within one to two minutes the

flow decreases back to about 15 per cent above the
original control value. This illustrates the rapidity

of the acute type of local regulation, but at the

same time it also demonstrates that the regulation

is still very incomplete because there remains a
15 per cent increase in blood flow.

However, over a period of hours, days, and weeks
a long-term type of local blood flow regulation

develops in addition to the acute regulation. This
long-term regulation gives for more complete reg-

ulation than does the acute mechanism. For in-

stance, in the above example, if the arterial pres-

sure remains at 150 mm Hg indefinitely, within a
few weeks the blood flow through the tissues will

gradually reapproach almost exactly the normal
value. Figure 20-5 illustrates by the dashed curve

the extreme effectiveness of this long-term local

blood flow regulation. Note that once the long-

term regulation has had time to occur, changes in

arterial pressure between 50 and 250 mm Hg have
very little cfTect on the rate of local blood flow.

Long-term regulation also occurs when the met-
abolic demands ofa tissue change. Thus, ifa tissue
becomes chronically overactive and therefore re-

quires chronically increased quantities of nu-
trients. the blood supply gradually increases to
match the needs of the tissue.
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Long*Tenn Local Flow Regulation in Pa-
tients with Coarctation of the Aorta. Coarcta-

tion of the aorta means occlusion of the aorta

somewhere along its course, usually in the thoracic

region distal to the aortic arch. This occurs during

fetal life in one of every several thousand persons,

and the person goes through life with an occluded

aorta. When such an occlusion occurs, blood must
flow to the lower part of the body through high

resistance collateral blood vessels in the chest wall.

Therefore, the arterial pressure in the upper part

ofthe body is very high—about 1.6 times normal

—

whereas the arterial pressure in the lower body is

almost exactly normal. Yet, despite this tremen-

dous difference in pressure between the upper and
lower body, the blood flow per unit mass of tissue

V5, ’wA.’n \Va
coarctation. Studies of coarctation have given us
most of our quantitative information on the pow-
erful nature of the long-term local blood flow reg-

ulatory mechanism. Indeed, this long-term mech-
anism seems to be many times as potent as the

mechanism of acute local flow regulation

Mechanism of Long-Term Regulation-
Change in Tissue Vascularity. The mechanism
ofiongttemi local blood flow regulation is almost
certainly a change m the degree of vascularity of

thB~tiMueg''lliflrTy.

'

li lIlH atlJi-tnl pressure falls

to 60 mm Hg and remains at this level for many
weeks, the-«umhaiLJii^^i2e3_of vessels in the
tiestie increase, if the pressure then rises to a very

high level, the-fmmbM-and-sizes ofjcesiels de-

crease. Llkewi^ if the metabolism m a given
tissue becomes^ elevated for a prolonged period of
time, vascularity increases; or if the metabolism
\3 decreased, vascularity decreases.

Thus, there is continual reconstruction of the
tissue vasculature to meet the needs ofthe tissues.

This reconstruction occurs very rapidly (within
days) in extremely young animals. It also occurs
rapidly in new grovs-th of tissue, such as in scar
tissue and in cancerous tissue; on the other hand,
it occurs very slowly in old, well-established tis-

sues. Therefore, the time required for long-term
regulation to take place may be only a few days
in the nBon^tp or as Inng- as ninnths nr etren years
in the elderly person. Furthermore, the final de-
gree of response is much greater in younger ti^ues
than in older, so that in the neonate the vascular-
ity will adjust to match almost exactly the needs
of the tissue for blood flow, whereas in older tis-

sues, vascularity frequently lags far behind the
needs of the tissues.

Rote of Oxygen in Long-Term Regulation. A
probable stimulus for increased or decreased vas-

cularity in many if not most instances is need of
’ e tissue for oxygen. The reason for believing this

that increas^ vascularity occurs in animals
’.av live at high altitudes where the atmospheric
^jen is low. This effect has also been demon-

strated dramatically in newborn premature in-

fants who are put into an oxygen tent for thera

peutic purposes. The excess oxygen causes almosi

immediate cessation of new vascular growth in thi

retina of the eye and even causes degeneration o

some of the capillaries that have already formed

Then when the baby is taken out of the oxygen

there is explosive overgrowth of new vessels ti

make up for the sudden decrease m availabli

oxygen; indeed, there is so much overgrowth tha

the vessels grow into the vitreous humor am
eventually cause blindness. (This condition i

called retrolental fibroplasia.)

“Angfogenesw Factor'* and Growth of Ifei

Vessels. In the past few years, a substance call©

angiogenesis factor has been isolated from severs

tissues that have excessive metabolic needs, in

caiMyics, wwl 'tedws. <iC Ibft ^e.. Tbi

factor causes growth of new blood vessels. Fur

thermore, relative lack ofoxygen in relation to th

level of metabolism of the tissues is one of th

conditions, if not the major condition, that cause

angiogenesis factor to be formed in a tissue. Thers

fore, much belief is developing that this angio

genesis factor is responsible for development c

new blood vessels in rapidly growing, highly met

abohe, or ischemic tissues

When angiogenesis factor appears in a tissui

small buds of cells break away from the walls o(

the venules and small veins, and these cellular

masses migrate toward the angiogenesis factor.

Then they multiply and form tubular loops that

eventually connect with the vascular tree. Thus,

the new vessels arc formed.

If ever enough angiogenesis factor can be iso-

lated or sjmthesized. it might become an important

therapeutic tool for treating ischemic tissues, such

as ischemic areas in the heart after a heart attack.

Development of Collateral Circulation—.4

rhenomenon of Long-Term Local Blood
Flow Regulation

The development of collateral circulation when blood

flow to a tissue is blocked is a type of long-term local

blood flow regulation Thus, if the femoral artery be-

comes occluded, the small vessels that bypass the fem-

oral occlusion become greatly enlarged, and the leg,

especially In younger pemons, usually will develop an

adequate blood supply. Within seconds after such an

occlusion, blood flow to the lower leg falls to about one

eighth the normal flow because the collateral vessels

are still very small But acute dilatation of these vessels

occurs within the first one to two minutes, so that blood

flow returns to approximately one-half normal Then,

over a period of a week or more the blood flow returns

almost all the way to normal, indicating progressive

enlargement of the collateral vessels
Thus, the opening of collateral vessels follows almost

identically the same pattern as that observed in other

types ofacute and long-term local blood flow regulation.

Furthermore, the acute opening of the collateral vessels

seems to be metabolically initiated, because reduction

of blood flow to 3 tissue by reducing arterial pressure
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but without causing vascular occlusion also causes acute

dilatation of the collateral vessels; that is. insufficiency

of blood flow to the tissues opens the collaterals, even
though the main artery is not closed.

The long-term increase in blood flow through the
collaterals results from marked anatomical enlargement
of the collateral vessels. The cross-sectional area of alt

the collaterals often becomes even greater than the
original occluded artery.

Slgnincance of lon^-rerm LocaI

Regulation—The Metabolic Mass-tO'Tlssue

Vascularity Proportionality

From these discussions it should already be

apparent to the student that there ia a built-in

mechanism in most tissues to keep the degree of

vascularity of the tissue almost exactly that re-

quired to supply the metabolic needs of the tissue.

Thus, one can state as a general rule that the

vascularity of most tissues of the body ts directly

proportional to the local metabolism If ever this

proportionality constant becomes abnormal, the

long-term local regulatory mechanism automati-

cally tries to readjust the degree of vascularity

over a period of weeks, months, or years. In young
persons this degree of readjustment is usually very

exact; in old persons it is only partial.

NERVOUS REGULATION
or THE CIRCUUnON

Superimposed onto the intrinsic local tissue reg-

ulation of blood flow are two additional types of

regulation: (1) nervous and (2) humoral. These
regulations are noi necessary tor most normal

functions of the circulation but they do pfovidg

greatly increased elfpctivenpss oi cnntr?n~mmp-f
SPeciat conditions such as dnrinp pYPrpi«!f» nr fnl.

lo^ng hemorrhage!

TH£ AUTONOMIC NERVOUS SYSTEM

Though the autonomic neni'oQs system will be
discussed m detail in Chapter 57, it is so important
to circulatory regulation that its specific anatomi-
cal and functional characteristics relating to the
circulation require special attention here.

By far the most important part of the ai]tnnnniir

nervQus_svstem~f5r regulation of the circulation is

the sympathetic nervous system . However, the par-
asympathetic nervous system is also important for

Its regulation of heart function, as we shall sec

later in the chapter.

The Sympathetic Nervous System. Figure
20-6 illustrates the anatomy of sympathetic ner-

vous control of the circulation. Sympathetic vaso-

motor nerve fibers leave the spinal cord through
all the thoracic and the first one to two lumbar
spinal nerves. These pass into the sympathetic
chain and thence by two routes to the blood vessels

throughout the body; (!) through specific sympa-
thetic nerves that innervate mainly the internal

viscera, and (2) through the spinal nerves that

innervate mainly the peripheral areas. The precise

pathways of these fibers m the spinal cord and in

the sympathetic chains will be discussed in Chap-
ter 67

Hjure ZO~e. The vajomoiof center *nd la control
of the clfcuUtofy »y«em throush the iympiihenc
•^tvei ind through the vjisui nerves to the heart
"Ivch Are pArt el the pATAsympAihetlc nervous s>-stcm.
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Sympathetic Innervation of the Vflscu/a*

tare. Figure 20-7 illustrates the distribution of

BYinpaihetiLnerve_fibers to the blood^sscls and
shows that /esseis

precapillary'^KTnCTgrgrandTriost olfThgT^tertcr-
iolM~STP~rnnervated.

^

'fhe innefVatttJirof the small arteries and arter-

ioles allows sympathetic stimulation to increase

the resistance and thereby to change the rale of

blood Row through the tissues. The innervation of

large vessels, particularly of the veins, makes it

possible for sympathetic stimulation to change the
volume of these vessels and thereby to alter the

volume of the peripheral circulatory system, which
can translocate blood into the heart and thereby

play a major role in the regulation of cardiovas-

cular function, as we shall see later in this chapter

and subsequent chapters.

Sympathetic Serve Fibers to the Heart. In
addition to sympathetic nerve fibers supplying the

blood vessels, other sympathetic fibers go to the

heart as was discussed in Chapter 13. It will be
recalled that sympathetic stimulation markedly
increases the activity of the heart, increasing the
heart rate and enhancing its strength of pumping.
Parasympathetic Control of Heart Function,

Especially Heart Rate. Though the parasym-
pathetic nervous system is excoHingly important
for many other autonomic functions of the bodyut
,ptaj».onir-a-wmorTelaJn_tegulaUaii.o£,lhe circu-

lationJts only really important circulatory effect

is its control of heart rate by way of parasympa-
thetic fibers earned to the heart m the vagus
nerves, shown in Figure 20-6 by the dashed nerve
from the medulla directly to the heart. The para-
sympathetics also have a slight effect on control of
cardiac contractility; however, this eifect is far
overshadowed by the sympathetic nervou.s system
control of contractility.

The effetts of patasympatheiic slimulaiion on
heart function were discussed in detail in Chapter
13. Principally, parasympathetic stimulation
causes a marked decrease in heart rate and a slight

decrease in contractility.

Hgure 20-7. Sympathetic Innervation of the systemic dfcula-
tlorv

The Sympathetic VAsocon5trictor System
ami Its Control by the . .

Central f/ervous System

“nic sympathetic nerves carry both vasoconstric-

tor and vasodilator fibers, but by far the most
^

important of these arc the sympathetic rosocen-

atrictor fibers. Sympathetic vasoconstrictor fibers^

arc distributed to essentially all sclents of the

circulation. However, this distribution is greater'

in some tissues than in others. It is less potent in

both skeletal and cardiac muscle and in the brain,

.

wherca.s it is powerful in the kidneys, the gut, the^

spleen, and the skin

The Vasomotor Center and Its Control

of the Vasoconstrictor System—Vasomotor
Tone. Located bilaterally in the reticular sub-

stance of the medulla and lower third of the poiu,

os illustrated in Figure 20-^, is an area called the-^i

i-osomofor center. This center transmits impulses

downward through the cord and thence through

the 8)rmpathetic vasoconstrictor fibers to all or

almost oil the blood vessels of the body.

Though the total organiration of the vasomotor

center is still unclear, recent experiments have

made it possible to identify certain important areas

in the center, as follows: r

(!) A t'o.socenjirncfor area, called artti “C*!"
located bilaterally m the anterolateral portions of

the upper medulla and lower pons. The neurons In

this area secrete norepinephnne-, their fibers are

distributed throughout the cord where they excite

the vasoconstrictor neurons of the sympathetic
nervous system.

ngure 20-a. Areas of the br*ln that play important rotes In tpe

iKtvous regulatlcm of the cfreulaHoa The dashed lines represeni

WilWtoty pathways.
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(2) Ailasodilator area, called area located

bilaterally in the anterolateral portions of the

lower half of the medulla. The neurons in this area
also secrete norepinephrine, but their fibers project

upward to the vasoconstrictor area (A*l) and in-

hibit the vasoconstrictor activity of that area, thus
causing vasodilation.

(31 A sensory area, located bilaterally in the

tractus solitarius in the posterolateral portions of

the medulla and lower pons. The neurons of this

area receive nerve signals mainly from the vagus
and glossopharyngeal nerves, and the output sig-

nals from the sensory area then help control the

activities of both the vasoconstrictor and vasodi-

lator areas, thus providing sensdiy control ofmany
of the vasomotor center’s activities.

Under normal conditions, the vasoconstrictor

area of the vasomotor center transmits signals

continuously to the sympathetic vasoconstrictor

nerve fibers, causing continuous slow firing of

these fibers at a rate of about one half to two
impulses per second. This^ontinual firing is called

sympathetic vasoconstrictor fr>nt> Tht><t>

maintglha partlnl *!tnta igfffnntrn fticp thphl*^
ve^els, a state c^led vc^somotorJaae.

Figure 20-9 demonstrates the significance of

vasoconstrictor tone. In the experiment of this

figure, total spinal anesthesia was administered to

an animal, which completely blocked all transmis-

sion of nerve impulses from the central nervous

system to the periphery. As a result, the arterial

pressure fell from 100 to 50 mm Hg, illustrating

the eitect of loss of vasoconstrictor tone throughout
the body. A few minutes later a small amount of

the hormone norepinephrine was injected intra-

venously—norepinephrine is the substance se-

creted at the endings ofsympathetic nen'e libers

throughout the body. As this hormone was trans-

ported in the blood to all the blood vessels, the

vessels once again became constricted, and the
arterial pressure rose to a level even greater than
normal for a minute or two until the norepineph-
rine was destroyed.

Control of Heart Activity by the Vasomotor
Center. At the same time that the vasomotor
center is controlling the degree of vascular con-
striction, it also controls heart activity. The lateral

portions of the vasomotor center- transmlE elTcita-

ity, while^llliei^e^hl portion of the vaRnmnti^r

center, which lies m immediate apposition to the
dorsal nrnior nucleus of the vasus nerve, transmits
impulses through' the vagus nerve to the heart to
deqfcgse heart ratST inereior^ the vasomotor cen-
ter can either inbrease or decrease heart activity,

this ordinarily increasing at the same time that
vasoconstriction occurs throughout the body and
ordinarily decreasing at the same time that vaso-
constriction is inhibited. However, these interre-

lationships are not invariable, because some sig-

nals that pass down the vagus nerves to the heart
can bypass the vasomotor center.

Control of the Vasomotor Center by Higher
Nervous Centers. Large numbers of areas
throughout the reticular substance of the pons,
mesencephalon, and diencephalon can either excite

or inhibit the vasomotor center. This reticular

substance is illustrated in Figure 20-S by
diffuse shaded area. In general, the more lateral

and superior portions of the reticular substance
cause excitation, while the more medial and infe-

rior portions cause Inhibition.

The hypothalamus plays a special role in the
control of the vasoconstrictor system, for it can
exert px?werfu} excitatory or ii^ii»tory eSTects on
the vasomotor center. The
of the hypothalamus cause mainly excitation.
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while the excitation

or inhibit ion, depending on the precise part of the

antenoThypothalamus stimulated.

Many diftbrent parts of the cerebral corlex can

also excite or inhibit the vasomotor center. Stim-

ulation of the Piotor cortex, for instance, excites

the vasomotor center because of impulses trans-

mitted downward into the hypothalamus and
thence to the v3.somolor center. Also, stimulation

of the an<grtor temporal /o6c. the orbital areas of
the frontal corlex, the anterior part of the cingulate

gyrus, the amygdala, the septum, and the hippo-

campus can all either excite or inhibit the vaso-

motor center, depending on the precise portion of

these areas that is stimulated and upon the inten-

sity of the stimulus

Thus, widespread areas of the brain can have
profound effects on the vasomotor center and in

turn on the sympathetic vasoconstrictor system of

the body, cither further enhancing the degree of

vasoconstriction or causing vasodilatation by in-

hibiting the vasoconstrictor tone.

Norepincphrine-'Tlie Sympathetic Vaso-
constrictor Transmitter Substance. The sub-

stance secreted at the endings of the viisoconslictor

nerves is norepinephrine. Norcpmophrine acts di-

rectly on the 80-callcd “alpha" receptors of the

vascular smooth muscle to cause vasoconstriction,

as will be discussed in Chapter 57.

The Adrenal Mcdullac and Their nclation-

ship to the Sympathetic Vasoconstrictor Sys-
tem. Sympathetic impulses arc transmitted to the

adrenal mcdullac at the same time that they are

transmitted to oU the blood vessels. These im-
pulses cause the mcdullac to secrete both epineph-

rine and norepinephrine into the circulating blood.

a.s will be described in Chapter 57. These two
hormones are corried in the bloodstream to all

parts of the body, where they act directly on the
blood vessels usually to cause vasoconstriction, but
sometimes the epinephrine causes vasodilatation

because it has a potent "beta" receptor stimulatory
effect, which often dilates vessels, as will also bo
discussed in Chapter 57

The Sympathetic VasoiHUtor System and
Its Control by the Central Nervous System

The sympathetic nerves to skeletal muscles carry
sympathetic vasodilator fibers as well as constnetor
fibers In low'cr animals, such as the eat, these fibers

release acetylcholine, not norepinephrine, at their end-
ings, though in primates the vasodilator effect might be
caused by epinephrine exciting the beta receptorsm the
muscle vasculature.

... The pathways for central nervous system control of
he vasodilator system are illustrated by the dashed

. in Figure 20-8 The pnncipal area of the brain
'mtrolling this system is the anterior hypothalamus,
which transmits impulses to a relay station m the
subcollieuhtr region of the mesencephalon From here
impulses are transmitted down the cord to tympalhelie
neurons in the lateral horns of the cord. These then

transmit I'a&odiltitor signals to the blood vessels ofUir

muscles
Nate olso in Figure that stimulation of the motor

eortet excites the sympathelic I’csodi/nfor system bj

trammiltlng impulses downward into the hypolhala-

Importance of the Sympathetic Vasodilator Sys-

tem. It IS doubtful that the sympathetic vasodiUtor

system pUys a very important role m the control of the

circulation, because complete block of the sympathetic

nervcH to the muscles hardly nfrects the ability of the

muccles to control their own blood flow in response to

their needs Yet, it is po-wiblc, if not probable, that *t

the »,v rryatltetla.vaaQditat(ir systen
.n ai’>l «N<TtRtiTatjjWMn tb^skelejnl muKlca to

allow on niitieipatiiry increase in b/wt] /louden before

the muscles tequire increased nistnenls.

TAmRNS’' or ORCUtATORY RESPONSIS
IttCmD BY DimRlSr cistral ncrvous
SYSTM CUmRS
Stimulation of the VsNomoior Center—^The Mass

Action Effect. .Stimulation of the lateral portions ofthe

vasomotor center causes widespread sctivalion of the

vasocoRstnetor fibers throughout the body, while stiffl-

utation of the medial portions of the vosomotnr tenter

causes widespread inii»t>itif>n of itisocomfncfion In

many conditions the entire va<omotcir center acts as a

unit, stimulating at the same time all vasoconstrictors

ihroughouv the body and also the heart, as well as

stimulating the adrenal medullac to secrete epinephnne
and norepinephrine that cimilate in the blood to excite

the dmilatlon still further The resulU of this “mass
action" are threefold First, the peripheral rrsutance
increases in most parta of the circulation, thereby ele-

vating the arterial pressure Second, the capacity ves-

sels. particularly the veins, are excited, which greatly

dccrcn«os their capacity; this forces increased quantities

of blood into the heart, thereby increasing the cardiac

output Third, (he heart is strongly stimulated so that

It can handle the increased cardiac output.

Thus, the overnll offoet of tbts “ma«’i action" is to

.

prepare the circulation for*increased delivery of blwd^

flow IQ the body ^

***

Siimuiuuon oi the Hypothalamus—The "Alarm"
Pattern. Under normal conditions, the hypothalamus

probably does not transmit large numbers of impulses

into the sympathetic vascular control .lystem However,

on occasion the hy-polhaiamus beromes strongly stimu-

lated and can then activate either the vasoconstrictor

or the vasodilator systems or both of them together

Diffuse s/imiifat(on of the hypothalamus for of closely

allied areas such as the veptural activates the vasodila-

tor system to the muscles, thereby increasing the blood

flow through the muscles; at the same time it causes

intense vusoccnstnction Uiroughout the remainder of

the body and an intense increase in heart activity. The

arterial pressure rises, the cardiac output increases, the

heart rate increases, and the circulation is ready to

supply nutrients to the muKlcs if there be need Also,

irapulses arc transmitted simultaneously throughout

the central nervous system to cause a state c(£enernl>
ised evpiti-mfnt nnH attcntivcness, thcsc often increas-

ing to such a pitch that the overall pattern of the

reaction is that of alarm, or sometimes also called the

defense pattern.
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J
' Thus, the “alarm” pattern contains all the ingredients

of the “mass action” pattern as well as the elements of

muscle vasodilation and extreme psychic excitement

1 This pattern seems to have the purposeful effect of

} preparing the animal or person to perform on a second's

notice whatever activity is required,

i The “Motor" Pattern of Circulatory Stimulation.

: When the motor cortex transmits signals to the skeletal

1
muscle to cause motor activities, it also sends signals to

. the circulatory system to cause the following effects;

j
First, it excites the alarm system just described, and

,
this generally activates the heart and increases arterial

pressure, making the circulatory system ready to supply
increased blood flow to the muscles. This effect also

causes vasoconstnetion in most nonmuscular parts of

T the body, such as the kidneys, the skin, and the gut,

thereby forcing a larger share of the blood flow through
the active muscles. Second, impulses pass directly from
the motor cortex to the sympathetic neurons ofthe spinal
cord. These enhance the vasoconstriction m the non-
muscular parts of the body, thereby raising the artenal
pressure still more and helping to mcrease muscle blood
flow. They possibly also inhibit the vasoconstrictor

‘ nerves to the excited muscles.
The motor pattern of circulatory response can also be

elicited by stimulation of several areas of the reticular

substance in the brain stem. Stimulation of one of these
areas, the fieltU of Fortl, elicits a response almost
precisely the same as that caused by direct activation of

the motor cortex. Therefore, it is possible, if not likely,

that this area of the reticular substance plays a mqjor
‘ role in control of the circulatory system in exercise

Emotioaal Faintiag—Vasovagal Syncope. A par-
' ticularly interesting circulatory reaction occurs m per-

sons who faint because of intense emotional experiences,

tn this condition, the muscle vasodilator system becomes
powerfully activated so that blood flow through the

muscles increases severalfold. Intense vagal stimulation

oTtne heart also occurs, cdusmg the heart rate to slow

Uiarkedly. *11118 overall effect is ^led iKKOvagal syncope

The arterial pressure falls mstantly, which in turn

reduces the blood flow to the bram and causes the person
to lose consciousness It is probable, therefore, that

emotional fainting results pnnicEiUt straiulation of

thg^tcripr hYpomalamii;K^<indiiatnrcpnter.

RirUX RECUIATION OF TH£ CIRCULATION

In addition to the many ways in which signals trans-

mitted from the brain to the blood vessels and heart can
alter circulatory fimction, a system ofspecific circulatory

reflexes also helps to regulate the circulation. Most of

these reflexes are concerned with the regulation of

arterial pressure and therefore will be discussed in the

following chapter in relation to artenal pressure regu-
lation. However, let us summarize here a few of the

more important reflex regulations of the circulation.

Arterial Pressure Reflexes. The most important of

the artenal pressure reflexes is the baroreaptor reflex.

An increase in arterial pressure stretches the walls of

I

the major arteries in the chest and neck, and this, in

turn, excites stretch receptors, the baroreceptors. Signals
are transmitted to the vasomotor center of the bram
stem, and reflex signals are transmitted back to the
heart and blood vessels to slow the heart and to dilate

the vessels, thereby reducing the arterial pressure to-

'^ard normal. Thus, the baroreceptor reflex helps to

stafailuo the arterial pressure.

Reflexes for Control of Blood Volume. When the
blood volume increases, the volume of blood in the
central veins and in the right and left atria of the heart
usually also increases This stretches the walls of the
atna and large veins, again exciting stretch receptors.
These stretch receptors also transmit signals into the
vasomotor center, and reflex signals are then transmit-
ted to the kidneys to increase urinaiy output of fluid

Also, signals are transmitted to the hypothalamus to
decrease the rate of secretion of antidiuretic hormone,
thereby also increasing the output of fluid by the kid-
neys. Thus, this reflex mechanism helps to control the
total amount of fluid ui the body, and in this way also
helps to control blood volume
Nervous Control of Body Temperature. When the

body temperature rises too high, special neurons in the
anterior hypothalamus become excited; these in turn
send signals through the sympathetic nervous system
to dilate the skin blood vessels, thereby allowing trans-

fer of major amounts of internal body heat to the skin
This heal is then eiitmnated from the skin to the
surroundings. As a result, the body temperature falls

back toward normal. Other nervous signals at the same
time control sweating and other aspects of body temper-
ature control, all of which will be discussed in Chapter
72

HUMORAL REGUIATION OF
THE CIRCULATION

Humoral regulation of the circulation means
regulation by substances in the body fluids, such
as by hormones, ions, or so forth. Some of these
substances are formed by special glands and then
transported in the blcx^ throughout the entire

body. Others are formed in local tissue areas and
cause only local circulatory efTccts. Among the
jTiost important of the humoral factors that affect

circulatory function are the following:

Vasoconstrictor Agents

Epinephrine and Norepinephrine. Earlier in

the chapter it was pointed out that the adrenal
meduUae secrete both epinephrine and norepi-
nephrine, usually more of the former than the
latter. \Vhen the sympathetic nervous system is

stimulated to cause direct effects on the blood
vessels throughout the body, it also causes the
adrenal medullas to secrete these two hormones,
which then circulate everywhere in the body fluids

and act on all vasculature. Norepinephrine has
vasoconstrictor effects in almost ail vascular beds
of the body, and epinephrine has similar eifects in
most, but not all, beds. For instance, epinephrine
often causes mild vasodilatation in both skeletal
and cardiac muscle. These two hormones will be
discussed in more detail in Chapter 57 in the
discussion of the autonomic nervous system.
Angiotensin. Angiotensin is one of the most

powerful vasoconstrictor suhittances known. As lit-

tle as one ten millionth of a gram con increase the
arterial pressure of a human being as much as 10
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to 20 mm Hg under some conditions. Since this

substance is very important in relation to arterial

pressure regulation, it will be discussed in detail

in the following two chapters.

Briefly, a decrease in arterial pressure will cause

the kidneys to secrete the substance rentn . The
renin in turn acts on one of the plas'raa proteins,

renin substrate, to split away the vasoactive pep'

tide angiotensin The angiotensin in turn has a

number of important effects on the circulation

related to arterial pressure control^ b^t most im-

portantly to constrict the blood vessels everywhere

in the body, as we shall discuss in the following

chapters.

Vasopressin. Vasopressin, also called aniidi'

uretic hormone, is formed in the hypothalamus
(see Chapter 761 hut is transported down the center

of nerve axons to the posterior pituitary gland,

where it is eventually secreted into the blood.Jt_i5

even more powerful than angiotensin a&avasocon-
stricfor . tnua makinglt perhaps the body’s most
potent constrictor substance. Therefore, it is clear

that vasopressin could have very Intense effects on
circulatory function. Yet, normally, only very mi*
nute amounts of vasopressin are secreted, so that

most physiologists have thought that vasopressin

plays little role in vascular control. On the other

hand, recent expenraents have shown that the

concentration of circulating vasopressin during ae*

vere hemorrhage can rise enough to increase the

arterial pressure as much as €0 mm Hg. and ih

many instances this can by itself bring the arterial

pressure almost back up to normal.
Also, vasopressin has an all-important function

in controlling water reabsorption in the renal lu*

bules, which will be discussed in Chapter 36, and
therefore to help control body fluid volume That
is why this hormone is also called antidiuretic

hormone.

VusodllAtor Agents

Cradykinin. Several substances called kintns that

can cause vasodilatation have been isolated from blood

and tissue fluids One of these substances is bradykinm
Ibe kinins are small polypeptides that are split away

from alphaj.globuhns in the plasma or tissue fluids-

Different types of proteolytic enzymes can split the

kinina from the globulin. An enzyme of particular im-
portance is kalhk^rein . which is present in the blood and
tissue fluids m an inactive farm. Kallikrem can be

activated in several different ways, such as by macera-
tion of the blood, dilution of the blood, contact of the

blood with glass, and other similar chemical and phys-

ical effects on the blood. As kallikrein becomes activate,
-it acts immediately on the alpha,-g1ohulin to release a

' called kallidin that is then converted by tissue

.

_* 'I'ymes into brodyfeinin Once formed, the bradykinin

I for only a few minutes, because it is digested

by the enzyme carfioxypcpftdose or by conwrting ettzynte

that also plays an essential role in activating angioten-

sin, as discussed in Chapter 21. The activated kallikrein

enzyme is destroyed by a kallikrein inhibitor also pres

ent in the body fluids

Bradykmin causes very powerful arteriolar dilatatwn

and also increosed capiUary permcobihfy. For Instance,!

injection of 1 microgram of bradykinin into the bradual
|

artery of a man increases the blood flow through flit I

arm as much as sixfold, and even smaller amounti •

injected locally into tissues can cause marked edemi

b^use of the increase in capillary pore size.

Unfortunately, though, we know little about the fiaio

tion of the kmins in the control of the circulatioa

Nevertheless, these extremely powerful effects, coapld

with the fact that kinins can develop anywhere in the

circulatory system or tissues with ease, indicate that

they must play important roles in circulatory regulation

There is reason to believe that kinins play special roles

in regulating blood flow and capillary leakage of fluids

'

in inflamed tissues It is also believ^ that bradykinin

plays axole inTegulallng blood flow rntha akbx and^
in the salivary and gastrointestinal glands.

Serotonin, Serotonin (5-hydroxyttyplamlne) is pres-

1

ent m large concentrations in the chromafflo tissue of I

the mUstine and other ab^mtnal structures. Also, it h I

present in high concentration in thgplatelfts Serotonin

can have either a vasodilator or vasoconstrictor effect,

depending on the condition or the area oftheeirculatioa

And, even though these effects can sometimes be pow-

erful. the functions of serotonin in regulation of the

circulation are almost entirely unknown. (Occasionally,

tumors composed of chroraaffn tissue develop, callM

egrxinoid tumors. These secrete tremendous quantises

of serotonin and cause mottled areas of vasodilatation ^

in the skin; but the very fact that these tremendous
quantities of serotonin do not drastically disturb the

circulation makes it doubtful that serotonin plays b

widespread general role in regulation of circulatoiy

function

Histamine. Histamine is released in essentially every

tissue of the body whenever it becomes damaged. Mort

of the histamine is probably derived from most cells in

the damaged tissues and from basophils in the blood.

Histamine has a powerful vasodilator effect on the

artenoles, and like bradykinin, also has the ability to

greatly increase capillaty porosity, allowing leakage of

both fluid and plasma protein into the tissues. Though
the role of histamine in normal regulation of the arcu-

lation is unknown, m many pathological conditions the

intense arteriolar dilatation and increased capillary

porosity caused by histamine cause tremendous quan-

tities of fluid to leak out of the circulation into the

tissues, inducing edema The effects of histamine were

discussed in Chapter 7 in relation to allergic reactions

Prostaglandins. Almost every tissue of the body

contains small to moderate amounts of several chetoi*

cally related substances called prostaglandins. These
substances are released into the local tissue fluids and

into the circulating blood under both physiological and
pathological conditions Though some of the prostaglan-

dins cause vasoconstriction, most of the more important
ones seem to be mainly vasodilator agents Thus far, no

spedBc pattern of function of the prostaglandins in

circulatory control has been found However, their wide-

spread prevalence in the tissues and their myriad effects

on the circulation make them ideal candidates for special

roles in circulatory control, especially far control in local

vascular areas For this reason these substances are

presently under intensive research investigation,
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j though unequivocal conclusions about their roles in

circulatory regulation are still evasive.

!! effects of Different Ions and Other

;
Chemical Factors on Vascular Control

“ Many different ions and other chemical factors can
either dilate or constrict local blood vessels. Though Uie
roles of these substances in the overall regulation ofthe

^
circulation generally are not known, their specific effects

||

can be listed as follows:

An increase in calcium ion concentration causes
vasoconstriction. This results from the general effect of
calcium to stimulate smooth muscle contraction, as

• discussed in Chapter 12.

An increase in potassium ion concentration causes
vasodilatation. This results from the ability ofpotassium

' ions to inhibit smooth muscle contraction.
An increase in magnesium ion concentration causes

powerful vasodilatation, for magnesium ions inhibit
' smooth muscle generally.

Increased sodium ion concentration causes arteriolar
- dilatation. This results mainly from an increase in

i

osmolality of the fiuids rather than from a specific effect

of sodium ion itself. Increased osmolality of the blood
’ caused by inaeased quantities of glucose or other non-
vasoactive substances also causes artenolar dilatation.

.

Decreased osmolality causes arteriolar constriction.

^

The only anions to have significant effects on blood

^

vessels are acetaU and citrate, both of which cause mild
' degrees of vasodilatation.

An mcreose in hydrogen ion concentration (decrease
' in pHl causes dilatation of the arterioles. A slight
' decrease in hydrogen ion concentration causes artenolar
' constriction, but an intense decrease causes dilatation,
’ which is the same effect aa that which occurs with
increased hydrogen ion concentration
An increase in carbon dioxide concentration causes

' moderate vasodilatation m most tissues and marked
vasodilatation in the brain. However, carbon dioxide,

acting on the vasomotor center, has an extremely pow-
' erfiil indirect vasoconstrictor effect that is transmitted
through the sympathetic vasoconstrictor system.

I
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Arterial Pressure
Regulation: I. Rapid
Pressure Control by
Nervous Reflexes
and Other
Mechanisms

In the previous chapter we pointed out that each

tissue can control its own blood (low by simply

dilating or constricting its local arterioles For this

mechanism to work, it is necessary that the arte-

rial pressure remain constant or nearly constant

because with a variable arterial pressure one
would never know whether dilating the blood ves-

sels would necessarily increase the local blood flow

Fortunately, the circulation has an intricate sys-

tem for regulation of the arterial pressure It

maintains the normal mean arterial pressure m
the young adult within rather narrow limits be-

tween 95 mm Hg and 100 mm Hg Some of the

pressure regulatory mechanisms (mainly nervous

and Vv&rtwsnal wiachanismal act very rapidly , awl
some (mainly mechanisms related to kidney func-

tion and blood volume regulation! act very slowly.

In the present chapter we will discuss the rapid

nervous and hormonal pressure control mecha-
nisms In the following chapter we will discuss

both the long-term regulation of arterial pressure,

based primarily on renal and body fluid mecha-
nisms, and the clinical problem of hypertension or

"high blood pressure,” which is caused by abnor-

malities of the long-term pressure regulatory

mechanisms.

NORMAL ARTERIAL PRESSURES

Arterial Pressures at Different Ages. Figure 21-1

ustrates the typical diastolic, systolic, and mean ar-
' pressures from birth to 80 years of age From this

gure It can be seen that the systolic pressure of e
normal young adult averages about 120 mm Hg and the

diostohc pressure about 80 mm Hg—that w, arUni
pressure is said to be 120 80 The shaded areas on eithe

Side of tho curves dvpici the normal ranges of systoli

and diastolic pressures, showing considerable variatioi

from person to person
The increase in arterial pressure at older agee

usually associated with developing artcneseleresl*' h

this disease the systolic pressure especially ineres^
in approximately one-lenth of all old people it evcntvulb

nscs above 200 mm Hg

7Hl MIANARTIKIAL PRESSURZ

The mean arterial pressure is the average pressure

throughout each cycle of the heartbeat Offhand on*

might expect that it would be equal to the average o!

systolic ond diastolic pressures but this is not true; the

artenal pressure usually remains nearer to diastolic

level than to systolic level dunng a greater portion of

the pulse cycle, which can be seen m'bll the pictures of

pressure pulses shown in Chapter 19 Therefore, the

mean artenal pressure is usually slightly less than the

average of systolic and diastolic pressures, as is evident

m Figure 21-1.

Mean Arterial Pressure In the Human Being. The

mean artenal pressure of the normal young adult av-

erages about 96 mm Hg, which is slightly less than the

average of the systolic and diastolic pressures, 120 ond

80 mm Hg, respectively. However, for purposes of^
cussion, the mean arterial pressure is usually considered

to be 100mm Hg because this value ts easy to remem^^
The mean arterial pressure, like the systolic and

diastolic pressures, is lowest immediotely after brtth,

measuring about 70 mm Hg at birth and reaching an

average of about llO mm Hg m the normal old person

or as high as 130 mm Hg in the person with arterioS*’*'

rmis. From adolescence to middle age the mean artcnsl

244
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0 ZO <0 60 60

Figure 21-1. Changes In systolic, diastolic, and mean arterial

pressures with age. The shaded areas show the norirul range

pressure does not vary greatly from the normal value of

100 mm Hg.

Significance of Mean Arterial Pressure. Mean ar-

terial pressure is the average pressure tending to push
blood through the systemic circulatory system There-

is

*
CLINICAL MLTNODS fOR MEASURING
SYSTOLIC AND DIASTOLIC PRESSURES

Obviously, it is impossible to use the various pressure

recorders Uiat require needle insertion into an artery,

^
as described in Chapter 18, for making routine pressure

® measurements in human patients, although they are

J®
used on occasion when special studies are necessary

® Instead, the clinician determines systolic and diastolic

pressures by indirect means, most usually by the aus-

cultatory method.
The Auscultatoiyr Method. Figure 21-2 illustrates

the auscultatory method for determining systolic and
diastolic arterial pressures A stethoscope is placed over

? the antecubital artery while a blood pressure cuff is

' iniiated around the upper arm. As long as the cuff

5

iil
Sound!

'

fore, from the paint of view of tissue blood ilow.jt

generally the iggah arterial pnssure tnat ts important

presses against the arm with so little pressure that the
artery remains distended with blood, no sounds what-
soever are heard by the stethoscope despite the fact that
the blood within the artery is pulsating. But when the
cuff pressure is great enough to close the artery during
part of the arterial pressure cycle, a sound is heard in

the stethoscope with each pulsation. These sounds are
called Korotkoff sounds.

The exact cause of Korotkoff sounds is still debated,

but they are believed to be caused by blood jetting

through the partly occluded vessel The jet causes tur-

bulence in the open vessel beyond the cuff, and this sets

up the vibrations heard through the stethoscope

In determining blood pressure by the auscultatory

method, the pressure m the cuff is first elevated well

above arterial systolic pressure As long as this pressure

is higher than systolic pressure, the brachial artery

remains collapsed and no blood whatsoever fiows into

the lower artery dunng any part of the pressure cycle

Therefore, no Korotkoff sounds are heard in the lower
artery But then the cuff pressure is gradually reduced

Just as soon as the pressure in the cuff falls below

systolic pressure, blood slips through the artery beneath

the cuff during the peak of systolic pressure, and one
begins to hear lapping sounds m the antecubital artery

In synchrony’^ilh' the heart beat As soon as these

sounds are heard, the pressure level indicated by the

manometer connected to the cuff is approximately equal

to the systolic pressure.

As the pressure m the cuff is lowered still more, the

Korotkoff sounds change in quality, having less of the

tapping quality but more ofa rhythmic, harsher quality.

Then, finally, when the pressure in the cuiTlaUs to equal

diastolic pressure, the artery no longer closes dunng
diastole, which means that the basic factor causing the

sounds (the jetting of blood through a squeezed artery)

is no longer present Therefore, the sounds suddenly

change to a mufflpd quality, and they usually disappear

entirely after another 5 to 10 mm drop in cuff pressure

One notes Uie manometer pressure when the Korotkoff

sounds change to the mufRed quality, and this pressure

IS approximately equal to the diastolic pressure

The auscultatory method for determining systolic and
diastolic pressures is not entirely accurate, but it usually

gives values withm 10 per cent of those determined by
direct measurement from the arteries

Radial Pulse and Oscillometric Methods for Es-

timating Arterial Pressure. Arterial blood pressure

can also be estimated by feeling the radial pulse or by
recording the pulsatibn m the lower arm with an oscil-

lometer while a cuff is inflated over the upper arm. An
oscillometer consists of a recording apparatus that can
register pulsations in a lightly inflated blood pressure

cifff around the forearm. A blood pressure recorder of

the aneroid type makes an excellent oscillometer for

estim^ng arterial pressure. <

In applying these methods, the pressure m the cuffon
the upper arm is raised well above the systolic level and
then is progressively reduced. No pulsation will be felt

in the radial artery or registered by the oscillometer

until the cuff pressure falls below the systolic pressure
level. But, just as soon as this point is reached, a distinct

radial pulse can be felt, or a distinct oscillation will be
record^ by the oscillometer. Further decrease in the
upper arm cuff pressure causes, at first, a progressive
increase in intensity of radial or oscillometer pulsation.
Then at approximately the diastolic level of pressure
the intensity of the pulsations decreases slightly.
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ever, this change at the diastolic pressure level is so

indistinct that estimation of diastolic pressure is likely

to be in severe error

The osdUomelnc method is valuable for measuring

pressures when distinct sounds cannot be heard from

the forearm arteries This often occurs in (1) very amall

children or (2) adults when the arteries are in a state of

spasm, such as when a patient is in shock These in-

stances are often among the most important in which it

IS essential to have at least some estimation of arterial

pressure, thus illustrating the value of knowing this

accessory method for measuring aystohe arterial pres-

sure in addition to the auscultatory method.

laiATIONSHlP OF ARTlRiAL
PRESSURE TO CARDIAC OUTPUT
AND TOTAL PERIPHERAL
RESISTANCE

Before discussing the overall regulation of arte-

rial pressure, it is good to remember the basic

relationship between arterial pressure, cardiac

output, and total peripheral resistance, which was
discussed in detail m Chapter 18, as follows:

Arterial pressure = Cardiac output
X total peripheral resistance

It is obvious from this formula that any condition

that increases either the cardiac output or total

peripheral resistance (if the other factor does not

change) wilt cause an increase m mean arterial

pressure. Both these factors are often manipulated
in the control of arterial pressure, as we shall see

in the remainder of this chapter and in the follow-

ing chapter

To illustrate the multiplicity of pressure conb

mechanisms, let us look for a moment at

21-3. This figure depicts the
'

(expressed as feedback gain) of eight

arterial pressure control systems, showing a'

times required for them to begin to respond ^

their durations of response, following an acn

abnormal change in the arterial pressure. Tb«

control mechanisms can be divided into those tli

react very rapidly and those that provide loi

term arterial pressure regulation.

Rtmidly-ActlTTg i^ressurS" eoiitfof Mccf
nisms. l^te in Figure 21-3 that three diffei^

pressure control mechanisms begin to jeact witli

seconds. All are T^rVPUfi-ptgssure control mepl

Qisms; (a) imPi-hanlS

(b) th e central nervnu«< system ischemic mecl

nism, and (c) the ehem precentor mechanism. Th’

the first line of defense against abnormal pressin

is the nervous mechanisms for control of arter

pressure

Within minutes several other pressure cont’

mechanisms also come into play. Three of the

also shown in Figure 21-3, are (1) the reP

angiotensin-vasoconstrictor mechanism, (2) stP

relaxation changes in the vasculature, and (3)

of fluid through the caplllariea from the tissi

into or out of the circulation to reac^'ust the bk
volume as needed. These three mechanisms

'

come fully active within 30 minutes to seve

hours, in contrast to the nervous mechanisms t'

usually become fully active within a minute of

Long-Term Mechanism for Arterial Pf
sure Regulation. The nervous regulators ofar

rial pressure, though acting veiy rapidly and po

erfully to correct acute abnormalities of arter

THE QVERAa SYSTEM FOR
ARTERIAL PRESSURE REGULATION

Artenal pressure is not regulated by a single

pressure controlling system but instead by sevcrol

interrelated systems that perform specific func-
tions. When a person bleeds severely so that the
pressure falls suddenly, two problems immediately
confront the pressure control system The first is

to return the arterial pressure immediately to a
high enough level that the person can live through
the acute hemorrhagic episode. The second is to
return the blood volume eventually to its normal
level so that the circulatory system can re-estab-
lish full normality, including return of the artenal
pressure all the way back to its normal value, not

^ merely hack to a pressure level required for sur-
^vival These two problems characteriie two major

j. .of arterial pressure control systems in the
body: (1) a system of rapidly acting pressure con-
trol mechanisms that are concerned with immedi-
ate survival, and (2) a system for long-term control

of the basic arterial pressure level.

njure 21—3. Approximate potency of various arterial pres*

control mechanisms at different time Intervals after the ons<"

a disturbance to the arterial pressure Note especially the Infli

Sfin of the tenal-body fluid pressure control mechanism •

occurs aher a few da^ time. (Reprinted horn Cuytort Art®

Pressure and Hypertension. Philadelphia. W B Saunders C®
pany. 1980)
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pressure, generally lose their power to control
'' arterial pressure after a few hours to a few days
V because the nervous pressure receptors “adapt";

fithat is, they lose their responsiveness. Therefore,

except under unusual circumstances, the nervous
mechanisms for arterial pressure control almost

Cl certainly do not play, a major role in long-term
.[regulation of arterial pressure. Long-term rcgula-

1 tion, instead, is vested mainly in a renal-bodv

I fluid-pressure control mechanism which ia tllus-

trated by the curve farthest to the right in Figure
21~3. As we shall discuss in the following chapter,

3 this mechanism involves control of blo(^ volume

;i
with its consequent effects on arterial pressure,

j
Part of this mechanism involves^ also, control of

, kidney function by several different hormonal sys-

, terns, including especially the renin-angiotensin
.1 system and the hormone aldosterone secreted by
„ the adrenal cortex.

Basically, the renal-body fluid-pressure control

mechanism works as follows: When the arterial

pressure falls, this fall in pressure has a direct

ij effect on kidney excretion that causes retention of

j
fluid in the body and therefore increases the blood

j
volume. This, in turn, eventually will raise the
blood pressure back to normal. The special value

^
of this mechanism is that it will not stop increasing

c the blood volume until the pressure rises alt the

,
way back to normal. This characteristic of the

^
mechanism makes it an extremely powerful one,
as will be described in the following chapter.

J
rapidly acting nervous

I| mechanisms for arterial
4 pressure control

THtARmuALBAKORCaFrORCONTKOL ,

'' iWrEM—BAROIl£C£PTOR RULEXiS
By far the best known of the mechanisms for

.

arterial pressure control is the baroreceptor reflex.

Basically, this reflex is initiated by stretch recep-
tors, called either baroreceptors or pressoreceptors.
located in the walls of the large systemic arteries.
A rise in pressure stretches the baroreceptors and
causes them to transmit signals into the central

nervous system, and "feedback” signals are then
sent back through the autonomic nervous system

f to the circulation to reduce arterial pressure down-
' ward toward the normal level.

Physiologic Anatomy of the Baroreceptors,
' and Their Innervation. Baroreceptors arq^prajf-

^
type n^e endings lying in the walls of the arter-

jes; the^are stimulated when stretched. A few
baroreceptors are located in the wall of almost

^
every large artery ofthe thoracic and neck regions;

# but, as illustrated in Figure 21-4, baroreceptors
f ^ extremely abimdant, in (I) the wall of each

internal carotid artery slightly above the carotid

y
bifurcation, an area known as the carotid sinus, _ ^

and (2) the wall of the aortic arch.

Figure 21-4 also shows that signals are trans-

mitted from each carotid sinus through the very
small Henng's nerve to the glossopharyngeal nerve

and thence to the iractusj^i tarins m the medul-
lary area of the brain sternTSimals from the arch

of the aorta are transmitted through th^vagus
nerves also mto this area oi' th e Tnedulla. Hfrring-»a

nerve is especially important in physiologic exper-

iments because baroreceptor impulses can be re-

corded from it with ease.

Response of the Baroreceptors to Pressure.
Figure 21-5 illustrates the effect of different ar-

terial pressures on the rate of impulse transmis-

sion in a Bering’s nerve. Note that the carotid



248 B Jhe CIrcvUtlon

sinus baroreceptors are not stimulated at all by
pressures between 0 and 60 mm Hg, but above^
mm tig ibey respond progressii^ly more and more

rapidly and reach a maximum at about mm
Hg The responses of the aortic baroreceptors are

similar to those of the carotid rejeplors^except

that they respond, m general, at pressnrpJDvela

obbufdO mm Hg higtier.~~

Note^speciaily that the increase in number of ^
impulses for each unit change in arterial pressure,

expressed as AI/AP in the figure, is greatest at a
pressure level Hear the normal mean arterial pres-

sure That is, in the normal operating range of

arterial pressure, even a slight change in pressure

causes strong autonomic reflexes to readjust the

arterial pressure back toward normal Thus, the

baroreceptoT feedback mechanism functions most
effectively in the very pressure range where it is

most needed.

The baroreceptors respond extremely rapidly to

changes in arterial pressure; in fact, the rale of

impulse firing increases during systole and de-

creases again during diastole. Furthermore, the
baroreceptors respond much more to a rantdlt
^aamug urcssurc ^an to a stationary nre^ure.

TRai IS. It ine^ffiedn arterial pressure is 160 mm
Hg but at that moment is rising rapidly, the rale

of impulse transmission may be as much as twice

that when the pressure is stationary at 160 mm
Hg. On the other hand, if the pressure is falling,

the rate might be as little as one quarter that for

the stationary pressure.

A The Reflex Initiated by the Baroreceptors.
^Aflcr the baroreceptor signals have enter^ the

tractus solitarius ofthe medulla, secondary signals

inhibit the vasoconstrictor center of the medulla _

and excite the vagal center. The net effects are (I)

vasodilatation throughout the peripheral circula-

tory system, and C2l decreased heart rate and
atren^tfi of heart controctiOQ Therefore, excitation ,

drTHe baroreceptors By pressure in the arteries

reflexly causes the arterial jiressure to decrease

because ofboth a decrease in peripheral resistance

and a decrease in cardiac output. Conversely, low
pre.ssure has opposite etfects, reflexly causing the
pressure to rise back toward normal.

Figure 21-6 illustrates a typical reflex change
in arterial pressure caused bv^oeduding the com-

mon carotid arteries . This I'educes the ciarotid sinus
pressure, as a result, the baroreceptors become
inactive and lose their inhibitory effect on the
vasomotor center. The vasomotor center then be-
comes much more active than usual, causing the
arterial pressure to rise and to remain elevated

.'..during the ten minutes that the carotids are oc-

''d Removal of the occlusion allows the pres-
,mre to fall immediately to slightly below normal
as a momentary overcompensation and then to
return to normal in another minute or so.

Funatinn nf the Uaroreceptors During ,

Changes in Body Posture, 'ihe ability of the

tlsurc 2t-<. Typical Mroiid Jinus reflej* effect on arfeilsl

pie&sufe Mused by damping both common carotids (aftef i^

two vagus nerves have been cut)

baroreceptors to maintain relatively constant 8^

terial pressure is extremely important when 8

person sits or stands after having been lying do«s-

Immediately upon standing, the arterial pressure

in the head and upper part of the body obvioitfl?

tends to fall, and marked reduction of this pressure

can cause loss of consciousness. Fortunately, how*

ever, the falling pressure pt the baroreceptor*

ehets an immediate reflex, resulting in strouf

sympathetic discharge throughout the body, snd

this minimizes the decrease in pressure in

head and upper body. ,

The "Buffer" runctfon of the Baroreceptor
Control System. Because the baroreceptor aysfeiu

opposes increases and decreases in arterial pres-

sure. it is often called a pressure buffer system',

and the nerves from the baroreceptore are cale<i

buffer nerves.
,

Figure 21-7 illustrates the importance of this

buffer function of the baroreceptors. The upper

record in this figure shows an arterial pressure

recording for two hours from a normal dog and the

lower record from a dog whose baroreceptor nerves

from both the carotid sinuses and the aorta ha“

previously been removed. Notgihe-extreme
ability of pressure jn the denervated dog caused

by simple events"of the day such as lying down,

standing, excitement, eating, defecation, noises,

and so forth.

Figure 21-8 illustrates the frequency distribu*

tiona of the arterial pressures recorded for a lull

24-hour day in both the normal dog and the de-

nervated dog. Note that when the baroreceptore

were normal, the arterial pressure remained

throughout the day within a narrow range between

85 and 115 mm Hg—indeed, during most of the

day at almost exactly 100 mm Hg. On the other

hand, after denervation of the baroreceptors, th®

frequency distribution curve became the broad,

low curve of the figure, showing that the pressure

range increased 2.5-foid, frequently falling to a*

low as 50 mm Hg or rising to over 160 mm Hg-
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Flgun! Zl-7>TwO‘hour records of drteddi pressure Ins nonruJ
dog (above) and In (he same dog (below) several weeks after

(he baroreceptors had been denervated (From Cowley, tjard. and
Guyton. Qrt Res, 32 564. 1973 By permission of the Amencan
Heart Association, Inc.)

Thus, one can see the extreme variabil^v ogpres»
sure in the absence w the arterial barorecentor—
In summary, we can state that the primary

purpose of the arterial baroreceptor system is to

0 50 too ISO 200 250

MEAN ARTERIAL PRESSURE teifflHa)

njure 21-8. Frequency dlsinbution curves of the anerial pres-

sure for a 24-houf period In a normal dog and In the same dog
several weeks after the baroreceptors had been denervated.

(from Cowley, Liard, and Cuyton. Clrc Res, 32.564. 1973- By

PormlssJon ol the American Heart Assoclatioa lr>c.)

reduce the daily variation in arterial pressure ' to

about one half to one thirdthat which would occur
were the baroreceptor system not present.

Unimportance of the Baroreceptor System
for Long'Term Regulation of Arterial Pres-
sure—Adaptation of the Baroreceptors. The
baroreceptor control system is probably of little or
^o imtxirtance m long-term regulation of arterial

pressure for a very simple reason: i he oarorecep-

tom themselves &dapi'in ohe'fo two days to what-
ever pressure level they are'exposed to. That is, if

the pressure rises from the normal value of 100
mm Hg to 200 mm Hg, extreme numbers of baro-

receptor impulses are at first transmitted. During
the next few seconds, the rate of firing diminishes
considerably; then it diminishes very slowly dur-

ing the next one to two days, at the end of which
time the rate will have returned essentially to the

normal level despite the fact that the arterial

pressure remains .200^mm Hg. Conversely, when
the arterial pressure falls to a very low value, the

baroreceptors at first transmit no impulses at all,

but gradually over a day or days the rate of
baroreceptor firing returns again to the original

control level.

This adaptation of the baroreceptors obviously

prevents the baroreceptors reflex from functioning

as a control system to buffer arterial pressure

changes that last longer than a few days at a time.

In fact, referring again to Figures 21-7 and 21-8,

one can see that the average arterial pressure over

any prolonged period of time is almost exactly the

same whether the baroreceptors are present or ncg.

This illustrates the unimportance ofthe barorecep-

tor system for long-term regulation of the arterial

pressure even though it is a potent mechanism for

preventing the rapid changes of arterial pressure

that occur moment by moment or hour by hour.

Instead, prolonged regulation of arterial pressure

requires other coptrol systems, principally the

renal-body fluid-pressure control system (along

with its associated hormonal mechanisms), to be
discussed in the fbllowing chapter.'

human beinx can excite the baroreceptors of the carotid

8inui,e&. Causing'lhe arterial pressure to tnll aa much na

!Zu mtn Mg >n the normal person. In some older persona,

particularly after calcified arteriosclerotic plaques have
developed in the carotid arteries, pressure on the carotid

sinrises often causes such strong responses that the heart
stops completely, or at least the arterial pressure falls

dntsUcally. Even tight collars can cause the arterial

pressure to fall low enough to cause fainting in these
persons, an effect called carotid sinus syncope. Fortu-
nately, when the reflex causes the heart* to stop, the
ventricles usually “escape" from the vagal inhibition in
approximately 7 to 10 seconds and begin to bcat_with
their own intrinsic rhythm. However, occasioHallv the
ventricles fail to eacap«»^ and the D.-iticnt'dips of cardiac
arr^fc Tyeatoient of the condition consists of sui^calJy
stnppihgthc nerves from the carotid arteries above and
below the bifurcations.
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CONTROL or ARTERIAL PRESSURE
BY THE CAROTIP AND AORTIC
CHEMORECEPTORS-tFTECT
or OXYGEN LACK
ON ARTERIAL PRESSURE

The pressure in the oorla and in the carotid arteries

indirectly controls artenal pressure in another «-ajr *

besides through the baroreceplor reflexes It achieves

this by stimulating the ekemoreceptora when the pres-

sure falls too low
The chemoreceptors are chemosensitive cells located

Hn several smalt organs I to 2 mm in size; two irirtohA

Ibot^s, one of whirh liM in the bifurcation of

Icommon carotid prtery, an.iia'eral aortic bodies adja^
rhe chemortceptors excite nerve^hterw

that pass along with the barorcceptor fibers through
Henng’s nerves and the vagus nerves into the vasomotor
center.

Each carotid or aortic body is supplied with an abun-
dant blood How through a small nutrient artery so that

the chemoreceptors are always in close contact with the

artenal Mood Whenever the artenal pressure falls

below a cntical level, the chemoreceptors become stim-

ulated because of diminished blood flow to the bodies

and therefore diminished availability of oxygen and
excess carbon dioxide and hydrogen ions that are not
removed by the slow flow ofblood.

The signals from the dicmorfecoplors are transmitted
into the vasomotor center to excite the vasomotor center,

and this elevates the artenal pressure Obviously, this

reflex helps to return the artenal pressure back toward
the normal level whenever it falls too low. However, it

ie not a powerful artenal pressure controller in the
normal artenal pressure range, bocausa^it does not

rr^-rnd itrflflgly inf’'! ihP «•»« below

The chemorecepfor mechanism also increases the ar-

terial prcflfiufe whcB&ygrrthg-contcntration ofoxygen in
the artenal WaaijBUB below normal or the concentra-
tion of carboR-diextde or hydrogen ions nses above
normal The increased pressure helps the circulation

deliver increased quantities of oxygen to the tissues and
remove excess carbon dioxide and hydrogen ions from
the tissues

The chemoreceptors will be discussed in much more
detail m Chapter 42 in relation to respiratory control,

m which they play an even more important role than in
pressure control.

ATRIAL AND PULMONARYARTERY
RETLEXES THAT HELP REGULATE ARTERIAL
PRESSUREAND OTHER ORCUIATORY
TACTORS

Both the atna and the pulmonary arteries have
stretch receptors, called low pressure rgeepforg, m their
walls similar to the baroreceptor stretch receptors of the
large systemic arteries When these low pressure recep-
tors arc intact, the arterial pressure also changes leas

Ip response to changes m blood volume than when thc^
. not present. To give an example, if 300 ml ofblood

.are infused into a dog with all the receptors intact, the
arterial pressure will rise only 15 mm Hg. With the
arterial baroroceptors denervated, the pressure will rise

60 mm Hg If the low pressure receptors are also dener-
vated. the pressure will rise 120 mm Hg.
Thus, one can see that even though the low pressure

rereptors in the pulmonary artery pnd in the
'

cannot detect the systemic arterial pressure, these

ceptors, nevertheless, do detect the simultaneous c

crease in pressure in the low pressure areas of

.riKulfttion raused by
the increpe in wlum^atia to?

elicit reflexes parallel to the barpreceptof reflexrt fi ^
make the total reflex system much more potent $z w
control of arterial pressure.

"
. ^ c

The receptors in both the pulmonary arteries and a ^

the atna operate in an almost identical way as th r
barorcceptors from the systemic arteries. That is, ttej i

inhibit the vasomotor center and thus reflexly decrew h

the arterial pressure In addition, some atrial receptm c

play a special rote in controlling blood volume, as fol *

lows- J
J

Atria) Reflexes to the Kidneys—^The Volume Bfr »

flex. Stretch of the atria also causes reflex dilatation tf A

the aiTerent arterioles in the kidneys,'which is the met *

reflex elTect that occurs in other peripheral arteriola Vt

but IS unusually potent in the kidneys. Also, sigEalsM z*

tTansmiUed sitnultanecpusly to Ihe-bypotbalamus toi-

crease the secretion of antidi'urSic hormone, ^thereby
j

indirectly aflecting kidney function. The decreased if

ferent arteriolar resistance'eauses the glomerular a?-

illaty pressure to rise, with resultant inclose in

tion of fluid into the kidney tubules. The diminution d

antidiuretic hormone diminishes the reabsorption « i

water from the tubules The combination of these ’

efTects therefore causes rapid loss of fluid into the iinWp
j

which also serves as a powerful means to return Ot '

blood volume back toward nonsal.
Obviously, all these mechanisms that tend to ret^

the blood volume back toward normal following a W*
uise overload act in^rectly as pressure controUensi

well as volume controllers, because excess volume dihtt

the heort to greater cardiac output and leads therew

to greater arterial pressure. Thia volume reflex mee»
oism will be discussed in more detail in Chapter 39.

along with discussion of mechanisma of volume conlrol-

Atrial Reflex Control of Heart Rate (the-B^
Inj^ge Reflex). A b_ tnrr-gggp m mfrjfil pr(»ssure slM

egu^ dwijlttease m heart rn^°i jncieas^

the hVari rate as much aa ^ per cent Part of
:

increase m heart rate is caused by the
,

the increased atnal volume to stretch the SA node:

was pointed out in Chapter 14 that suS^diiWt streW

can increase the heart rate as much as 15 per cent. W
additional 40 to 60 per cent increase in rate is causes

by a reflex called the Bai/ibntfgc reflex. The stre^

receptors of the atria that elicit the Bainbridge refl«

transmit their afferent sign&ls through the vagus nerve

to the medulla of the brain. Then, efferent signals «rt

transmitted back through both the vagal and syop-

thetic nerves to .increase the fagart's rate and presumably

also strength or contraetiQo. Thus, this reflex hell*

prevent damming of blood in the veins, the atria, aca

the pulmonary arculation. This reflex obviously hos a

different purpose from that of controlling arterial pres-

sure and is actually detrimental to pressure control lot

short periods of time.

THE CNS ISCHEMIC RESPONSE—CONTROL
orARTERIAL PRESSURE BY THE
VASOMOTOR CENTER IN RESPONSE TO
DIMINISHED BRAIN BLOOD FLOW

Normally, roost nervous control of blood pressure i*

achieved by reflexes originating in the baroreceptof*-
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he chemoreceptors, and the low pressure receptors, all

fwhich are located in the penpheral circulation outside *

he brain. However, when blood flow to the vasomotor
enter in the lower brain stem becomes decreased

nough to cause nutritional deficiency, a condition called t/
’ the neurons in the vasomotor center itself

espond directly to the ischemia' and become strongly

xated. When this occurs, the systemic arterial pressure

iften nses to a level as high as the heart can possibly

lump. This effect is believed to be caused by failure of
he slowly flowing blood to carry carbon dioxide away
h>m the vasomotor center; the local concentration of
arbon dioxide then increases greatly and has an ex-

remely potent effect in stimulating the sympathetic
lervous system. It is possible that other factors, such as
he buildup of lactic acid and other acidic substances,

tlso contribute to the marked stimulation of the vaso-

center and to the elevation in pressure This
• nregsiirft elevation in recnrince to cerebral

hernia ia known as me central nervous sysUm ischemic
vsnoase^f-sbnpiv tsc^mie rfsnonse~(j )

The magnitude of t^e ischemic effect on vas^otor
ictivity is tremendous; it can elevate the mean arterial

pressure for as long as ten minutes sometimes to as high
IS 270 mm Hg. The degree of sympathetic vasoconstnc-
Cion caused by intense cerebral tscbemuz is often so great
lhat some of the peripheral vessels become totally or
almost totally occluded. The kidneys, for instance, will

entirely cease their production of unne because of ar*

teriolar constriction in response to the sympathetic dis-

charge. Therefore, the CNS ischemic response is one of
the most powerful ofalip!/ie,aei*^itafii*^l ih^ s}/n^iheM
iwoconstrictor system.
mpunance o fc the CNS Uchemic Response as a

Regulator of Arterial Pressure. Despite the extremely
powerful nature of the CNS ischemic response, it does^
not become very active until the arterial pressure falls*

far below normal, and below, reach-
ing its greatest degree of stimulation at a pressure of
15 to 20 mm Hg. 'fterefore, it is not one of the mecha-
oisms for regulating normal artenal pressure Instead,

it operates principally as an emergency artenal preseureJ

con/raf system that acts rapidlyand extremely powerfuUy\
to prerent further decrease in arterial pressure wheneveii
blood flow to the brain decreases dangerously close to the

lethal level. It is sometimes called the "last ditch stand"

pressure control mechanism. —
_
The Cushing Reaction. The so<alled Cushing reac-

tion is a special type of CNS ischemi** that

results from increased pressure in the cranial vault. For
instance, when the cerebrospinal fluid pressure nses to

equal the artenal pressure, it compresses the artencs
in Hie brain and cuts off the blood supply to the brain.

Obviously, this initiates a CNS ischemic response, which
causes the artenal pressure to rise. When the artenal
pressure has risen to a level higher than the cerebro-
spinal fluid pressure, blood flows once again into the
vessels of the brain to relieve the ischemia. Ordinanly,
the blood pressure comes to a new equilibrium leiel

slightly higher than the cerebrospinal fluid pressure,

thus allowing blood to continue flowing to the'bram at

all times. A typical Cushing reaction is illustrated in

Figure 21-9.

The Cushing reaction helps protect the vital centers

of the braih from loss of nutrition if ever the cerebro-

spinal fluid pressure rises high enough to compress the

cerebral aitenes.

Depressant Effect of Extreme Ischemia on the
Vasomotor Center. If cerebral ischemia becomes so

severe that maximum nse in mean arterial pressure
still cannot relieve the ischemia, the neuronal cells

begin to suffer metabolically, and within 3 to 10 minutes
they become totally inactive. The artenal pressure then
falls to about 40 to 50 mm Hg, which is the level to

which the pressure falls when the vasomotor center

loses alt its control of the circulation so thatall tonic

vasoconstrictor activity is.Iost. Therefore, it is fortunate

that the ischemic response is extremely pow erful so that

arterial pressure can usually nse high enough to correct

brain ischemia before it causes nutritional depression

and death of the neuronal cells

SPECIAL FEATURES OF NERVOUS
CONTROL OF ARTERIAL PRESSURE

PAKTiaPATJON OF 7H£ VUNS IN NERVOUS
RICUIATION or CARDIAC OUTPUTAND
ARTERIAL PRESSURE

Thus far, we have discussed pnmanly the ability of

the nervous system to regulate artenal pressure by
altenng arterial resistance. However, much of the reg-

ulatory effect of the nervous system is earned out
through sympathetic vasoconstrictor fibers to the veins.

Indeed, the veins constrict m response to even weaker
sympathetic stimuli than da the arterioles and arteries.
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Sympathetic Alterations in Venous Capacity and
Cardiac Output. The veins offer relatively little resis-

tance to blood flow in comparison with the arterioles

and arteries Therefore, sympathetic constriction of the

veins does not significantly change the overall total

peripheral resistance. Instead, the important effect of

sympathetic stimulation of the veins is a decrease la

lAeir capaci/y This means that the veins then Kbid'less

blood at any given venous pressure, which causes trans-

location of blood out of the systemic veins into the heart,

lungs, and systemic arteries The distension of the heart

in turn causes the heart; to pump with increasing effec-

tiveness in accordance with the Frank-Slatling law of

the heart, as discussed in Chapter 13 Therefore, the net

effect of sympathetic stimulation of the veins is to

increase the cardiac output, which in turn elevatca the

artenal pressure.

The veins participate m all of the reflexes and reac-

tions that have been discussed thus far, including the

baroreceptor reflex, the CNS ischemic response, the

chemoreceptor reflex, and also the atrial reflexes To
comprehend the potency of the venous reaction in some
of these nervous mechanisms, consider the following-

The mean circulatory filling pressure (mainly deter-

mined by the degree of contraction of the veins when
the blood volume is normal) rises from the normal value

of 7 mm Ilg to approximately 10 mm Hg when the

baroreceptor reflex is excited fully and rises to approxi-

mately 18 mm Hg—enough to increase (he pressure

forcing blood into the heart by as much as 2 5-foM—
when s maximal CNS ischemic response is elicited

XO££ or THE SKUETAL NERVES AND
SKELETAL MUSCLES IN INCREASING
CARDIAC OUTTUTAND ARTERIAL
PRESSURE

Though most nervous control of the circulation is

effected through the autonomic nervous system, at leost

two conditions in which (he skeletal nerves and muscles
also play major roles in circulatory responses arc the
following

The Abdominal Compression Reflex. When a bar-

oreceptor or chemoreceptor reflex is elicited, or whenever
almost any other factor stimulates the sympathetic
vasoeonstnetor system, the vasomotor center and other
areas of the reticular substance of the brain stem trans-

mit impulses simultaneously through skeletal nerves to
skeletal muscles of the body, particularly to the abdom-
inal muscles This increases the basal tone of these
muscles, which compresses all the venous reservoirs of
the abdomen, helping translocate blood out of the ab-
dominal vascular reservoirs toward the heart As a
result, increased quantities of blood are made available
to the heart to be pumped. This overall response is called

the-{ibdomiRol comnrexaton reflp.t The resulting effect

on the^ircuidlion is the same as that caused by sym-
pathetic vasoeonstnetor impulses when they constnet

^ the Veins, namely, an increase in both cardiac output
’ artenal pressure

^ The abdominal compression reflex iS 4>robably-inucb
e important than has been rcajw^ in thejpast, for

it IS well known that persons whose skeletal mi^clea
have been paralyzed are considerably more prone to
hypotensive episodes than are normal persons.

Increased Mean Circulatory Filling Pressure an;

Increased Arterial Pressure Caused by SkeldjI^

Muscle Contraction During Exercise. IVhcn the aW
eta! muscles contract during exercise, they coniprEa

blood vesscU throughout the body. And even antidpe

lion of exercise tightcnB the muscles, thereby comptta-

ing the vessels The resulting effect is to increase tli

mean circulatory filling pressure from its normal vslw

of about 7 mm Hg to as high as 20 to 30 mm Hg Vit

shall sec in Chapter 23 that this high filling pressun

acts to translocate blood from the penphcral vessels inw

the heart and lungs and therefore to increa.se (he cardix

output This IS an essential effect in helping to cauM

the five- to sixfold increase in cardiac output that fcnu-

timcs occurs in severe exercise. And the increase u
cardiac output in turn is an essential ingredient u
increasing the artenal pressure during exercise, u
amount of increase usually in the range of 20 to 60 per

cent

RESPIRATORY WAVES IN THEARTEJtlAL
PRESSURE

With each cycle of respiralron, the arterial prtssim

nscs ond falls usualli,.d to 6 mm Hg in a wa«lik<

fashion, giving nse tosoiaiitti reipiralory waves in flw

arterial pressure -These result from several differtnl

effects, some of which on? reflex in nature, as follow*

First, many impulses arising In the respiratory «erW
of the medulla "spill over" into the vasomotor center

^
Second, every time a person inspires, the pressure w

the thoracic canty liocomes more negat ive thtn umal

causing the blood vessels in the chest to expand. Thu

reduces the quantity of blood returning to the left dik

of the heart and thereby momentarily deercasM flu

Ctrdinr-output and ortenal pressure
“

Third, the pressure changes caused in the thersw

vesrels by respiration can excitejyasrolAr and atria)

stretch receptors

Though it is diflicuU to analyze the exact relatiooshlF

of all these factors In causing the respiratory pressun

waves, the net result dunng normal respiration » cSCi

ally an increase in artenal pressure during the earli

part of expiration and a fall in pressure during
remainder of the respiratory O’cle. During deep rwf'

ration the blood pressure can nsc and fall os much ai

20 mm Hg with each respiratory cycle.

AftTIRfAL PRESSUU VASOMOTOR
WAVES-OSaUATION OF THE PRESSURE
REFLEX CONUOL SYSTEMS

Often m recording artenal pressure In an animal, u

addition to the small pressure waves caused by thi

respiration some much larger waves are noted—a* grea

as 20 to 40 mm Hg at times—that rise and fall mud
more slowly than the respiratory waves. The duratioi

of each cycle vanes from 26 seconds in the anesthetize

dog to as short as 7 to 10 seconds m the human beinS

These waves are called vasomotor uaves or sometin®'

“Mayer waves." Such records are illustrated in Figun

21-10, showing the cyclical rise and fail in artena

pressure.

The cause of vasoimtoT waves is usually oscillstion a

one or more nervous pressure control mechanisms, somi

of which are the following
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n^are 21-10. A. Vasomotor waves caused fay osejOarion ol
the CNS ischemic response. B. Vasomotor waves caused

'' baroreceptor reRex oscilLattoa

Oscillation ofthe Baroreceptor and Chcmorccep*
~ tor Reflexes. The vasomotor waves of Figure 21-lOB

^ are the common vasomotor waves that are seen almost~
daily in experimental pressure recordings, though usu-
ally much less intense than shown in the figure. They
are caused mainly by oscillation of the baroreceptor

reflex. That is, a high pressure excites the baroreceptors;

this then inhibits the sympathetic nervous system and
' loHers the pressure 7%e decreased pressure reduces the

baroreceptor stimulation and allows the vasomotor cen-
® ter to br^me acti\e once again, elevating the pressure

again to a high value. This high pressure then initiates
’ another cycle, and the oscillation continues on and oo.

The chemorcceptor reflex can also oscillate to give the
same type of waves. Usually, this rcdei oscillates si-

' multaneously with the baroreceptor reflex. In fact, it

® probably plays the maior-role in causing vasomotor

7
waves when the artcnal pressure is m the range of 40,

’ to SO mm Hg, because in this range chemoreceptor
* contrm of the circulation becomes powerful while baro-

receptor control becomes weak
f Oscillation of the CNS Ischemic Response. The

record in Figure 21-lOA resulted from oscillation of the

^
CNS ischemic pressure control mechanism In this ex-

• periment the cerebrospinal fluid pressure was raised to

160 mm Hg, which compressed the cerebral vessels and

^
imtiated a CNS ischemic response \STien the arterial

pressure rose above 160 nun Hg, the ischemia was
*' relieved, and the sympathetic nervous system b^me

inactive. As a result, the artenai pressure fell rapidly

'

^ back to a lower value, causing medullary ischemia once
agaixL The ischemia then initiated another nse in pres-

^ Slope. Then, again the ischemia was relieved, and the

pressure fell. This repeated itself cyclically as Jong as
the cerebrospinal fluid pressure remained elevated

Thus, any pressure control roecJianism can oscoliate if

the mtensity of “feedback" is strong enough The vaso-

motor waves are of considerable theoretical importance
because they show that the nervous reflexes that control

> arterial pressure obey identically the same pnn.cipiCT aa
f those applicable to roechanw^ and electncaT control
f systems. For instance, if the feedback “gain” is too great
^ in the guiding mechanism of an automatic piloTIiw^an

^ airplane, the plane oscillates from side to side instead

of following a straight course.

'I
hormonal MECHANISMS

' FOR RAPID CONTROL
i OF ARTCRIAL PRESSURE
4

In addition to the rapidly acting nervou? mechr
anisms for control of arterial pressure, there are

at least three hormonal mechanisms that also
provide either rapid or moderately rapid control of
arterial pressure. These mechanisms are

(1) the norepinepbrine.-epineDhrine vasoconstric-

tor mechanism;
(2) the vasopressin vasoamstrictormechanism;
(3) and the renin-angiotensin vasoconstrictor

mechanism.

7H£ NOkLPINEPHmE^EPINEPHRlSl
VASOCONSTRJCTOk MECHANISM

In the previous chapter it was pointed out that
stimulation of the sympathetic nervous system not
only causes direct he^ous excitation of the blood

vessels and heart but also causes release by the
adrenal medullae of^pjnephrine and norepineph-

rine into the circulating blood. These two hor-

mones circulate to all parts of the body and cause
essentially the same eiTects in controlling arterial

pressure as direct sympathetic stimulation. That
is, they excite the heart, they constrict most of the
blood vessels, and they constrict the veins.

Therefore, the different reflexes that regulate

arterial pressure by exciting the sympathetic ner-

vous system cause the pressure to rise in two ways:
by direct circulatory stimulation and by indirect

stimulation through the release ofepinephrine and
norepinephrine into the blood.

Epinephrine and norepinephrine circulate in the

blood for one to three minutes before being de-

stroyed, thus maintaining a slightly prolonged
excitation of the circulation. Also, these hormones
can reach some parts of the circulation that have
no sympathetic nervous supply at all, including

the very minute vessels such as the metarterioles.

And these hormones have especially potent actions

on some vascular beds, particularly the skin vas-

culature.

In genera), the epinephrine and norepinephrine

system can be considered to be a part of the total

sympathetic mechanism for arterial pressure con-
trol. Slight differences between the actions of epi-

nephrine and norepinephrine will be discussed in

Chapter 57 in relation to the discussion of the
entire autonomic nervous system.

ROLE OF VASOPRESSIN IN RAPID
CONTROL OF ARTERIAL PRESSURE

When the arterial pressure falls low, either the
same nervous signals that activate the sympa-
thetic nervous system or closely related signals
cause the hypothalamus to secrete large quantities
of vasopressin by way of the posterior pituitary
gland—a mechanism that will be discussed in
detail in relation to the pituitary hormones in
Chapter 75. The vasopressin in turn has a direct
vasowinstrictor effect on the blood vessels, thereby
increasing both the total peripheral resistance and
the mean circulatory filling pressure, raising the
arterial pressure back toward normal.



254 B The OrculAtion

Until recently, most physiologists believed that

the amount of vasopressin secreted in low blo^

pressure stales was not sufficient to play a signif-

icant role in compensating for the low pressure.

However, recent experiments in animals in which

the baroreceptor pressurMontroJIing mechanism

has been removed have'ihown that the circulating

amounts of vasopressin found in the blood follow-

ing hemorrhage can then increase the arterial

pressure as much as 35 to 50 mm Hg in a rec^t

study by Cowley, tne vasopressin system was

shovm to return the blood pressure about 75 ^r
cent of the way toward normal within a few min-

utes after acute hemorrhage had decreased the

arterial pressure to as low as 50 mm Hg.

Therefore, it is almost certain that vasopressin

plays a very important role in re-establishing nor-

mal arterial pressure when the pressure falls

acutely to dangerously low levels.

Vasopressin also plays an indirect rolg^ in Ihe

long-term control of arterial pressure through fts

effects on the kidneys in causing decreased excre-

tion of water Because of this effect, vasopressin is

also called /u^tidiuret’r finrmnM. \Vhen only min-

ute amounts of vasopre-ssin are secreted—m the

order of nanograms—the kidney excretion ofwater

decreases to a minimal amount, an effect that

helps increase the blood volume any time the

arterial pressure remains low for any period of

time The increased blood volume then helps bring

the pressure back to normal. Thus, vpopressin

not only plays an important role in aciite. reguia-

tion of arterial pceseuce*bu£ aTw in tong-tend

regulation, which will be discussed in the following

chapter.

niL RENW.ANCIOTEN5IN
VASOCONSTRICTOR MECHANISM TOR
CONTROL or ARTERIAL PRESSURE

The hormone anBiotensin II is one of the moat
potent vasoconstwtors knowmTlt and vasopressin
vie with each otheMor this distinction t'hienever

the arterial pressure falls very low, large quan-
tities of angiotensin 11 appear m the circulation

This results from a special mechanism involving
the kidneys and the release of the enzyme renin
from the kidneys when the arterial pressure falls

loo low .

The overall schema for formation of angiotensin
and the elTect of angiotensin H to increase arterial
pressure are illustrated in Figure 21-11. When
blood flow through the kidneys is decreased, the
liixtacloinn^ulnr cells (cells located in the walls of

‘ tne alTercnt "arterioles immediately proximal to

Addition, sympathetic nen-c si gnals directly to the
juxtaglomerular cell’s can aIso_cause these cells to

relea.'ic renin whenever the.s}'mpathetie nervous
system becomes activated Renin itself is an en-
zyme that splits the end oft" one of the plasma

OECREASEO ARTERIAL PRESSURE

'' RENIN (Kidney)

INCREASeO ARTERIAL PRESSURE

flfiure It-ll, The {enln-Aaglotensio-vasoconstctciQi

nism for aneilal pressure control

proteins, called renin substrate (or angiotensin

gen), to release a decapeptide, angiotensin /. Tl

renin persists in the blood for 30 minutes to »

hour and continues to cause formation ofangioUi

am I during this entire time. Within a feweecont

after formation of the angiotensin I, two addition

ammo acids are split from it to form the octapei

tide cngiotcnsin //. This conversion occurs attnO!

entirely in the small vessels o'f the lungs, catalyze

by an enzyme called converting em^me that

present in the walls of these vessels.fAngfotensi

II persists'in the blood for a minute or so but

rapidly inactivated by a number of different bloc

and tissue enzymes collectively called angiolens

nase.

During Its persistence in the blodd, angiotensi

II has several effects that can elevate arterii

pressure. One of these effects occurs very rapid!

vasoconstriction, especially ofthe arterioles and ^

a lesser extent of the veins Constriction of ft

arterioles increases the peripheral resistance ar

thereby raises the arterial pressure back towai

normal, eis illustrated at the bottom of the schew

m Figure 21-11. Also, mild constriction of tl

veins increases the mean circulatory filling pre

sure, sometimes as much as 20 per cent, and Ih

promotes increased tendency for venous return '

blood to the heart, thereby helping the heart purr

against the extra pressure load.

The other effects of angiotensin are mainly r

lated to the body fluid volumes: fl) angiotensi

has a direct effect on the kidneys to cause d
creased'excretion of ham !^It and_watcr: and^
aneioiensin siimulates the secretion of^dostefgr

by the adrenal cortex, and this hormone in tut

also acts on the kidneys to cause decreased^xo’'
tion ofboth salt and water. Both iKese effects ten

to elevate the blood volume—an important faett

in long-term ’reflation orarterial^ pressure, £

will be discussed in the foirowing chapter.
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Igurt 21—12. Pressure'Compen&atlns effect of the ienln.An-

tensin-va&oconstrictor system Following severe hemorrhage
ciwn from experiments 1^ Or. Ro^ce Brough.)

Rapidity ofAction and Pressure Controlling
rweroftheRenin-Angiotensln VasoconstHc'
[• System. Figure 21-12 illustrates a typical

periment showing the effect of hemorrhage on
5 arterial pressure under two separate condi-

ns: (1) with the renin-angiotensin system func-

tung, and (2) without the system functioning

16 system was interrupted by a renin-blocking

tibody). Note that following hemorrhage, which
used an acute fall of the arterial pressure to 50
n Hg, the arterial pressure rose back to 6Z mm
1 when the renin-angiotensin system was func-

nal. On the other hand, it rose to only 60 mm
f when the renin-angiotensin system was
jcked. This illustrates that the ranin-angioten-

1 system is powerful enough to return the arte-
il pressure at least lialtwav bacK to nonrill

lowing hpmnrrhage. 'iheretore. it

metimes be of lifesaving service to the body,

pecially in circulatory shock.

Note that the renin-angiotensin vasoconstrictor

stem requires approximately 20 minutes to be-

me fully active, 'therefore, it is far slower to act

an are the nervous reflexes and the norepineph-

ne-epinephrine system; and it also acts only

>out one half as rapidly as the vasopressin ays-

m. However, it also has a correspondingly longer

iration of action.

There is reason to believe that the renin-aijgi-

ensin vasoconstrictor system is much more pow-
ful imder some conditions than others. For in-

ance, some patients with diseased kidneys

xrete tremendous quantities of renin, and the

ressure control action of the system is then likely

> be very powerful.

WO INTRINSIC CIRCULATORY
lECHANiSMS FOR RAPID ARTCRIAL
RESSURE REGULATION

In addition to the nervous and hormonal mechanisms
ir rapid control of arterial pressure, two intrinsic phya-

al mechanisms of the circulation also help control

arterial pressure, usually beginning to act within a few
minutes and reaching full function within a few hours.

These are (1) the capillary fluid shift mechanism, and
(2) the vascular stress-relaxation mechanism.
Capillary Fluid Shift. When the arterial pressure

changes, this is usually accompanied by a similar change
in capillary pressure. This causes fluid to begin moving
across the capillary membrane between the blood and
the interstitial fluid compartment. Within a few minutes
to an hour a new state of equilibrium usually will be
achieved, but in the meantime this shift of fluid will

have played a very beneflctal role in the control of

artenal pressure. For instance, if the artenal pressure

rises too high, loss of fluid through the capillanes into

the interstitial spaces causes the blood volume to fail

and thereby causes return of artenal pressure back
toward normal The gain of this system is about 3, which
means that Jt can return the arterial pressure about
three-fourths of the way back toward its normal mean
value; but it takes effect much more slowly than dd'the

nervous reflex mechanisms
Stress-Relaxation. When the artenal pressure falls,

the pressure usually also falls m most of the blood

storage areas such as in the veins, the liver, the spleen,

the lungs, and so forth Conversely, a nse m arterial

pressure is often associated with a rise in pressure in

Uiese same storage areas. As pointed out in Chapter 18,

a preasure~change causes vessels gradually to adapt to

a new size, thereby accommodating the amount of blood

that IS available This phenomenon is called stress-

relaxation or reverse stress-relaxation Thus, following

massive transfusion, the artenal pressure nses mark-
edly at first, but because of relaxation of the circulation

during the next ten minutes to an hour, the artenal

pressure returns nearly to normal even though the blood

volume may be as great as 30 per cent above normal
Conversely, following prolonged bleeding, the reverse

stress-relaxation melanism can cause the blood vessels

gradually to tighten around the amount of blood that is

left, thereby again re-establishing nearlyjmrmal circu-

latory dynamics.
~ '

Unfortunately, the stress-relaucation mechanism .has
very definite limits, so that acute changes in blood

volume of more than approximalely^Ius^CTper cent or

minus 15 per cent cannot be corrected by this mecha-
nism.
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Arterial Pressure
Regulation: II. Long-
Term Control by the
Renal—Body Fluid

Mechanism and the
Renin-Angiotensin
System: Mechanisms
of Hypertension

Differences Between Lons^Term And Short-

Term Mechnnlsms for Pressure Control

There are three major difTerences between the
short-term and long-term mechanisms for arterial

pressure control. First, the short-term mechanisms
begin to act within seconik to minutes after the
arterial pressure becomes abnormal and therefore
can quickly institute measures for bringing the
arterial pressure back toward normal. On the other
hand, the long-term mechanisms almost invaria-
bly are slow to begin acting and therefore have
very little to do with arterial pressure control from
minute to minute or even from hour to hour. Their
function is to control the arterial pressure over a
period of days, weeks, months, and years.
A second principal difference is that most short-

term pressure control mechanisms lose their ca-

pability for pressure control after a few hours or a
few days. For instance, almost all, if not all, ner-
vous mechanisms “adapt” within one to three days
after they are first activated. That is, the nervous
receptors that sense the abnormal pressure lose

their responsiveness to the changed pressure and
therefore no longer can serve in helping keep the
pressure near normal. Similar problems exist for

most of the other short-term pressure control

mechanisms. By contrast, the effectiveness of most
long-term pressure control mechanisms becomes
steadily greater rather than less with time.

Third, and most important of all, none of the
short-term pressure control mechanisms ever suc-

ceed in bringing the arterial pressure all the way
back to pormal. However, the overall long-term
system for pressure control does have this ability

to bring the pressure all the way back to normail,

because one of the long-term pressure control

mechanisms, the renal-body fluid mechanism, has
a so-called “feedback gain for pressure control”

that IS infinite, as we will explain in subsequent
sections of this chapter.

THE RENAL-BODY FLUID SYSTEM
FOR ARTERIAL PRESSURE CONTROL

By far the most important mechanism for long-

term control of arterial pressure is the renal-body

fluid system. Simply expressed, this system works
in the following way: \yhen the arterial pressure

rises, the rise in pres^fe directly caus^ kidi^
output of water any^lt to inrrpase markedly.

which IS caliea pressure diuresis and pressure na -

triurests. This in turn causes decreased extracel-

lular fluid volume and decreased blood volume.

The decrease in blood volume decreases the pump-
ing by the heart, which returns the arterial pres-

sure back to normal. Conversely, when the pres-

sure falls too low, the output of water and salt by

the kidneys decreases far below normal, so that

fluid begins to accumulate in the body, the body
fluid volumes increase, the cardiac output in-

creases, and the arterial pressure rises.

257
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ngure 22-i. A typical renal output curve measured In a

perfused tsolaced kidney, showing bo^ pressure diuresis (excess

output of water) and pressure natrluresls (excess output of

sodium) when the arfertai pressure rises above normal

The bfisic renal-body fluid system for arterial

pressure control is not only the most fundamental
mechanism for long-term pressure control, but

historically it appeared in the earliest stages of

phylogenetic development of animalhood. For in-

stance. it is fully operative in the very primitive

animal, the hagfish This animal constantly drinks

sea water that is absorbed into the blood ond
increases the pressure When the pressure rises

too high the kidney simply excretes excessive

amounts of urine and relieves the pressure On
the other hand, when the pressure falls too low,

the output by the kidneys falls very low, and the

pressure builds up again to its normal range.

Through the ages of development of pressure con-

trol to the level of human bemgs, many additional

refinements have been added, making pressure

control far more exact and far more reliable than

in the hagfish

Quantffaf/on of Pressure Diuresis and
Pressure Natrluresls As a Basis for Arterial

Pressure Corjtrol

Figure 22-1 illustrates the average quantitative

cfTects of pressure diuresis and pressure natri-

uresis as meosured m experimentally perfused

isolated kidneys. The cui^’e recorded in this figure

is called either a renal output curve or a renal

ftmcfion curve. Note that at an arterial pressure

of 60 mm^ig the urinary output of water and salt

is essentially zero. At 100 mm Hg it is normal,

and at 200 mm Hgabout six to eight times normal.
Thus, the effect of arterial pressure on urinary

output is a very strong one.

An Experiment Demonstrating the Renal-
Body Fluid System for Arterial Pressure Con-
trol. Figure 22-2 illustrates an experiment in dogs

which all the ner\-ous reflex mechanisms for
' pressure control were blocked and the arte-

il pressure was then suddenly elevated by infus-

ing about 300 ml of blood. Note the instantaneous

increase in cardiac output to approximately double

its normal level and the increase in arterial pres-

sure to 115 mm Hg above its resting level. Also
shown, by the middle curve, is the effect of this

increased arterial pressure on urinary output. The
output increased twelve-fold, and bo^ the cardiac

output and the arterial pressure returned to nor-

mal during the subsequent hour. Thus, one sees

the extreme capability of the kidneys to readjust

the blood volume and in so doing to return the

arterial pressure back to normal.

Graphical Analysis of Pressure Control by
the Renal-Body Fluid Mechanism, Demon-
strating Its "Infinite Gain” Feature. Figure
22-3 illustrates a graphical method that can be
used for analyzing arterial pressure control by the

renal-body fluid system. This analysis is based on
two separate curves that intersect each other: (1)

the renal output curve for water and salt, which
is the same renal output curve as that illustrated

in Figure 22-1, and (2) the curve (or line) that

represents the level of water and salt intake.

Obviously, over a long period of time the water
and salt must equal the intake. Furthermore, the

only place on the graph m Figure 22-3 at which
the output equals the intake is where the two
curves intersect, which is called the equilibrium

point Now, let us see what will happen if the
arterial pressure becomes some value that is dif-

ferent from that at the equilibrium point:

First, assume that the arterial pressure rises to

TIMEfminulcs)

Z2-Z, tncresse In wdUc output. Attertal pmsure, and
udMry output caused by Increased blood volume In animals

whose nervous pressure connol mechanlwns had been WockeeL
thls figure shov^ the return of anerUI pressure to rrormal after

about an hour of fluid loss Into the urine (Courtesy of Dr WDlam
Dobbs)
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level, either the level of salt and water intake or

the degree of shift of the renal function curve

along the pressure axis. However, if either ofthese

IS changed, one would expect the arterial pressure

thereafter to be regulated at a new pressure level.

FtUlare of tncnnsed Total reripheral

Resistance to Increase the Long-Term
level of Arterial Pressure If Salt Intake and
Renal Function Do Not Change

Now 13 the chance for the student to see whether
or not he or she reall3' understands the renal-body

fluid mechanism for arterial pressure control Re-
calling the basic equation for arterial pressure.

arterial pressure equals cardiac output times total

peripheral resistance, it is clear that an increase

in total peripheral resistance should increase the
arttnal preraurc And, indeed, when the total

peripheral resistance is acutely increased, the ar-

terial pressure does nse imm^iately Yet. if the
kidneys continue to function normally, the acute

rise in arterial pressure will not be maintained
Instead the arterial pressure will return to normal
within a day or so. Why?
The answer to this is. Increasing the resistance

in the blood vessels everywhere else in the body
besides m the kidneys does not change the equilib-

rium point for blo{^ pressure control (see again
Fig 22-3 and 22-4) Therefore, the kidneys Im-
mediately begin to respond to the high arterial

pressure with pressure natriuresis and pressure
diuresis Within hours or days, large amounts of
salt and water are lost from the b^y, and this

continues until the arterial pressure returns to the
pressure level of the equilibrium point

As proof of this principle, that change<» in total

p^iphcffll resistance will not offect the long-term
i^eLgLattefiai-iir^sarer carefully stu'dy Figure
^2=5 This figure shows the cardiac outputs and
the' arterial pre.ssuros In diflercnt clinical condi-
tions m which the long-term total peripheral resis-

tance IS either much less than or much greater
than normal, but kidney excretion of salt and
water is normal or nearly normal Note in all the
different conditions that the arterial pressure is

n!-.© exactly normal.
However, note also in Figure 22-5 that a long-

term decrease m total peripheral resistance causes
an exact reciprocal incmise m cardiac output
whereas a long-term increase in total peripheral
resistance causes on exact reciprocal decrease in
cardiac output. We will leave it to the student to

figure out how it Is that the renal-body fluid

mechanism automatically adjusts the cardiac out-
put to the reciprocal level that will balance exactly
the changes in total fwripheral resistance. Just
apply the principle of infinite gain of the renaJ-
body fluid mechanism for pressure control, and the
.n-sult is inevitable. Until this is clear, one can be

loin that he or she still docs not understand

the renal-body fluid mechanism for arterial pres-

sure control.

(Yet, a word of caution! Many times when the

total peripheral resistance increases, this increases

the mtrarenal vascular resistance at the same
time, which alters the function of the kidney and
can cause hypertension by shifting the renal func-

tion curve to a higher pressure level, m the manner
illustrated in Figure 22-4A. We will see an ex-

ample of this later in this chapter when we discuss

hypertension caused by vasoconstrictor mecha-
nisms. But it is the increase in renal resistance

that is the culprit, not the increased total periph-

eral resistance—a very important distinction!)

How Does Increased Fluid Volume
Increase the Arterial Pressure?

The Role of Autoregulatfon

The overall mechanism by which increased ex-

tracellular volume increases arterial pressure is

given in the schema of Figure 22-6 The sequential

events arc (1 ) increased extracellular fluid volume,

which (2) increases the blood volume, which f3)

increases the mean circulator)' flllmg pressure,

which (4) increases the venous return of blood to

the heart, which (5) increases the cardiac output,

which (6) increases the arterial pressure.

Note especially in this schema the two different

ways m which an increase m cardiac output can

increase the arterial pressure. One of these is (a)

the direct effect of increased cardiac output in

increasing the pressure, and the other is (b) an

indirect effect resulting from local tissue auto-

regulation of blood flow. This second effect can be
explained a.s follows

Referring back to Chapter 20, let us recall that

lOTU smSTtXCE (9U c(t< «!

Haare 22-5. ReUtlonshIps of lOUl peripheral reilsurtce to the

ioftg term leveb of ^rterU pressure and urdlac output In different

cSnteU «bfiormintles- In these conditions, the kidrteys were ftmC-

iSonlng normally Note that the ehartges In tool peripheral tesM-

Unee caused equal atsd opposite chAnges tn auOliC ourpv* hut

fuid no effect on the Arterial pressure (Reprinted from Cuyton:

AnerUl Pressure arid Hypertension. rhlidelphU.W a Sauridets

Company. 1980.)
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Increased extracellular fluid volume

i
Increased blood volume

i
increased mean circulatory filling pressure

Increased venous return of blood to the heart

Increased cardiac output

Increased total

peripheral resistance

Increased arterial pressure

rigure 22-6. The sequenCMl &teps by which Increased extra-

cellular fluid volume Increases the artenal pressure Note espe-
cially that Increased cardiac output has both a direct effect of

Inaeasms arterial pressure and an indirect effect of Increasing the
total peripheral resistance

whenever an excess amount of blood flows through
a tissue, the local vasculature constricts and de*

creases the blood flow back toward normal. This
phenomenon is called “autoregulation,” which
means simply regulation of blood flow by the tissue

Itself. When increased blood volume increases the

cardiac output, the blood flow increases in ait the

tissues of the body, so that this autoregutation

mechanism will constrict the blood vessels all over

the body. Tliis, in turn, will also increase the total

peripheral resistance.

Finally, since arterial pressure is equal to car-

diac output times total peripheral resistance, the

secondary increase in total peripheral resistance

that results from the autoregulation mechanism
greatly increases the rise in arterial pressure.

The Very Slight Excess Fluid Volume That
Is Required to Cause Severe Chronic Eleva-
tion of the Arterial Pressure. When large quan-
tities of fluid are administered to a person acutely,

this has little effect in elevating the arterial pres-

sure. The principal reason for this is that the short-

term arterial pressure-regulating mechanisms, es-

pecially the nervous feedback mechanisms dis-

cussed in the last chapter, oppose the rise in

pressure, and the kidneys then have time to ex-

crete the excess fluid before the pressure rises

significantly.

However, when this same person is exposed to

even slightly increased extracellular fluid volume
over a period of days or weeks, the short-term

arterial pressure mechanisms—including the ner-

vous mechanisms—lose either all or most of their

ability to prevent a rise in arterial pressure after

a day or so. Simultaneously, progressive develop-
ment of autoregulation—especially of “long-term”
autoregulation that results from thickening of the
vascular musculature—multiplies the effect of car-
diac output on the artenal pressure. Combining
these two effects, quantitative analyses in animal
experiments have demonstrated that very small
increases in extracellular fluid volume can in-

crease the arterial pressure perhaps as much as
50 times in the chronic situation as they can
acutely. If the student will think about this for a
few moments, the beautiful logic of this effect will

be seen. It allows a person to change fluid volume
rather drastically for short periods of time, as
occurs after a meal, without significantly affecting

arterial pressure. Yet, over a long period of time,

it allows an extremely accurate mechanism for

arterial pressure control without necessitating tre-

mendous changes in body fluid volume. In fact, as
small as a 3 to 5 per cent change in extracellular

fluid volume that lasts for more than a few days

—

a change that is actually too small to measure
under most circumstances—can alter the arterial

pressure as much as 20 to 40 mm Hg.

ImpotiAtice of Salt In the Renal-Body Fluid

Schema for Arterial Pressure Regulation

Though the discussions thus far have empha-
sized the importance of volume in the regulation

of arterial pressure, experimental studies have
shown that an increase in salt intake is far more
likely to increase the arterial pressure than is an
increase in water intake. In fact, only under special

circumstances does an increase in water intake
have a significant effect iii elevating-the pressure.

Therefore, how does one relate salt intake to the
volume factor that is so important in the renal-
body fluid mechanism for arterial pressure control?

The answer to this is the following:

The volume of extracellular fluid is directly

related to the amount of accumulation of salt in

the body. There are tvs’o basic reasons for this:

(1) When there is excess salt in the body the

osmolality of the body fluids increases, and this in

turn stimulates the thirst center, making the person

drink extra amounts of water to dilute the extra-

cellular salt to a normal concentration. This ob-

viously increases the extracellular fluid volume.

(2) The increase in osmolality in the extracellu-

lar fluid also stimulates the hypothalamic-poste-

rior pituitary gland secretory mechanism to se-

crete increased quantities of antidiuretic hormone.

This is discussed fully in Chapter 36. The antidi-

uretic hormone in turn causes the kidneys to

reabsorb greatly increased quantities of water

from the urine before it is excreted, thus diminish-

ing the volume of urine while increasing the ex-

tracellular fluid volume.
Thus, for these two important reasons, th«»-

amount of salt that accumulates in the body i
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main determinant of the extracellular fluid vol-

ume. And, since only small increases in extracel-

lular fluid can increase the arterial pressure

greatly, the accumulation of even a small amount
of extra salt m the body can lead to considerable

elevation of the arterial pressure.

Yet, we still need to explain why drinking large

amounts of water will not also increase the extra-

cellular fluid volume and cause greatly increased

pressure. The reason for this is that an excess of

water in the extracellular fluid causes exactly

opposite effects to those of excess salt on the

secretion of antidiuretic hormone by the hypotha-

lamic-posterior pituitary secretory mechanism.
That is, it decreasp^ tbfi uprrptinn nf this tiftnnnnp

to an extremely low level. Without the untidiurctic

hormone, the renal tubular system can reabsorb

far less water than normal. Therefore, the volume
of urine becomes very great, and the excess water

IS removed from the extracellular fluid almost as

rapidly as it enters the body. This phenomenon Is

called water diuresis,' it too will be discussed fully

in Chapter 36.

Docs Salt Have Other Effects in Increasing Ar-
terial Pressure Besides Its Effect in Increasing
Extracellular Fluid Volume? Many research workers
have suggested that salt has other important effects in

increasing arterial pressure in addition to Us effect in

increasing the extracellular fluid volume One of the
most persistent suggestions is that excess salt causes
increased arteriolar resistance throughout the body,

either because of swelling of the walls of the arterioles

or because of increased contraction of the vascular

smooth muscle. Yet, in recent experiments special pro-

cedures have been used to increase the salt in the

extracciluiar fluid to very high concentrations while

using artificial means to prevent the extracellular fluid

volume from increasing In none of these expcnmenls
did the arterial pressure rise significantly. Therefore,

the conclusion is that the role of salt in artcnal pressure

control almost certainly is mediated cither entirely or

almost entirely through Its prqiensity for increasing the
extracellular fluid volume

ROLE OF THE RENiN-ANGIOTENSIN
SYSTEM AND OF ALDOSTERONE >N
LONG-TERM ARTERIAL PRESSURE
REGULATION

The Short-Term and the Long-Term Effccta
of the Renin-Angiotensin System In Pressure
Control. In the last chapter the renin-angiotensin

system was discussed as one of the important
short-term mechanisms for arterial pres.sure con-

trol. Basically, it achieves this short-term control

in the following way. When the arterial pressure
falls too low, the kidneys secrete renin; the renin

then causes the formation of angiotensin in the
blood; the angiotensin increases the total penph-

’•''eral resistance; and the increase in total peripheral

"Resistance increases the arterial pressure bade

most of the way to normal. This mechanism re-

quires about 20 minutes to become fully effective,

and it is based on the acute vasoconstrictor effects

of angiotensin.

However, in the previous section of this chapter
we pointed out that if renal function is not

changed, a change in total peripheral resistance,

though having a powerful effect in short-term
control of arterial prcMure, will not affect the long-

term arterial pressure level. Therefore, by what
mechanisms can the rcnin-angiotensin system af-

fect the long-term pressure level?

Fortunately, angiotensin also has two long-term

effects that are potently concerned with long-term

arterial pressure regulation. These arc:

(1) Angiotensin directly affects the kidneys to

cause salt and water retention in the body.

(2) Angiotensin causes the adrenal glands to

secrete aldosterone, and aldosterone in turn also

directly affects the kidneys to cause salt and water

retention.

Therefore, angiotensin can influence the renal-

body fluid mechanism for arterial pressure control

and therefore elevate the artcnal prewure by two

separate mechanisms
The Direct Effect of Angiotensin on the Kid-

neys In Causing Salt and Water Retention.

Renin is formed in the kidneys, and this renin in

turn causes moderate amounts of angiotensin also

to be formed in the kidneys even before the renin

leaves the kidneys and enters the blood. Furthe^
more, additionol angiotensin is formed by the

renin once it has entered the circulating blood,

and this angiotensin returns to the kidneys by way
of the renal arteries In the kidneys, the angioten-

sin has several important effects on renal function,

the net result of which is to cause the kidneys to

excrete far less sodium than normal. These inlra-

renal functions of angiotensin will be discus-sed in

detail in Chapters 35 and 36. For reasons discussed

earlier in this chapter, the renal retention of so-

dium causes the kidneys to excrete fur less water

as well, thus increasing the extracellular fluid

volume. This, in turn, has a long-term effect on

increasing the arterial pressure.

Stimulation of Aldosterone Secretion by An-
giotensin, and the Effect of Aldosterone in

Increasing Salt and Water Retention by the

Kidneys. Angiotensin is one of the most powerful

controllers of aldosterone secretion, as we shall

discuss in relation to body fluid regulation in

Chapter 36 and in relation to adrenal gland func-

tion in Chapter 77. Therefore, when the renin-

ongiotensin system becomes activated, the rate of

aldosterone secretion usually increases at the same
time. One of the most important functions of al-

dosterone is to cause marked increase in sodium
reabsorption by the kidney tubules, thus increas-

ing the extracellular fluid sodium. This then

causes water retention, as already explained, thus

increasing the extracellular fluid volume and lead-
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Angiotensin Levels in the Blood

(times normafj

ARTERIAL PRESSURE (min Hg|

Figure 22-7. tffect of Mo different Angiotensin levels on the

tenel output curve, showing regulAtion of the ArterUl pressure At

An 'equilibrium point" of 75 mm Hg when the Angiotensin level

is low And At 1 1 5 mm Hg when the Arrglotensm level b high

ing secondanly to still more long-term elevation

of the arterial pressure.

Both the direct effect of angiotensin on the
kidney and its effect acting through aldosterone

are important in long-term arterial pressure con*

trol. However, recent research has suggested that
the direct effect on the kidneys is perhaps two to

three times as potent as the indirect effect acting
through aldosterone—even though the indirect ef-

fect is the one most widely knowm.
Quantitative Analysis oC Arterial Pressure

Changes Caused by Angiotensin. Figure 22-7 illus-

trates a quantitative analysis of the type used m Figures
22-3 and 22-4 to analyze arterial pressure control by
the renal-body fluid mechanism. This figure shows two
separate renal output curves and also illustrates the
normal level of sodium intake. The left-hand renal

output curve is approximately that measured in dogs
whose renin-angiotensm system has been blocked by an
appropriate drug. The nght-hand curve was measured
in dogs infused continuously with angiotensin at a level

about 2 5 times the normal rate of angiotensin formation
in the blood Note the obvious shift of the renal output
curve toward higher pressure levels under the influence

of angiotensin. This shift is caused by both the direct

effect of angiotensin on the kidney and the indirect

effect acting through aldosterone secretion, as explained
above.

Finally, note the two separate equilibrium points, one
for zero angiotensin at an arterial pressure level of 75
mm Hg and one for elevated angiotensin at a pressure
level of 115 mm Hg.
Therefore, even though the vasoconstrictor effect of

angiotensin on all the nonrenal blood vessels of the body
cannot cause a long-term increase m arterial pressure,

the effects of angiotensin on renal retention of water
and salt can have a very powerful effect m causing
chronic elevation of the arterial pressure!

Role of the Renin-Anglotensin System In

M^inmfnfng a Normal Arterial Pressure
Despite Wide VAriAtlons In Salt Intake

Probably the most important function of the renin-
angiotensin system is to allow a person to eat either a
very small or a very large amount of salt without
causing great changes in either extracellular fluid vol-

ume or arterial pressure. This function is explained by
the schema in Figure 22-8 which shows that the direct

effect of increased salt intake is to increase the extra-

cellular fluid volume and this, in turn, to increase the
arterial pressure. Then, the increased arterial pressure
causes increased blood flow through the kidneys and
thereby reduces the rate of secretion of renin to a much
lower level, this leads sequentially to decreased renal

retention of salt and water, return of the extracellular

fluid volume to normal, and Anally return of the arterial

pressure also to normal. Thus, the renin angiotensin

system is an automatic feedback mechanism that helps

maintain the arterial pressure at or near the normal
level even when the salt intake is increased. When the

salt intake is decreased far below normal, exactly the

opposite effects take place.

To emphasize the importance of this effect of the renm-
angiotensm system, the artenal pressure rises no more
than a few millimeters of Hg in response to greatly

increased salt intake when the system functions nor-

mally. but, when it fails to function, the pressure rise is

about ten times as great, sometimes rising 50 to 60 mm
Hg.
Graphical Analysis of the Combined Role of So-

dium Intake and of the Renin-Angiotensin System
in Arterial Pressure Control—The "Sodium-Pres-
sure Relationship." Figure 22-9 presents a graphical

analysis of the automatic remn-angiotensin feedback

mechanism for control of artenal pressure It shows four

separate levels of salt intake, as illustrated by tlie four

separate horizontal lines. To the right of each line is

Increased salt Intake

'

Increased extracellular volume

I f
„

Increased arterial pressure

I .

Decreased renin and angiotensin

1

Decreased renal retention of sail and water

Return ol extracellular volume to normal

Return of arterial pressure to normal

Figure 22—8. The sequentUi events by which incfcased salt

Intake tends to Increase the afterial pressure. However, the
schema also shows a feedback deaease In activity of the tenin-

an^tensln system that tends to return the arterial pressure back
to the normal level
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f//ecf 0/ AngWension on Cutyos

(Vmez normal)

ARTERIAL PRESSURE (mm Kg)

njure 22-9, The effect of diffeieni levels of saI( tni^fce on the
*rteriJ pressure The lighter curves are rersal output curves. The
very dark curve Is the pressure-sodium relatfortship for a person
with normal kidneys See text for explanatlort

sho\vn the approximate level of circulating angiotensin

that one Ends in the blood at each of these »a)t intake
levels Note that at very low salt intake, only one fifth

the normal level, which tends to decrease both the
extracellular fluid volume and the artcnal pressure, the
concentration of angiotensin in the blood increases to
about 2 5 times normal On the other hand, when the
sodium intake is SO times greater, the level of eirculat*
ing angiotensin becomes essentially zero

Now, observe the four separate renal output curves
(the black curves) These arc the ren.nl output curves
caused by the four different levels of angiotensin that
occur respectively at the different levels of sail intake
Thun, when the level of angiotensin m the blood h high,

the renal output curve to the right depicts the relation-

ship betw een artenol preanun? and sodium output Con-
vetsely. the ewewlatvng level ef avigtetewsin w
zero, the far left renal output curve depicts the relation-

ship between artenai pressure and sodium output
Now, finally, match the appropnote levels of sodium

intake with the appropnate renal output curves at the
different levels of angiotensin and determine the equi-

librium points for these four separate pairs of intake
and output curves These equilibrium points are illus-

trated by the very heavy points on the graph
As a final maneuver, draw a heavy line connecting

the four separate equilibrium points, as is illustrated in
the figure This line represents the relationship between
long-term sodium intake and long-term level of artenai
pressure, called the sodium pressurt relationship or the
pressure-sodium relationship Note that despite an ap-
proximate fifty-fold change m sodium intake, as depicted

in the figure, the arterial pressure change is only 4 mm
Hg These are the results that have been observed in
animals when the sodium intokc has been changed as
much as fiflyfold Furthermore, the same expenment
performed m humans has shown that changing the

' . sodium intake from l/15th normal to 10 times normal

—

total range of 150-fold—changes tho arterial pressure
^nly about 17 mm Hg

However, another word of caution! This relationship

between u^ium intake and the long-term arterial pres-

sure level holds true only as long as both the kidneys

ond the renin-angiotensin system function normally.

We shfill see later in the chapter that abnormal function

of either of these two mechanisms can lead to extreme

increases in arterial pressure when the sodium intake

IS mcrenacd

HYPERTENSION
(HIGH BLOOD PRESSURE)

When a person is said to have hypertension (or "high

blood pressure"), it is generally meant that his or her

Rican artenai pressure is greater than the upper range

of accepted normality Usually, a mean arterial pressure

of greater than 110 mm Hg under resting conditions is

considered to be hypertensive, this level normally occurs

when the diastolic blood pressure is greater than 90 nun

Hg ond the systolic pressure greater than about 135 to

140 mm Hg In severe hypertension, the mean arWnal

pressure often rises to as high as 150 to 170 mm Hg.

with diastolic pres.surcs as high ns 130 to 150 mm Hg
ond systolic arterial pressures sometimes as great as

250 mm Hg

The B»iic Causei of Hypertension

Now that we have discussed the principles of long-

term arterial pressure regulation, we can call on these

pnnciplcs to discuss the mechanisms by which a person

can develop hypertension Experiments In both animals

ond hum.in beings have demonstrated that hypertension

rarely occurs except when the renal ftinclion curve

becomes abnormal and is shifted to higher pressur*

levels That is. if a greater than normal pressure is

required to cause the kidneys to excrete salt and water,

then the long-term mechanisms for raising the pressure

will become progressively more active until the pressure

rises to the high level that is required to make the

kidneys excrete normally. This can come about cither

as a result of salt and water retention, or activation of

vascular constrictor mechanisms, or both of these

Therefore, for purposes of discussion, hypertension enn

be classified into two extreme types (but mth many
gradations between the two)

(ll V«»fwm«-/oading hypertension, and

(2) Vosoconvtricfor hypertension

VOLUME-IOADINC HYPERTENSION

Volume-loading hypertension occurs when excess ex-

tracellular fluid volume accumulates in the body—that

IS, If all other functions of the circulation are normal

Let US discuss a typical volume-loading type of hyper*

tension

Experimental Volume-Loading Hypertension
Caused by Reduced Renal Mass Along with Simul-

taneous Increase in Salt Intake. Figure 22-10 illus-

trates a typical expenment showing volume-loading

hypertension in a group of dogs with 70 per cent of the

renal mass removed At the first circled point on the

curve, the two poles ofoneofthe kidneys were removed,

and at the second circled point the entire opposite kidney
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Figure 22-10, LfTect on drterUt pressure

of dnnklng 09 per cent s^ir\e solution Irt-

stead of water In four doss with 70 per

cent of their ret»l nssue removed (From

Lansston. Guyton. Dousl^- Dorsett

C/rc. Res.. 12 508. 1963 By permission of

The American Heart Assodatioa Inc.)

was removed, leaving the animals with only 20 per cent

of the normal renal mass. Note that removal of this

amount of mass increased the arterial pressure an av-

erage of only 6 mm Hg Then, the dogs were required

to ^ink salt solution instead of normal drinking water
Because salt solution fails to quench the thirst, the dogs
drank two to four times the normal amoiuita of volume,
and within a few days their average artenal pressure

rose to a mu^ higher level, about 40 mm Hg above

normal. After two weeks the dogs were allowed to dnnk
tap water again instead of salt solution; the pressure

returned to normal within two days. Finally, at the end
of the experiment, the dogs were required to drink salt

solution again, and this time the pressure rose much
more rapidly to an even higher level because the dogs

had already learned to tolerate the salt solution and
therefore drank much more. Thus, this expenraent dem-
onstrates volume-loading hypertension.

The Sequential Effects in the Development of
Volume-Loading Hypertension. It is especially in-

structive to study the sequential changes m circulatory

function during the progressive development ofvolume-

loading hypertension Figure 22-11 illustrates these

sequential changes. A week or so prior to the point

labeled “0” days, the kidney mass had already been
decreased to only 30 per cent of normal. Then at this

point, the intake of salt and water was increased to

about six times normal. The acute effect was to increase

the extracellular fluid volume, the blood volume, and
the cardiac output to 20 to 40 per cent above normal.

Simultaneously, the artenal pressure began to rise as

well, but not nearly so much at first as did the fluid

volumes and cardiac output. The reason for this can be
discerned by studying toe total penpheral resistance

curve, which shows an imtial decrease in total peripheral

resistance. This decrease was caused by the baroreceptor

mechanism, discussed in the previous chapter, which
tned to prevent the rise in pressure However, after

three to four days, the baroreceptors adapted (reset) and
no longer opposed the nse in pressure. By this time, the

artenal pressure had nsen almost to its full hei^t
because of toe early increase m cardiac output, even
though toe total peripheral resistance was still ^most
at the normal level.

After these early acute changes in the circulatory
variables had occurred, more prolonged secondary
changes occurred dunng the next few days and weeks.
Especially important was the progressive increase in
total peripheral resistance, while at the same time the
cardiac output decreased almost all the way back to
normal. Multiple experiments have now shown that
these changes were almost certainly caused mainly by
the long-term autoregulation mechanism that waa dis-

DATS
Ilguie 22-11. Pfogresslve changes In Important circulatory

^tem variables during the first few weeks of volume-loAdlng
hypertension. Note especially the Initial rise in cardiac output as
the bask cause of the hypertension. Subsequently, the auto-
regulation mechanism returns the cardiac output almost to normal
vrtule at the same time causing a seeonday increase in rota/
penpher,)/ resistance. (Modified from Guyton: Arterial Pressure
and Hjpertensioa Philadelphia. W. B Saunders Compariy. 1980)
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cussed in Chapter 20 and also earlier in this chapter in

relation to long-term arterial pressure regulation. That
is, alter the cardiac output had risen to a high level and
had caus^ hj-pertension to develop, the excess blood

flow through the tissues then causW progressive con-

striction of the local arterioles, thus returning the car-

diac output almost all the way back to normal but
simultaneously causing a secendary increase in Mai
peripheral resistance.

Note also that the extracellular fluid volume and blood

volume returned almost all the way back to normal
along with the decrease in cardiac output. This result^
from two factors' First, the increase m arteriolar resis-

tance decreased the capillary pressure, which allowed
the fluid in the tissue spaces to be absorbed back into

the blood Second, the elevated arterial pressure now
caused the kidneys to excrete the excess volume of fluid

that had initially accumulated in the body
Finally, let us take stock of the hnal state of the

nrculation several weeks after the initial onset of vol-

ume loading We find the following effecta:

(1) Hypertension,

(2) Marked increase in total peripheral resistance, and
(3) /ITmost complete return of the extracellular fluid

Lolurne, blood w/ume, and cardiac output back to nor-
mol
Therefore, w e can divide volume-loading hypertension

into two separate sequential stages

The first stage m v olume-loading hypertension results

from increased fluid volumes and increased cardiac out-

put It IS this increase in cardiac output that causes the
hypertension

The second stage in volume-loading hypertension is

charactenzed by high blood pressure and high total

peripheral resistance but return of the cardiac output

80 near to noma! that the usual measuring techniques

most frequently cannot detect an abnormally elevated

output

It should be especially noted that the increased total

peripheral resisOincf in volume-loading hypertension oc-

curs after the hypertension has developed and therefore

is secondary to the hypertension rather than being the

cause of the hypertension

Importance of Autoregulation in Maintaining
Normal Cardiac Output in Hypertension and in
Increasing the Total Peripheral Resistance—But
Not in Controlling the Arterial Pressure. In the

above example of volume-loading hypertension, almost

all the rise in orterial pressure had already occurred

before the secondary increase in total peripheral resis-

tance took place as a result of the autoregulation meeb-
onism Furthermore, even if the autoregulation mecha-
nism had not increased the total peripheral resistance

at all, the arterial pressure still would have risen to the
same high pressure level The reason for this is simply
that the pressure level is determined by the equilibrium
point between the renal output curve and the intake
level of salt and water And the renal-body fluid mech-
anism will continue to increase the cardiac output to

whatever level is required to reach the pressure level of
the equilibrium point. If the total penpheral resistance

increases, so much the better; under these conditions

less incTea.se in cardiac output is required.

Therefore, it is clear that autoregulation is not a
requirement for increasing the arterial pressure. On the
fether hand, it plays an extremely important rote in

returning the cardiac output back to normal once the

hypertension has developed (or even while the hyperten-

sion IS developing). Also it is almost certainly the cause

of the very great increase m total penpheral resistance

that occurs in many types of hypertension when no

specific factor can be found that directly constricts the

blood vessels.

Vo/unie>£oarfin5 Hypertension In Patients

Who Have No Kidneys But Are Being
Maintained on an ArtlfJcJal Kidney

When a patient is maintained on an artificial kidney,

it is especially important to keep the body fluid volume
at a normal level—that is, to remove the appropriate

amount of water and salt each time the patient is

dialyzed. If this is not done and the extracellular fluid

volume IS allowed to increase, hypertension will develop

in almost exactly the same way as that illustrated in

Figure 22-11 That is, the cardiac output increases at

first and causes hypertension Then the autoregulation

mechanism returns the cardiac output back toward

normal while causing a secondary increase m total

penpheral resistance

Hypertension Caused by Pdmaty
Aldosteronism

Another type of volume-loading hypertension u
caused by excess aldosterone in the body or occasionally

by excesses of other types of steroids A small tumor In

one of the adrenal glands occasionally secretes very

large quantities of aldosterone, which is the condition

called ‘primary aldosteronism " As will be discussed in

Chapter 35, the aldosterone increases the rate of reab-

sorption of salt and water by the tubules of the kidneys,

thereby reducing the loss of these in the unne but

causing an increase m the extracellular fluid volume
Consequently, mild to moderate hypertension occurs,

and when salt intake is increased at the same time, the

hypertension becomes greater. Furthermore, if the con-

dition persists for months or years, the excess aldoster-

one seems to cause pathological changes in the kidneys
(bat make the kidneys then retain still more salt and
water in addition to that caused by the aldosterone.

Therefore, the hypertension can finally become very

severe

Here ogam, in the early stages of this type of hyper-

tension, the cardiac output is increased, but m the later

stages the cardiac output generally returns almost en-

tirely to normal whereas the total peripheral resistance

becomes aecondarily elevated

VASOCONSTRICTOR HYPtRTZNSION

A second type of hypertension that shows sharp con-

trasts to the volume-loading type is that caused by
continuous infusion of a vasoconstrictor agent into the

dilution or D> excessive secretion of a vasoconstrictor

by one of the endocrine glands. The vasoconstrictors

that ore especially prone to cause hypertension are (1)

angiotensin, (2) norepinephrine, and (3) cpincpllrine.
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DAYS

figure 22-12. Effect oftfgiotensln infusion i race of 10 ng/

kgfmlnute (approximately six times the normal rate of artgiotertsin

formation In the body], illustrating marked Increases in total

penpheral resistance and arterial pressure, marked deaease tn

cardiac output, and a slight decrease In blood volume (Drawn
from data obtained In expenmencs in dogs by D Young and A.

Cowley

)

Hyperterrslon Caused by Condnuous
Inluslott of Anglotenslrt 11 or Secretion by

a Renln-Secredng Tumor

Figure 22-12 illustrates typical development of vaso-

constnctor hypertension caused by infusing angiotensin

II at a rate approximately six times the rate of normal

angiotensin formation in the body Note especially the

marked increases m both total penpheral resistance and

arterial pressure but, conversely, a slight decrease in

blood volume and a considerable decrease in cardiac

output.

All the effects illustrated m Figure 22-12 can be

explained by the basic pnnciples of blood pressure reg-

ulation that were presented earlier in the chapter

The increosc in total penpheral resistance obviously

results from the very potent effect of angiotensin II in

constncting the arterioles. It has usually been stated

that it is this increase m total penpheral resistance that

causes the hypertension However, we shall see in the

discussion below that it is the effect of the angiotensin

U on kidney excretion of salt and water that is cntical

m the maintenance of the long-term hypertension.

The slight decrease in blo^ volume is caused tqr a
very interesting interplay between the increase in total

penpheral resistance and the effect of angiotensin II on
the kidneys. The increase in total penpheral resistance

has an immediate effect of increasing the arterial pres-

sure. On the other hand, the effect of angiotensin on the
kidneys is to shift the renal output curve toward a
higher pressure level. If the rise in artenal pressure

caused by the increase in total peripheral resistance is

greater than the shift in the renal output curve, then
the initial rise in pressure cannot be sustained by the
shift in the kidney output curve. Therefore, this excess

pressure causes pressure diuresis and natnoresis, thus
causing loss of fluid from the body and decreasing the

blood volume slightly. In addition, part of the decrease

m blood volume also results from a mild constnctor

effect that angiotensin II exerts on the veins.

'

The decrease in cardiac output results almost entirely

from the intense arteriolar constriction. In the following

chapter we shall discuss the regulation ofcardiac output,

and we will see that an increase in the resistance to

peripheral blood flow has a potent effect on decreasing

venous return to the heart, which, in turn, causes the

decreased cardiac output because the heart automati-

cally adjusts the cardiac output to equal the venous
return.

Thus, It is clear from Figure 22-12 that the hyperten-

sion caused by angiotension-ioduced vasoconstriction is,

like volume-loading hypertension, a high resistance type

of hypertension However, there are subtle differences.

In volume-loading hypertension, the total peripheral

resistance is not increased quite as much as the increase

in pressure, and the cardiac output is slightly above
normal. On the other hand, in vasoconstrictor hyperten-

sion. the total penpheral resistance is increased some-

whatm excess of the increase m artenal pressure, while

the cardiac output is decreased to below normal.
Vasoconstrictor Hypertension Caused I>y a Pheo-

chromocytoma. Another type of vasoconstnctor hyper-

tension is that caused by a tumor called-a pheoehromo^
cytoma, which is a tumor of the adrenal medulla that

secretes large amounts of epmenhnne and noreotnenh -

rine Essentially Uie same type of vawconstriction occurs

aTthat in angiotensin hypertension, the total penpheral
Tesvstance rises very ViigVi, and \ha blood voiiime and
cardiac output are likely to be low (except when the

epinephrine stimulates the body metabolism so much
that it sometimes elevates the cardiac output for this

reason).

Role of the Renal-Body Fluid Pressure Control

Mechanism in Detennlning the Long-Term Arterial

Pressure Level in Vasoconstrictor Hypertension.
Let us for a moment suppose that angiotensin were
infused into a person at a rate high enough to cause a

very large increase in total penpheral resistance and
therefore also cause an acute nse in artenal pressure.

Let us further suppose that the angiotensin had no effect

at all on the renal output curve—that is, the angiotensin

did not in any way affect the normal capability of the

kidneys to excrete salt and water. In such a thcorctlul

wstance as this, the initial marked nse in arterial

pressure would cause very intense pressure diuresis and

pressure natriuresis. Consequently, the blood volume

would decrease rapidly and the arterial pressure even-

tually return to normal, because it is only at a normal

artenal pressure that urinary output would come into

balance with the salt and water intake. Therefore, the

increase in total penpheral resistance could not sustam

a long-term increase in arterial pressure. I^tead, te

sustain the increased pressure, it is essential that the



268 The ClrtuUtlon

kidney output cur%-e be shifted to a high pressure level.

Thus, strange m it may seem, even in the vasoconstric-

tor type of hypertension it is the effect of the vaso-

constrictor on kidney output of salt and water that

detcnnincs the arterial pressure level at which the

hypertension stabilizes If the student understands this

concept, it w ill help tremendously in understanding both

blood pressure regulation and the different clinical hy-

pertensive conditions

TYPIS OF HYPlRTlNStOS WFTH
BOTH VOlUMl-lOADING AND
VASOCONSTSICTOR COMPONINTS

We shall see in subsequent discussions in this chapter

that most clinical types of hypertension are rarely of

the pure volume-loading type or the pure vasoconstrictor

type but instead exhibit various combinations of both of

these. Some of these are the following'

Coldblatt Hypertenshn

“One-Kidney” Goldblatt Hypertension. When one
kidney is removed and a constrictor is placed on the

renal artery of the remaining kidney, as illustrated in

Figure 22~13, the initial effect is greatly reduced renal
arterial pressure, shown by the dashed curve in the

fiffure However, within a few minutes the systemic

arterial pressure begins to rise and continues to nse for

several days The pressure usually rises rapidly for the

first hour or ao and this is then followed by a slower rise

over a penod of several days to a much higher pressure

level When the systemic arterial pressure reaches its

new stable pressure level, the renal artenal pressure
will have returned almost alt the way hack to normal
The hy'pertension produced m this way is called “one-

ktdney" CoUlblalt hypertension in honor of Dr Horry
Goldblatt, who first studied the important quantitative

features of hypertension caused by renal artery constric-

tion

The early nse in artenal pressure m Goldblatt hyper-
tension IS caused by the rcnin-ongiotcnsm mechanism
Because of the poor blood (low through the kidney after

acute application of the constrictor, large quantities of

rtnin arc secreted by the kidneys, ns illustrated by the
lowermost curve m Figure 20-13, and this causes an-
giotensin to be formed in the blood, as described in the
previous chapter; the angiotensin in turn raises the
artenal pressure acutely Howeser, the secretion of
renin rises to a peak in a few hours but returns all the
way back to normal within five to seven days because
the renal artenal pressure by that lime has also nsen
back to normal so that the kidney is no longer ischemic.

The second n«e In artenal pres-suro is caused by fluid

retention, within five to seven days the fluid volume has
increased enough to raise the artenal pressure to its

new sustained level The quantitative value of this
sustained pressure level is determined by the degree of
constnrtion of the renal artery That is, the aortic
pressure must now nse to a much higher than normal
level in order to make the renal artenal pressure distal

to the constnetor nsc high enough to cause normal
unnary output

. Note especially that one-kidney Goldblatt hyperten-
sion has two phases The first phase (s a va.«ocon8trietor

^•pe of hypertension caused by angiotensin, but Una la

only transient. The second stage is a volume-loading

type of hypertension However, it Is often very difficult

to tell that this second stage is true volume-loading

hypertension because neither the blood volume nor the

ca^iac output are significantly elevated Instead, the

total peripheral resistance is increased. To understand

this, recall that in pure volume-loading hypertension

blood volume and cardiac output are elevated only the

first few days during the onset; but after the first few

days, volume-loading hypertension is a high resistance

hypertension exactly as seen in the second stage of one-

kidney Goldblatt hypertension. And the transient in-

creases in blood volume and cardiac output that are

normally seen in pure volume-loading hypertension are

obscured by the angiotension vasoconstriction that oc-

curs in Goldblatt hypertension during these early days.

"Two-Kldney” Coldblatt Hypertension. Hyperten-

sion also often results when the artery to one kidney is

constricted while the artery to the other kidney is still

normal This hypertension results from the following

mechanism- The constricted kidney retains salt and

water because of decreased renal arterial pressure in

this kidney. Also, the “normar' kidney retains salt and

water because of renin produced by the ischemic kidney.

This renin causes the formation of angiotensin, which

circulates to the opposite kidney to cause it also to retain

removed Note the changes tn sysiemk arterial pressure, renal

arttry pressure ctlsral lo the clamp and rate of rerun secretion

The lestdflng h^senenslon 1$ called "one Wldney Coldbtatt hyper-

tension.”
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sodium and water. Thus, both kidneys, but for difTerent

reasons, become sodium and water retainers. Conse-

quently, hypertension develops. Furthermore, the exces-

sive secretion of renin by the ischemic kidney never

ceases, because the “normal” kidney will not retain quite

enough salt and water to allow the arterial pressure to

rise high enough ever to return the blood flow to the

ischemic kidney entirely to normal.

Hypertension Caused by Diseased Kidneys That
Secrete Renin Chronically. Often patchy areas of one
or both kidneys are diseased and ischemic while other

areas of the Iddneys are normal. When this occurs, the

almost identical effects occur as in the two-kidney type

of Goldblatt hypertension. That is, the patchy ischemic

kidney tissue secretes renin, and this in turn, acting

through the formation of angiotensin II, causes the

remaining kidney mass also to retain salt and water
Indeed, one of the most common causes of renal hyper-

tension is such patchy ischemic kidney disease.

Hypertension In Toxemia of Pregnancy

During pregnancy many patients develop hyperten-

sion, which is one of the manifestations of the syndrome
called toxemia of pregnancy. The pathological abnor-

mality that causes this hypertension is believed to be
thickening of the glomerular membranes, which reduces

the rate ot nuid nitration trom the glomeruli into the

renal tubules For obvious reasons, the pressure level of

the renal output curve is elevated, and the long-term

level of artenal pressure becomes correspondingly ele-

vated, These patients are especially prone to hyperten-

sion when they eat large quantities of salt

Neurogenic //yperfens/on

Acute hypertension can be caused by strong stimula-

tion of the sympalhettc nervous system For instance,

when a person becomes excited for any reason or at

times during states of anxiety, the sympathetic system

becomes excessively stimulated and acute hypertension

ensues.

Acute Neurogenic Hypertension Caused by Sec-

tioning the Baroreceptor Nerves. Another type of

acute neurogenic hypertension occurs when the nerves

leading from the baroreceptors are cut or when the

tractus solitanus is destroyed in each side of the medulla

oblongata (these are the areas where the nerves from

the baroreceptors connect in the brain stem) The sudden

cessation ofnormal nerve signals from the baroreceptors

has the same effect on the nervous pressure control

mechanisms as a sudden reduction of the arterial pres-

sure in the aorta and in the carotid arteries. That is,

the vasomotor center suddenly becomes extremely active

and the mean arterial pressure rises from 100 mm Hg
to as high as 160 mm Hg. However, the pressure returns

to normal within two to three days because the respoi^
of the vasomotor center to the absent baroreceptor sig-

nals fades away, which is called central “resetting” of

the baroreceptor pressure control mechanism. Therefore,

the neurogenic hypertension caused by sectioning the

baroreceptor nerves is only an acute type of hjT>erlen-

sion, not a chronic type.

Possible Neurogenic Mechanisms in Chronic Hy-
pertension. Despite the well-documented specific

stances of acute hypertension caused by neurogenic

medianisms, it has been difficult to prove that abnor-

malities of the nervous system can cause chronic hyper-
tension. Nevertheless, most clinicians have the “clinical

impression” that prolonged nervous tension can main-
tain prolonged increase in sympathetic stimulation of

the blood vessels and kidneys and therefore can lead to

chronic elevation of the arterial pressure.

However, probably more likely as a neurogenic mech-
amsm of chronic hypertension is the following: Fre-

quently, the sympathetic nervous system becomes ex-

tremely activated for short periods of time. During such

penods, renal blood flow is often decreased to extremely

low levels because of severe renal vascular vasoconstric-

tion Recent experiments have demonstrated that infus-

ing norepinephrine, the sympathetic transmitter sub-

stance, directly into the renal artenes can cause

permanent damage to the kidneys that can possibly lead

to a prolonged renal type of hypertension Thus, it is

possible that episodes of extreme sympathetic activity,

which are likely to occur m anyone's life, could under
appropriate conditions lead to yenal organic changes
that could be the basis for penn^ent hypertension.

Spontaneous Hypertension
In Lower Animals

Spontaneous, hereditary hypertension has been ob-

served in a number of different strains of lower animals,

including four different strains of rats, at least one
strain of rabbits, and at least one strain of dogs. In the

strain of rats that has been studied to the greatest

extent, the Okamoto strain, there is evidence that m
the early development of hypertension the sympathetic

nervous system is considerably more active than in

normal rats However, m the late stages of this type of

hypertension, structural changes have been obser%’ed in

the nephrons of the kidneys Therefore, these structure

changes could easily be the basis for the long-term
continuance of the hypertension. In two other strains of
hypertensive rats, changes m renal function also have
been observed.

‘^S^CNTIAL mPCRTWSION

Approximately 90 per cent of all persons who have
hypertension are said to have “essential hypertension.”

TTus term means simply that the hypertension U of
unknown origin. However, in most patients with essen-
tial hypertension, there is a very strong hereditary
tendency, the same as occurs m strains of hypertensive
lower animals.

Some of the charactenstica of severe essential hyper-
tension are the following:

(1) The mean artenal pressure is increased about 40
to 50 per cent.

—~.

(2) The renal blood flow in the later stages is decreased
to about onc-half normal.

(3) The resistance to^blood flow through the kidneya
is increased three- to four-fold.

(4) Despite the great decrease in renal blood flow, the
glomerular filtration rate is often very near normal. The
reason for this is that the high artenal pressure still

causes adequate filtration of fluid through the glomeruli
into the renal tubules.

(5)

The cardiac outpuua approximately normal.
(6) The total penpheral resistance is inwased about



270 The Orculitlon

tRTEPUL PtmUPE (mitiHgl

11- U. Anil^S q( *r«fU pteuute {CguUtlart In "cyan

saK ifrruUlvc ‘ MsentUt hyprnemion and ‘Mlt senMih.«' etscnrM
hypertension Explained In the text (From Guyton ct «l- Annu
Rev Med. IS. 1980)

40 lo 60 pcT tcni. tiboul Ibe satne amount that the

arterial pressure is increased

And, hnatly, the most important finding of all in

persons with essential hypertension is the fotlowing-

(7) TTte kidney? will not escretc adequate amounts o.f_

Balt and water unu'»a uto c_ncrlal pressure is litgh In
Other woroa, ii tKe mean ortcrinl pressure m the ^s^h* «

tlal hypertensive person is ISO mm Ilg. reduction of the ^ ^
arterial pressure artificially to the normal value of 100

mm Hg (but without otherwise altering renal function

except for the decreased prcaiure) will cause almost

total anuria, and the person will retain salt and water

until the pressure nscs back to the elevated value of

150 ram Hg
The exact reason for this failure of the kidneys of

essential hypertensive persons to excrete salt and water
at normal pressure levels is unknown However, because

of very significant vascular changes in the kidneys, as

previously noted, one cah surmise that decreased renal

blood (low 13 the cause of this

Graphical Analysis of Arterial Pressure Control
in Essential Hypertension. Figure 22-14 is a graphi-

cal analysis of essential hypertension The curves ofthm
figure are not the same renal output curves that have
been used m the early figures of this chapter. Instead,

these curves are the sodium-pressure relationship that

was shown for the normal kidneys by the heavy curve
in Figure 22-9. The reason for using this relationship

rather than the renal output curve is the foilow-ing: It

is very easy to determine the sodium-pressure relation-

ship by simply increasing the level of sodium intake lo

a new level every few days and recording the changes
in arterial pressure When this procedure is employed
in essential hypertenaive patients, the two curves to the

right m Figure 22-14 are recorded in two difierent

groups of essentia! hypertensive patients, one called (ll

nonsalt-sensitive patients, and the other (2) $all-unsl-

twe. Note in both instances that the sodium-pressure

relationship ts shifted to a much higher pressure level

than this relationship for normal persons. Now, let US
plot on this same graph (a) a normal level of salt intake,

and (b) a high level of salt intake representing 3 5 times
jthe normal intake In the case of the person with

^
nonsalt-sensitive essential hypertension, the arterial

pressure docs not increase significantly when changing

from normal salt intake to high salt intake On the

other hand, in those patients who have salt-sensitive

essential hypertension, the high salt intake further

exacerbates the hypertension. The reason for the differ-

ence between nonsalt-sensitive essential hypertension

and salt-sensitive hypertension is presumably structural

or functional differences in the kidneys of these two

types of hypertensive patients.

IWatmcnt of Essential Hypertension. Essential

hypertension generally can be treated by two different

types of drugs' ill drugs that wilt Increase renal blood

flow, or (2> drugs that decrease tubular reabsorption of

salt and water.

Those drugs that will increase renal blood flow ore

the various ituodilalar drvgs. Different ones act In one

of the following three ways' (a) by inhibiting sympa-
thetic nervous signals to the kidneys or blocking the

action of the sympathetic transmitter substance on the

renal vn.sculnture, (bi by directly paralyzing the smooth
muscle of the renal vasculsturv, or (c) by blocking the

action of the rcnm-ongiotensin system on the renal

vasculature

Those drugs that reduce reobsoTption ofsalt and water

by the tubules include especially drugs that block active

transport ofsodium through the tubular wall, this block-

age In turn also prevents the rcabsorption of water as

well. 88 was explained earlier in the chapter. Such drugs

arc called natnurrtKHndiurtUes, they will be discussed

in greater detail in Chapter 3S

uncTS or HYrmnNSioN on thc body

Hypertension eon^ very damaging because of two

pnmary effects (ITincreased work load on the heart

and (2i.dainogc to thc*Hne rinftl
'n'inK'h cs bytlie exces-

sive pressure.

EHects of IncrcBseiJ Work Load on the Heart.

Cardiac muscle, Uk« skeletal muscle, hypertrophies

when its v^-ork load increases In hypertension, the very

high pressure against which the left ventricle must beat

causes it to increase in weight as much as two- to

threefold. This increase is not accompanied by quite as

much increase In coronary blood supply as there is

increase in muscle tissue itself, 'nicrefore. rtlalii'e is-

chemia of the left ventricle develops as the hypertension

becomes more and more severe. In the late stages of

hypertension, this can become rerious enough that the

person develops angina pectoris Also, the very high

pressure m thc coronary arteries causes rapid develop-

ment of coronary arteriosclerosis so that hypertensive

patients tend to die ofeoronary occlusion at much earlier

ages than do normal persons

Effects of the High Pressure In the Arteries. High
pressure in the arteries not only causes coronary scle-

rosis but also sclerosis of blood vessels throughout all

the remainder of the body. The arteriosclerosis process

causes blood clots to develop in the vessels and also

causes the blood vessels to become weakened. Therefore

these Vessels frequently thrombose, or they rupture and

bleed severely. In either case, marked damage can occur

In organs throughout the body. The two mast important

types of damage that occur in hypertension are

(1) Cerebral hemorrhage, which means bleeding of a

cerebral vessel with resultant destruction of local areas

of brain tissue, and
(2) Hemorrhage of renal vessels inside the kidneys,

which destroys large areas of the kidneys and therefore



22 ArtetlJU Pressure Resulatlon: U. Long-Term Control 27/

figure 2Z~i5. The reilna o( a person with mallsrunt hypencn-
slon. Ulusttailng edema of the optic disc, spasm df the arterioles,

dark areas of retlrul hemorrhages and light areas of protein

exudate.

causes progressive deterioration of the kidneys and
further exacerbation of the hypertension.

To illustrate the damaging effects of hypertension on
the small vessels of the microcirculation. Figure 22-15
shows the retina of a person with very severe hyperten*

Sion called malignant hiperUnsusn This figure shows
edema of the optic disc, spasm of the artenoles, dark
areas in the rctnmtHaC are the result of hemorrhages
from the small arteries, and very light areas m the

retina that represent protein that has exuded out of the

blood vessels into the surrounding tissues.
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conditions asmyocardjal infarction, valvular heart

disease, myocamitisrand cong^iiai h^rt abnor*

malities can all reduce the pumping ellectiveness

ofTEiTieart. In these instances, the permissive

level for heart pumping may fall below 6 liters per

minute, indeed for a few hours even as low aa 2 to

3 liters per minute. When this happens, the heart

becomes unable to cope with the amount of blood

that is attempting to flow into the right atrium

from the peripheral circulation. Therefore, the

heart is said to fail, meaning simply that it fails

to pump the amount of blood that is demanded of

it. Under these conditions, the heart becomes the

limiting factor m cardiac output control. However,
this 13 not the normal state We shall discuss

cardiac failure in Chapter 26.

ROLE or TOTAL PERIPHERAL RESISTASCE IN
DETERMINING NORMAL VENOUS RETURN
AND CARDIAC OUTPUT

Let us recall Ohm’s law for calculating blood

flow through blood vessels that was presented in

Chapter 18:

Input pressure - Output pressure

Resistance

Now If we apply this to blood flow through the

systemic circulation, we can determine venous
return

Venous return

Arterial pressure - Right atrial pressure

Total peripheral resistance

And since the right atrial pressure remains very
nearly zero, this formula becomes.

Venous return =
Total penpheral resistance

Therefore, the amount of blood that flows into the
heart each minute (venous return) and that is

pumped each minute (cardiac output) is deter-

mined by two prime factors (1) the larterlat pres-
sure, and (2) the total penpheral resistance. When
the arterial pressure remains normal, aa it usually
does, venous return and cardiac output are them
inversely proportional to the total peripheral reJ.

sistance. To state this still another way, every
time a penpheral blood vessel dilates, the venous
return and cardiac output increase Furthennore,
the more vessels that dilate, the greater the car-
diac output becomes.

Cardiac Output Regulation as the Sum of
the Local Blood Flow Regulations 'niroughdut
the Body. As long as the arterial pressure remains

• h1, each local tissue in the body can control

'

own blood flow by simply dilating or constnet-

„ Its local blood vessels This mechanism, which

was discussed in detail in Chapter 20, is the means
by which each tissue protects its own nutrient

supply, controlling the blood flow in response to

its own needs.

Therefore, since the venous return to the heart

is the sum of all the local blood flows through all

the individual tissues of the body, the local blood

flow regulatory mechanisms in the peripheral cir-

culation are the true controllers of cardiac output

under normal conditions. This is an automatic

metdianism that allows the heart to respond in-

stantaneously to the needs of each individual tis-

sue. Ifsomc tissues need extra blood flow and their

local blood vessels dilate, the venous return in-

creases automatically, and the cardiac output in-

creases by on equivalent amount. If all the tissues

throughout the body require increased blood flow

at the same time, the venous return becomes very

great, and the cardiac output increases accord-

ingly.

Thus, the whole theory of normal cardiac output

regulation is that the tissues control the output in

accordance with their needs Again, it must be

stated that it is not the heart that 'controls the

cardiac output und^r normal conditions; -instead,

the heart plays a' permissive role thSt allows the

tissues to do the controlling. The heart does this

by maintaining a permissive pumping capacity

that is somewhat above the actual Venous return—
that is, except when the heart fails.

Effect of Local Tissue Metabolism on Car*

dlac Output Regulation, and Importance of

Simultaneous Arterial Pressure Regulation.
The most important factor that controls the local

blood flows in the individual tissues is the meta-

bolic rates of the rospeetive tissues. Therefore,

venous return and cardiac output are normally
controlled in relation to the level of metabolism of

the body. This effect was illustrated in Figure 23-

1. which showed that the cardiac output increases

dvtartly ralalian to work output during exercise

and that the cardiac output increases parallel to

the increase in oxygen consumption, which ja a

measure of the rate of metabolism

sure be maintained at a normal level if changes
in metabolism are to regulate cardiac output This

is illustrated in Figure 23-3, which shows changes

in cardiac output in responro to an approximately
five-fold increase in tissue metabolism in a dog.

The increase in metabolism was caused by the

toxic substance dinitrophenol. which causes the

metaboTTcsystemsToTncrease their metabolic use

of oxygen tremendously and, simultaneously, to

dilate the local blood vessels supplying the tissues

Note in this figure that when the arterial pressiue

was normally controlled, the cardiac output in-

creased approximately 300 per cent. On the other

hand, when the nervous mechanisms for control of

arterial pressure were blocked, the cardiac output

increased less than 1()0 per cent.

Therefore, once again, we can state that, under
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nsure 23-3. An experiment In a dog to demonstrate the

Importance of anerlal pressure control as a prerequisite for cardiac

output control Note that vdth pressure concrd the metabolic

stimulant dinltro^enol Increases cardiac output; without pressure

eontroL the artertaf pressure Calls and the cardiac output rises very

little. (Drawn from experiments by Dr M. Banet)

nonnal conditions, venous retuxn and cardiac out'

put are detennined almost entirely by the degree
of dilatation of the local blood vessels in the tissues

throughout the body. However, this mechanism
operates properly only in case the mechanisms for

maintaining a normal arterial pressure, which
were discussed in the preceding two chapters, also

function properly.

EFFICT OFARTERIOVENOUS nSTULAE ON
CARDIAC OUTPUT

The effect of an A*V fistula on cardiac output is

discussed here because of the extremely important
lessons that can be learned from this condition.

An A'V fistula is a direct opening from an artery
into a vein that allows rapid flow of blood directly

from the artery to the vein. In experimental ani*

mals, such a fistula can be opened and dosed*
artificially, and one can study the changes m
fistula flow, cardiac output, and arterial pressure.

A typical experiment of this type in the dog is

illustrated in Figure 23-4, showing an initial car-

diac output of 1300 ml per minute. After 15 seconds
of recoifling nonnal conditions, a fistula from the
aorta to the vena cava is opened through which
1200 ml of blood flows per minute. Note that the
cardiac output increases instantaneously about
1000 ml per minute—about 84 per cent as much
increase in cardiac output as there is flstula flow.

(If the flstula is left open for 24 hours or more, the
cardiac output increases 100 per cent as much as
the fistula flow because of renal retention of fluid

that returns the initially decreased arterial pres-
sure all the way to normal.) Then, when the flstula

is closed, the cardiac output returns back to its

original level.

Now for the lesson to be learned from this study:

When the fistula is opened, the pumping ability of

the heart is not changed at all; there is only a
change in the peripheral circulation—opening of
the A-V fistula. Nevertheless, within a few heart-
beats after the fistula is opened, the cardiac output
increases almost as much as the increase in blood
flow through the fistula. In other words, the fistula

flow is added to the flow through the remainder of
the body, and the two of these summate to deter-

mine the venous return and the cardiac output.

This experiment demonstrates the two cardinal
features of normal cardiac output regulation: (1>

almost all normal cardiac output regulation is

determined by changes in total peripheral resis- .

tance, and (2) the normal heart has a permissive
level of pumping that is considerably above the

actual cardiac output. The heart, therefore, does
not have to be stimulated for the increase in

cardiac output to come about unless more cardiac
output is required than the heart can pump with-

out stimulation.

SOME SPECIAL PROBLEMS IN CARDIAC
OUTPUT REGULATION

Thus far we have discussed cardiac output reg-

ulation when all aspects of circulatory function
are normal and when the circulatory system is not
stressed beyond moderate limits. Also, we have
assumed that the arterial pressure-regulating

mechanisms continue to mamtain the arterial

pressure at a nonnal level, that the blood volume
IS normal, and that the heart is nonnal.

On the other hand, when the car^ac output
approaches the limit that the heart can pump, as
occuro in very strenuous exercise, or when blood
volume or other circulatory factors become abnor-
mal, then it becomes necessary to consider other

TlME(sec

)

Hgure 23-4. Effect of suddenly opening and suddendy closing
an A-V fistula, showing changes In fistuU flow, cardiac output, and
anerial pressure.
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important effects tn cardiac output regulation, os

follows:

ROLE OF BLOOD VOLUME AND THE "MMW
SySr£Af/C FILLINC PRESSURE" IN CARDIAC
ourrur regulation

If the quantity of blood in the circulatory system

is too little to fill the system adequately, blood will

flow very poorly from the peripheral vessels into

the heart. Therefore, the degree of filling of the

circulation then becomes a critical factor in deter*

mining the venous return to the heart and there-

fore also in determining the cardiac output.

The student may recall from Chapter 18 that

the degree of filling of the circulatory system with
blood can be expressed m terms of the mean cjr-

dilatory filling pressua, and that the degree of

filling of the systemic portion of the circulation

can be expressed m terms of the mean systemte

filling pressure The mean systemic filling pressure

is the pressure measured in the systemic circula*

tion when blood flow m the circulatory system is

suddenly stopped and the blood in the systemic
vessels is redistributed so that the pressure in oil

the vessels is equal Normally, the mean systemic
filling pressure is 7 mm Hg, hut an increase in

blood volume of 15 to 30 per cent doubles the mean
systemic filling pressure, whereas a decrease in

blood volume of this same amount reduces the

mean systemic filling pressure to zero.

The mean systemic filling pressure is the owrogf
effective pressure of the blood in the peripheral
circulation that tends to push the blood toward the

heart Experiments have demonstrated that, when
the peripheral resistance remains constant, the rote

of venous return from the systemic vessels throu^i
the veins to the heart is directly proportional to

the mean systemic fillingjiressiirejnitwis the ng/U
atrialpressure

_
Therefore, whenever the mean sys-

temic filling pressure falls to zero, the Row ofblood
returning to the heart likewise approaches zero.

Consequently, it is very important that the mean*
systemic filling pressure remain high enough at

all times to supply the peripheral pressure needed
to push blood from the peripheral vessels back to

the heart The quantitative relationship of the

mean systemic filling pressure to cardiac output
regulation will be considered in much more detail

later in the chapter in connection with graphical
analysis of cardiac output regulation.

RECUUTION or CARDIAC OUTPUT IN .

HEAVY EXERCISE, WHICH REQUIRES
SIMULTANEOUS PERIPHERAL AND
CARDIAC ADJUSTMENTS

Heavy exercise is one of the most stressful con-

ditions to which the body is ever subjected "nie
-tissues can require* as much as 20 times normal

.
' of oxygen and other nutrients, so that

simply to transport enough oxygen from the lungs

to the tissues sometimes demands a minimum
cardiac output increa-se of five- to sixfold. This is

greater than the amount of cardiac output the

normal, unstimulated heart can pump. Therefore,

to insure the massive increase in cardiac output

that is required during heavy exercise, almost all

factors that arc known to increase cardiac output

must be called into play.

Muscle Vasodilatation Resulting from In-

creased Metabolism. By far the most important
factor that increases the cardiac output during
exercise is the vasodilatation that occurs in the

exercising muscles The cause of the vasodilatation

IS the large increase in muscle metabolism during
exercise This lead.s to tremendously lncrca.sed use

of oxygen and other nutrients by the muscles, as

w’cll as formation of vasodilator substances, all of

which act together to cause marked local vascular

dilatation and greatly increased local blood flow.

This local va.sodilatation requires 5 to 15 seconds

to reach full development after a person begins to

exercise strongly; but once it docs reach full de-

velopment. the verj* prat decrease in vascular

resistance allows extreme quantities of blood to

flow into the veins and thence to the heart, thereby

markedly increasing venous return and cardiac

output.
Role of (he Heart in Strenuous Exercise.

When largo numbers of muscles are exercising

simuiUineously, the peripheral vasodilatation may
bo so great and the venous return to the heart so

voluminous thot the “resting" heart simply cannot
pump this extra amount of blood. Therefore, it is

essentia! thot the pcrmlssii-e lei'ct ofpumping by
the heart be greatly increased from its norma!
level oflO to 13 liters per minute. This is achieved

mainly by sympathetic stimulation of the heart

(but also partly by a decrease in para3)'mpathetic

stimulation), which increases the permissive level

to as high as 20 to 25 liters per minute in a normal
person or as high as 35 liters in the trained athlete.

Therefore, in exercise, the cardiac output can

increase two- to threefold without stimulation of

the heart. But to go above this amount it is

absolutely essential that the heart be nervously

excited to increase the permissive level of heart

pumping.
Special Functions of (he Sympathetic Ner-

vous System During Exercise. In light exercise,

the heart and the circulation do not need to be

stimulated by the sympathetic nervous system.

But in heavy exercise, sympathetic stimulation is

an absolute essential. Sjoipathetic stimulation has

muitiple effects on the circulation that are critical

in increasing the cardiac output to the very high

levels required in heavy exercise. These effects

aret

1. Strong sympathetic stimulation can increase

the permissive level of heart pumping from 10 to

13 liters per minute to as high as 20 to 25 liters
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per minute (or even higher in the trained athlete),

as already noted.

2. Sympathetic stimulation constricts almost all

the blood vessels throughout the body besides those

in the exercising muscles. The veins, especially,

arc constricted, which increases the mean systemic

filling pressure to as much as 2.5 times normal
This increase in mean systemic filling pressure

provides an extra push on the blood in the penph*
eral vessels to return this blood to the heart. 'Dus

is absolutely essential to achieve enough %'enous

return, and therefore to achieve enough cardiac

output, in heavy exercise.

3. It is believed by some physiologists that a
special component of the sympathetic nervous sys-

tem, a so-called “vasodilator” component, is stim-

ulated during exercise to cause direct vasodilata-

tion ofthe muscle blood vessels. This, theoretically,

could further enhance blood flow through the mus-
cles and thereby help supply the required nu-

trients, but its effects are still in doubt
Mechanisms for Stimulating the Sympa-

thetic Nervous System During Exercise. It is

believed that at least three different mechanisms
enhance sympathetic activity during exercise.

1. Simply thinking about exercise has the

psychic effect of exciting the autonomic nervous

centers, which increases the heart rate, increases

the strength of heart contraction, and constricts

the blood vessels throughout thehody to increase

the mean systemic filling pressure. Together, these

effects can increase the cardiac output instanta-

neously as much as SO per cent even before the

exercise begins.

2. The signals from the motor cortex that excite

activity in the muscles are believed also to send

collateral signals into the vasomotor center to

excite the sympathetic nervous system. This

causes vasoconstriction in most tissues of the body

besides in the exercising muscles, thus increasing

the arterial pressure. The increase in pressure in

turn provides an extra force to push blood through

the muscles. Also, the signals from the motor

cortex are believed to stimulate sympathetic vaso-

dilator fibers that go directly to the muscles and
increase muscle blood flow. It seems certain that

this vasodilator mechanism operates during the

firet few seconds of exercise to provide increased

blood flow before the local metabolic vasodilatation

occurs in the muscles, but it is probably much less

important once the local vasodilatation has oc-

curred.

3. Sensory nerve endings in the muscles are

believed to be excited by metabolic products pro-

duced during muscle contraction, and signals then
pass to the vasomotor center to excite the sympa-
thetic system still more. In fact, some physiologists

believe that this stimulation of the sympathetic
nervous system is the most important of the sym-
pathetic stimulatory mechanisms, but this is not
yet certain.

Role of Abdominal Contraction for Enhanc-
ing Venous Return and Cardiac Output At
the very beginning of exercise, the initial tense-
ness of the body that is associated with exercise
causes abdominal contraction and compression of
the large venous reservoirs in the abdomen. This
immediately increases the mean systemic filling

pressure two- to threefold, which can increase
venous return and cardiac output as much as 30
to 80 per cent within one to two beats of the heart.
This thus provides an “anticipatory” ifirrpa-;p in
cardiac outpyt even before the muscles rpouire the
extra blood flow.

Summary. It is clear that a complex set of
controls comes into play during exercise to allow
the heart and the circulation to increase the car-
diac output to the tremendous levels required for
nutrient supply to the muscles The increase in
cardiac output occurs first when the person begins
to anticipate exercise, which stimulates the sym-
pathetic nervous s>'stem. Then, tensing of the ab-
dominal muscles gives an “additional surge of ve-
nous return that also increases the cardiac output.
Finally, within seconds after the exercise actually
begins, intense local metabolic vasodilatation oc-
curs in the muscles themselves. Combined with
the hyperdynamic state of the heart and the in-
crease mean syrtemic filling pressure, this causes
the further surge in the cardiac output up to levels
between 20 and 35 liters per minute.

LOW AND ABNOHMAUY
H)CH CARDIAC OUTPUTS

low Output

Figure 23-5 illustrates the cardiac outputs m different
patholbgical combuousv showing at the Par nght the
conditions that cause abnormally low outputs and at the
left the conditions that cause abnormally high outputs.

It IS easy to understand those abnormalities of the

studied in each condinoa (From Guyton, jones. and Coleman:
Orculaioiy Physiology. Caidiac Output and Its Regulatioa Phna-
del(rf)ia.W. B Saunders Company. 1973 )
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circulation that cause low cardiac output These falHnlo

two diflerent categories. (1) those abnomialitiw that

cause the pumping efTectivenesr^rthe heart to tall too

low, and \2) those that cause venous return to fairtoo

low
“ ^

Decreased Cardiac Output Caused by Cardiac
Factors. \Vhenever the heart becomes severely dam-
aged, from whatever cause;, its permissive level ofpump-
ing may fall below that needed for adequate blood llow

to the tissues Some examples of this include sci-ere

myocardial infarction, secere valvular heart rfiscnse. my-
ocarditis, cnrdinc tamponade, and certain cardiac met-

abolic derangements The effect of several of these is

illustrated on the right m Figure 2J-5, showing the low
cardiac outputs th^t result

When the cardiac output falls so low that the tissues

throughout the body begin to suffer nutritional defi-

cipncv^ the condition is called cardiac shock .Thia will

be discussed TuUyintJhapter 'JiT 111 lUlaliua (o cardiac

failure

Decrease in Cardiac Output Caused by Periph-
eral Factors—Decreased Venous Return. Any factor

that interferes with venous return also can lead to

decreased cardiac output Some of these arc.

1 Decreased blood volume By far the most common
peripheral factor that leads to decreased cardiac output

IS decreased blood volume, resulting most often from
hemorrhage It is very clear why this decreases the
cardiac output, loss of blood decreases the mean systemic

filing pressure to such a low level that there simply is

not enough blood in the peripheral vessels to create the
pressure required to push blood back to the heart In

other words, the mean systemic filling pressure falls to

or near to rero. so that venous return also approaches
zero

2 Acute lenous dilatation On some occasions the

penphcTAl veins become acutely vasodilated. This re-

sults most often when the sympathetic nervous system
suddenly becomes inactive For instance, fainting often

results from sudden loss of sympathetic nervous system
activity, which causes the peripheral capacitative ves-

sels, especially the veins, to dilate markedly. This de-

creases the mean systenue filling pressure because the

blood volume can no longer create adequate pressure in

the now flaccid peripheral blood vessel* As a result the

blood "pools” in the vessels and will not return to the

heart

3 Obstruction of the veins. On rare occasions, the

large veins leading into the heart become obstructed, in

which case the blood in the peripheral vessels cannot

flow back into the heart. Consequently the cardiac

output falls markedly
I^gardless of the cause of low cardiac output, whether

it be a peripheral factor or a cardiac factor, if ever the

cardiac output falls below that level required for ade-'

quate nutrition oftbetissues, the person is Baidtosufter
circulatory shock. This can be lethal within a few min-
utes to a few hours Circulatory shock is such an impor-
tant clinical problem that it will be discussed in detail

in Chapter 28

High CArdlAC Output—Role of Reduced
Total Peripheral Resistance

The loft side of Figure 23-5 identifies conditions that
commonly cause cardiac outputs higher than normal.
One of the distinguishing features of these conditions is

they all result from chronically reduced total pe-
'iheral resistance And none ofthem result from exci»-

sive excitation of the heart itself, which we will explain

below. For the present, let us look at some of the

peripheral factors that can increase the cardiac output
to above normal'

(1) Beriberi. This is a disease caused by insufficient

quantity of the vitamin thiamine in the diet. Lack of

this vitamin causes diminished ability of the tissues to

utilize cellular nutrients, which in turn causes markd
peripheral vasodilatation The total peripheral resis-

tanoi decreases sometimes to as little as one-half nor-

mal. Consequently, the long-term level of cardiac output

also often increases to as much as tw'o times normal
(2)A rtermtienot/f /i*tuIfl /shunt). Earlier in the chapter

we pointed out th'at whenever a fistula (also call^ a
shunt) occurs between a major artery and a major vein,

tremendous amounts of blood will flow directly from the

artery into the vein This, too, greatly decreases the

total peripheral resistance, and likewise increases the

venous return and cardiac output.

(3) /ftnerthvroir/isw In hyperthyroidism, the metab-
olism of all the tissues of the body becomes greatly

increased. Oxygen usage increases, and vasodilator

products arc released from the tissues Therefore, the

total peripheral resistance decreases markedly, and the

cardiac output often increases to as much as 40 to 80

per cent above normal

14) Anemia In anemia, two penpheral eflects greatly

decreosetHTtotal peripheral resistance Oneof^eseii
reduced viscosity of the blood, resulting from the de-

creased concentration of red blood cells The other Is

dimiTHshed delivery of oxygen to the tissues because of

the decreased hemoglobin, which causes local vasodila-

tation As a consequence, the total peripheral resistance

decreases greatly, and the cardiac output increases

And, any other factor that decreases the total penph-
eral resistance chronically will also increase the cardiac

output
Failure of Increased Cartliae Pumping to Cause

Prolonged Increase of the Cardiac Output. If the
heart IS suddenly stimulated excessively, the cardiac

output often increases as much as 20 to 30 per cent.

However, oven this small increase is maintained no
longer than a few minutes even though the heart con-

tinues to be strongly stimulated There are two reasons
for this /] ) Excess blood flow through the tissues causes
automatic vasoconstnction of the blood vessels because
of the outorcgulation mechanism discus.sed in previous
chapters, and this reduces the venous return and cardiac

output back toward normal. (2) The slightly increased

arterial pressure that results following acute cardiac

stimulation raises the capillary pressure, and fluid fil-

ters out of the capillaries into the tissues thereby de-
creasing the blood volume and also decreasmg the ve-

nous return back toward normal. Also, the increased

pressure causes the kidneys to lose fluid volume as well

until the arierlal pressure and cardiac output return to

normal
Thus, all the known conditions that cause chronic

elevation of the cardiac output result from decreased
total penpheral resistance and not increased cardiac

activity.

GRAPHICAL ANALYSIS OF
CARDIAC OUTPUT REGULATION

The discussions of cardiac output regulation thus far

are adequate for an understanding of the factors that
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control cardiac output in most simple conditions, and
they also present a reasonably complete qualUatiie pic-

ture of c^iac output control. Ho\vevcr, it is often

important to obtain a much more quantitati%'e under-
standing of cardiac output reguIa^ii.,For instance, in

cardiac failure and circulatory sliock, the qualitative

t>T5e of analysis is only partially satisfactory. On the

other hand, a more quantitative type of analysis will

allow one to understand many details of these critical

clinical conditions that are impossible to comprehend
through qualitative thinking alone.

To perform quantitative analyses of cardiac output
regulation, it is necessary to distinguish separately the
two pnmary factors that are concerned with cardiac
output regulation; (1) the pumping ability of the heart,

’ "*

and (2) the peripheral factors that affect flow of l^l<k>d/

into the heart Then, these two factors, the cardiac and
the peripheral, must be put together in a quantitative
way to see how they interact with each other to deter-

mine cardiac output. This process frequently has been
accomplished by using electronic computers, but it can
also be done more simply by using a type of graphical

analysis that one can carry in the mind and that can be
used daily in solving some of the quantitative problems
of cardiac output regulation In the following sections

we will discuss this type of analysis To begin, w-e will

first characterize the pumping ability of the heart by
use of cardiac output curves, and then we characterize

the penpheral factors that affect venous return by use

of venous return curves

CARDIAC OUTPUT CURVES
Use of cardiac function curves to depict the ability of

the heart to pump blood was discussed in Chapter 13,

and the effects of several different factors on these

function curves were demonstrated in Figures 13-9 and
13-10. For the purpose of understanding cardiac output

regulation, the type of cardiac function curve required

is that illustrate in Figures 23-6 and 23-7, which
depicts the cardiac ou/pu( at different right atrial pres-

sures and is called the cardiac output curve The normal
cardiac output curve is labeled in each figure, whereas
the other curves represent cardiac output in special

conditions.

The basic factors that determine the precise charac-

teristics of the cardiac output curve are (1) the effective-

ness of the heart as a pump, and (2) the extracardiac

pressure.

Effectiveness of the Heart as a Pump. A heart that
is capable of pumping greater quantities of blood than
can the normal heart, such as a heart strongly stimu-

lated by sympathetic impulses or a hypertrophied heart,

is called a kypereffectiie heart. A weakened heart is

called a hypoeffective heart. Figure 23-^ illustrates the
effect ofhypereffectivity or hypoeffectivity on the cardiac

output curves, showing that the plateau of the curve

nses greatly in the case of the hyperelfective heart and
falls equally as much in the case of the hypoeffective

heart. Obviously, there are all degrees of hypereffectiv-

ity and hypoeffectivity.

Factors That Can Cause a Hypere/Tective Heart.
Factors that can make the heart a better pump than
normal include:

(1) Sympathetic stimulation, which can increase the
cardiac output_curve to approximately two times norroaL

(21 Hypertrophy of the heart, which can increase the

cardiac output curve to perhaps as much as two times

normal.

n^ure 23-6. Cardiac output cuives for the normaJ heart and
for hypo- and hypcreffective hearts. (From Guyton. Jones and
Coleman Circulatory Physfology’Cardiac Output and Its Regula-
tion Philadelphia. W B Saunders Company. 1973 J

(3) /nhibitwn of the parasympathetics to the heart,

which removes the parasympathetic tone, allowing the
heart rate to increase, and, therefore, inaeases the

pumping effectiveness of the heart.

Factors That Can Cause a Hypoeffective Heart
Obviously, any factor that decreases the ability of the
heart to pump blood can cause hypoeffectivity. Some of

the numerous factors are.

Myocardial infarction

Valvular heart disease-

increased arterial pressure against which the heart

must pump
Parasympalhetu: stimulation of the heart

Inhibition of the sympathetics to the h^rt
Congenital heart disease

Myocarditis
Cardiac anoxia
Diphtheritic or other types of myocardial damage or

toxicity

Effect of Extracardiac Pressure on Cardiac Out-
put Curves. Figure 23-7 illustrates the effect of
changes m extracardiac pressure on the cardiac output
curve. The normal extracardiac pressure, which is iso

ngUre 23-7. Cardiac output caused by changes In ImrapIeutaJ
ptessure and by cardiac tamponade, {ftom Cuytoa Jones, and
Cc^emaa Circulatory Physiology. Cardiac Output and its Regula-
tion. Phfladelphla, VV. B. Saunders Company, 1973.)
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fljure 23-8. Comblrunom of two ma}ot p.inemt Of Uidut
output curves shovMns the eHeci of «Iicrailorts tn bortt exoM^r
diAC pressure jtrtd elTecttveness of the he«rt as t pump (from
Cuytort. [ones. Aod CoIemArv CtrcuUtoty rtiyslology- Cittliac Out
put arsd Its Regutatiort Phltjdelphta. W B Saurtders Compary
1973)

«jual to the nomial mtrapleurol pressure, t* -4 mm
Hg Note in the figure that a rise m intrapleura) pres*

sure to -2 mm Hg shifts the entire curve to the right

by this same amount This shift occurs because an extra

2 mm Hg right atnal pressure is now required to

overcome the increased pressure on the outside of the
heart Likewise, an increase in intrapleural pressure to

+ 2 mm Hg requires a 6 mm Hg increase tn nght atnal
pressure, which obviously shifts the entire curve 6 mm
Hg to the right And, in the same manner, a more
negative intrapleural pressure shifts the curve to the
left

Some of the factors (hat ran alter the intrapleural

pressure and thereby shift the cardiac output curve
include

111 Cyclic ekangf11 during normal rcspirafion

{2) Brealhing against a negative pressure, which shifts

the curve to a more negative atnal pressure (to the left)

i3) Positiie pressure breathing, which shifts the curve
to the nght

t4l Opening the thoracic cage, which inmases the

intrapleural pressure and shifts the curve to the nght.
(5i Cardiac tamponade, which means an accumulation

of large quantities of fluid in the peneardial cavity

around the heart with resultant increase in exlracardiac

pressure and shifting of the curve to the nght Note in

Figure 23-7 that cardiac tamponade shifts the upper
parts of the curves farther to the nght than the lower
parts because the estracardiac pressure rises to higher
values as the chambers of the heart fill to increased
volumes dunng high cardiac output

Combinations of Difterent Patterns of Cardiac
Output Curves. Figure 23-8 illustrates that the cardiac

output curve can change as a result of simultaneous
changes in extracardiac pressure and effectiveness of
the heart as a pump Thus, knowing what is happening
to the exlraca^iac pressure and also the approximate
capability of the heart as a pump, one can express the

'vmomeotary ability of the heart to pump blood by a
'
- cardiac output curve.

VINOUS RETURN CURVES

There still remains the entire systemic circulation

that must be considered before a total analysis ofcardiac

regulation can be made. To analyze the function of the

systemic circulation, wc remove the heart and lungs

from the circulation ofan animal and replace these with

a pump and artificial oxygenator system. Then, different

factors, such as changes in blood volume and changes

In riRht atnal pressure, are altered to determine how
the systemic circulation operates in different circulatory

states. Jn these studies, one finds two principal factors

that aftect the function of the systemic circulation in

relation to c.irdi8c output regulation. These are (\} the

degne of filling of the systemic (irculaUon. which is

measured by the mean systemic filling pressure, dis-

cussed in Chapter 18. and i2) the resistance to blood flow

in the different segments of the systemic circulation

Tlie Normal Venous Return Curve. In the same
way that the cardiac output curve relates cardiac output

to right atn.ll pressure, the tenous return curve relates

venous return also to right atrial pressure.

The dark curve in Figure 23-9 Is the normal venous

return curve TTiis curve shows that as the nght atrisl

pressure increases, it causes hack pressure on the sys-

temic arculation and thereby decreases venous return

of blood to the heart. If all eiirulatory reflexes on
prevented from acting, venous return decreases to »n>
when the nght atnal pressure nses to equal the normal

mean systemic filling pressure of about 7 mm Hg Such

o slight nsc m nght atnal pressure causes a drastic

decreare In venous return bcrau«c the systemic areu*

lation is a very distensible liag. sa that any increase in

back pressure causes blood to dam up in this bog instead

of returning to the heart. Lack of venous flow into the

heart decreases the cardiac output, thereby decreasing

the arterial pressure Thus, at the same time that the

right atrial preuure is nsmg, the arterial pressure is

falling, and these two pressure's come to equilibrium

when all Row m the systemic circulation ceases at a

pres-suro of 7 mm Hg, which, by definition, is the mean
systemic filling pressure

Plateau In the Venous Iletum Curve Caused by
Collapse of the Veins. When the right atrial pressure

falls Mow zero—that is, below atmospheric pres.sure—

venous return does not increare significantly By the

Rjure 23-9. Venous return curves, showing the normal curve

vwben me mean systemic filling pressure (Ps/J ts 7 mm Hg. ar>d

Showing the eftect of altering the mean s^temic filling pressure

(from Cuytoa )oncs. anrl Coleman: Circulatory Physiology Car-

dac Output and Is Regulation. PhiladeiphU. W B Saunders

CofT^ny. 1973)
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time the right atrial pressure has fallen to about -2
mm Hg, the venous return will have reached a plateau;

then it remains at this plateau level even though the

right atrial pressure falls as low as -20 to -50 mm
Hg. This plateau is caused by collapse of the veins

entering the chest. Low right atrial pressure sucks the
walls of the veins together where they enter the chest,

which prevents the negative pressure from sucking blood

through the veins. Instead, the pressure in the veins

immediately outside the chest remains almost exactly

equal to atmospheric pressure (zero pressure) Therefore,

for all practical purposes, the peripheral venous pressure
never falls below a value of 0 mm Hg despite the fact

that the right atrial pressure may fall to very negative

values.

Effect on the Venous Return Curve of Changes
in Mean Systemic Filling Pressure. Figure 23-9 also

illustrates the effect of increasing or decreasing the

mean systemic filhng pressure fPsP By definition, the

mean systemic filling pressure is the pressure in all

parts ofthe systemic circulation when there is no How
in the em^nT^ion. 'l'heretbre~at the point where the

venous return curve reaches the zero venous return

level, the right atnal pressure becomes equal to the

mean systemic filling pressure Note m Figure 23-9 that

the normal mean systemic filling pressure is 7 mm Hg.
For the uppermost curve in the figure, the mean sys-

temic filling pressure is 14 mm Hg, and for the lower-

most curve it IS 3 5 mm Hg These curves demonstrate
that the greater ^e mean systemic filling pressure,

which also means the greater the “tightness” with which
the circulatory system is filled with blood, the more the

venous return curve shifts upward and to the right.

Conversely, the lower the mean systemic filling pres-

sure, the more ^e curve shifts downward and to the

left. To express this another way, the greater the system
is filled, the easier it is for blood to flow into the heart.

And the less the filling, the more ditlicuU it is for blooc

to flow into the heart.

Factors That Can Alter the Mean Systemic FUling
/Measure. The factors that can after the mean systemic
filling pressure were discussed in Chapter 18 The three

primary factors are. (1) The mean systemic filhng pres-

sure increases rapidly with an increase tn blood volume—
an acute increase in blood volume of 15 per cent or a
chronic increase of about 30 per cent increases the mean
systemic filling pressure to approximately double normal
(2) Maximal sympathetic stimulation can increase the
mean systemic filling pressure from 7 mm Hg to about

17 mm Hg, approximately a 25 fold increase. <3) An
incn’ose in contraction of all the skeletal muscles
throughout the body can increase the mean systemic
filling pressure by compressing the blood vessels from
the outside to about 25 mm Hg

Factors that decrease the mean systemic filling pres-

sure include principally (1) loss of sympathetic lone.

which decreases the mean systemic filling pressure from
7 mm Hg to about 4 mm Hg, or (2) loss of blood volume,

which can decrease the mean sjstemic filling pressure

to as liiUe as zero.

“Pressure Gradient for Venous Return." When
the right atrial pressure nscs to equal the mean sys-

temic filling pressure, all other pressures in the systemic

orculation also approach this same pressure. Therefore,

the pressures in all parts of the systemic circulation

come closer and closer to the nght atrial pressure. AndL
when all these pressures, including the right atnal

figure 23—10. Venous return curves, depleting the effect of
altering the resistance to venous return “ (from Guyton, {ones,

and Coleman CIrculatoty Physiology Cardiac Output and its

Regulation Philadelphia. W B Saunders Company. 1973)

pressure, finally reach the level of the mean systemic
filling pressure, there is no longer any flow from any
peripheral vessel back to the right atrium. However,
when the right atnal pressure falls progressively lower
than the mean systemic filling pressure, the flow to the
bean increases proportionately, as one can see by study-
ing any of the venous return curves m Figure 23-9.
That IS, the greater the difference between the mean
systemic filing pressure and the right atnal pressure the
greater becomes ih tf lenouji rc/ttm 'i'herelore. the differ-
ence between these two pr^stires i3*‘toHcd the pressure
gradient for venous return.

Effect of Systemic Resistance on the Venous Re-
turn Curve. Figure 23-10 illustrates the effect of dif-

ferent systemic resistances on the venous return curve,
showing that a decrease in resistance to one-halfnormal
rotates the curve upward, while an increasem resistance

flgutc 23-11. Combinsuons of the nuior p^iiems of venous
tecum curves, ffiustfsting the effects of simuluneous changes kv
mean systemic Qiing pressure f/V) and « 'resistance to venous
letum.” (from Cuytoa lories, and Coleman; Circulatory Ptmioi.
ogyr Cardiac Output and Its Regulation. PhJadeHphU.w B Saun-
ders Comparry, 1973)
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rotates the curve downu-ard. The venous return still

becomes zero when the right ntnal pressure rises to

equal the mean systemic filling pressure, because when
there IS no pressure gradient to cause flow of blood, it

makes no difference what the resistance is in the cir-

culation—the flow is still zero.

Obviously, any factor that dilates the peripheral ves-

sels decreases the resistance and rotates the function

curve upward, while any factor that constricts the pe-

ripheral vessels rotates the curve downward. However,

changes in venous resistance affect venous return about

eight times as much as similar resistance chonges in

the arteries, because far more blood is stored in the

veins than in the arteries

Combinations of Venous Iletum Curve Patlems.
Figure 23-11 illustrates the effects on the venous return

curve caused by simultaneous changes in mean aystemic

pressure and resistance to venous return, illustrating

that both these factors can operate simultaneously

ANALYSIS or CARDIAC OUTPUTAND
A/CHT ATRIAL fRESSURE, USING CARDIAC
OUTPUTAND VENOUS RETURN CURVES

In the complete circulation, the heart and (he systemic

circulation must oporoto together. This means (|) The
venous return from the systemic circulation must equal

the cardiac output from the heart The right atnal
pressure is the same for both the heart and for the
systemic circulation

Therefore, one can predict the cardiac output and
nght atnal pressure in the following way (1> determine
the momentary pumping ability of the heart end depict

this in the fonn of a cardiac output curve, (2) determine
the momentary state of the systemic circulation and
depict this in the form of a venous return curve, and (3)

"equate" these two curves against each other as shown
m Figure 23-12.

The two black curves of Figure 23-12 depict both the
normal cardiac output curve and the normal tvnous
return curve Obviously, there is only one point on the

graph, point A, at which the venous return equals the

cardiac output and at which the right atnal pressure is

the same in relation to both the heart and the systemic
circulation Therefore, in the normal circulation the
nght atnal pressure, cardiac output, and venous return
are all depicted by point A, called the equilibrium point

Effect of IncrtAsed Blood Volume on
CjtrdlAc Output

A sudden increase in blood volume of about 20 per
cent increases the cardiac output to about 2 6 to 3 times
normal An analysis of this effect is illustrated by the
dashed curve of Figure 23-12 Immediately upon infus-

ing the large quantity of extra blood, the increased
filling of the system causes the mean systemic filling

pressure to nsc to 16 mm Ilg, which shifts the venous
return curve upward and to the right At the same time,
the increased blood volume distends the blood vessels,

thus reducing their resistance and thereby rotating the
curve upward Asa result of these two effects, the venous
return curve of Figure 23-12 changes from the solid
curve to the dashed curve. This new curve equates with
the cardiac output curve at point B, showing that the

J

risure 23-t2. The hvo solid curves demonstrate an arwdysb

ofcanJuc output and tight attUI pressure when the cardiac output

and venous return curves are known. Transfusion of blood equal

to 20 per cent of the blood volume causes rhe venous
tutve to betCpme the dashed tutve; as a lest^t the tarcUat ouipwi

and tight atilat pressute shift from point A io point B

cardiac output increases 2 5 to 3 times and that llie

nght atnal pmsuTc nscs to about +6 mm Hg
Compensatory Effects Initiated in Response to

the Increased Dlood Volume. The incrcoiKid cairliM

output caused by the increased blood volume lasts only

a few minutes, because several different compensatory
effects immediately begin to occur (1) The increased

cardiac output increases the capillary pressure so that

fluid begins to transude out of the capillaries into the

tissues, thereby returning the blood volume toward

normal (2) The increased pressure in the veins cause*

the veins to distend gradually by the mechanism called

stress-relaxation, especially causing the venous blood

rwervoirs such os the liver and spleen to distend 13)

The exee«3 blood flow through the peripheral ti&«ues

causes autoregulatoiy increase in the peripheral resis-

tance These factors cause the mean systemic filling

pressure to return back toward normal and also cause

the resistance vessels of the systemic circulation to

constnet. Therefore, gradually over a period of 20 W 40

minutes, the cardiac output returns almost to normal.

Effect ofSympathetic Stimulation on
Cardiac Output

Sympathetic stimulation affects both the heart and

the systemic cimi|ntion : (I) I t roaVes' the lieuit'n

sUoiigui’ pumpl~t25’jll the 8y8tefnic”clrCllllllion,“ it

creases the mean systemic filling pressure because of

onTractioh of^ the peripheral vessels—espStially the

veins, and it also increases tfie resistance to venous

return^'he uppemost ^rves ot Figure 23^13 depict

analyses of the cfTects of moderate and maximal sym-

pathetTe~6tlmu!ailon dn me cardia^oiilput and nght

atnal pfeBsiire. The normal cardiac outpu t and venous

moderate^^mpathetiA scimulation is depicted by the

long-dashed curves, and maximal sympathetic stunul*'

tion by the dot-dash colored curves
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total spinal anesthesia, (from Ci^on. Jones, and Coleman Cir-

culatory Physlolo^ Cardiac Output and Its Regulation Philadel-

phia. W. B. Saunders Company. 1973

}

Note that maximal sympathetic stimulation (the col-

ored curves) increases the mean systemic hlling pressure

(depict^ by ^e point at which the venous return curve

reaches the zero venous return level) to 17 nun Hg. and

it also increases the pumping efTectivenesa of the heart

by about 70 per cent As a result, the cardiac output

nses from the normal value at erjuilibrium point A to

approximately double normal at equilibrium point D.

Thus, different degrees of sympathetic stimulation can

increase the cardiac ou^ut progressively to about two

times normal—at least for short periods of time

Effect of Sympathetic Inhibition

The sympathetic nervous system can be blocked com-

pletely by inducing total spinal anesthesia of by using

some drug, such as hexamethonium, that blocks trans-

mission of nerve impulses through the autonomic gan-

glia. The two lowermost curves in Figure 23-13, the

short-dashed curves, show the effect of total sympathetic

inhibition caused by total spinal anesthesia, illustrating

that (1) the mean systemic fUling pressure falls to about

4 mm Hg, and (2) the effectiveness of the heart as a
pump decreases to about 80 per cent of nonnal- The
cardiac output falls from point A to point B, which is a

decrease to about 60 per cent of normal.

Increase In Cardiac Output In Exercise

Several different factors operate in exercise to increase

the cardiac output. These include: (1) intend sympa-
thetic stimulation, which strengthens the heart uud also

increases the mean systemic filling pressure. (2) con-

traction of the muscles around the blood vessels, which
further increases the mean systemic filling pressure,

and (3) intense dilatation of the resistance vessels in

the muscles, thereby decreasing the resistance to venous
return. Figure 23-14 depicts the effects of these factors

on the circulation, showing that (1) compression of the

blood vessels by the muscles plus sympathetic stimula-

tion of the vessel walls increases the mean systemic

filling pressure from 7 mm Hg to 20 mm Ug. (2) sym-
pathetic stimulation increa^s the strengthof the heart

as a pump by about 70 per cent, and (3) the local

vasodilatation in the muscles rotates the venous return

curve upward to the right. As a result, the cardiac

output and venous return curves in exercise (the dashed
colored curves) equate at point B, which is a cardiac

output of22 liters per minute, or 4 5 times normal. The
right atnal pressure hardly changes, indeed, when the

degree of heart stimulation is great, the nght atria]

nxure 23-14. Cfaphlcal aruOysis o( tt»e changes

In caidUc outpui and dght atrial pressure with the

onset of strenuous exercise.
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njure 23-t5. blood How In ihe root of the «ona
recofded by an clectromagnettc flowmeter

pressure can sometimes fall to below normal despite a

very high cardiac output

METHODS FOR MEASURING
CARDIAC OUTPUT

In animal experiments, one can cannulate the aorta,

the pulmonary artery, or the great veins entering the
heart and measure the cardiac output using any type of

flowmeter Also, an electromagnetic or ultrosonic flow-

meter can be placed on the aorta or pulmonary artery

to measure cardiac output However, except in rare

instances, in the human being cardiac output is meas-
ured by indirect methods that do not require surgery.

Two of^c meth^s eommcniv used prr Ihr Pick
fncMogaiid ttip^ifie^or (/</i<j[ipp method.

PulSAtlle Oufpur of the HeAftAs MeAsund
by An ElectnmAgnedc or UltrAsonle

Flowmeter

Figure 23-15 illustrates a recording m the dog of

blood flow in the root of the aorta made using an
electromagnetic flowmeter It demonstrates that the
blood flow rises rapidly to a peak during systole and,

then, at the end of systole, actually reverses for a small
fraction of a second It is this reverse flow that causes
the aortic valve to close And a minute amount ofreverse
flow continues throughout diastole to supply blood to

the coronary vessels

McAsurement of CardMc Output by the
Oxygen tick Afethorf

The Fick procedure is best explained b/ Figure 23-
16 This figure shows that 200 ml of oxygen are being
absorbed from the lungs into the pulmonary blood each
minute. It also illustrates that the blood entenng the
right side of the heart has an oxygen concentration of
160 ml per liter of blood, whereas that leaving the left

aide has an oxygen concentration of 200 ml per liter of
blood. From these data one can calculate that each liter

of blood passing through the lungs picks up 40 ml of
oxygen And. since the total quantity ofoxygen absorbed
into the blood from the lungs each minute is 200 ml. a
total of 5 1-Iiter portions of blood must pass through the
pulmonary circulation each minute to absorb this
amount of oxygen. Therefore, the quantity of blood
flowing through the lungs each minute is 5 liters, which

« also a measure of the cardiac output. Thus, the cardiac
output can be calculated by the following formula:

Caidiac output (litcrs/mm) -

O, absorbed per minute by the lungs <ml/min> __

Arteriovenous 0, difference fml/litcr of bloodi

H-ii, = S'
In applying the Fick procedure, accurate deter-

mination of venous oxygen conranlrotion can be

achieved only by sampling blood directly from the

right ventricle or preferably even the pulmonary
artery, for blood m any one vein usually has a

concentration of oxygen dilTerent from that in

other veins, and even blood in the right atrium

usually has not yet mixed satisfactorily. To obtain

such u sample of mixed venous blood a catheter is

usually inserted up the brachial vein of the fore-

arm, through the subclavian vein, down to the

right atrium, and finally into the right ventricle

or pulmonary artery.

Blood used for determining the oxygen satura-

tion m the arterial blood can be obtain^ from any

artery in the body, because all arterial blood is

thoroughly mixed before it leaves the heart and

therefore has the same oxygen concentration.

The rale of oxygen ab^rption by the lungs I*

usually measured by a “respipometer,” which will

be described in Chapter 71. In essence, this device

IS a floating chamber containing oxygen that sinks

in the water as oxygen is removed from it, thus

measuring the rate of oxygen usage by the rate at

which it falls.

THE INDICATOR DILUTION METHOD

In measuring the cardiac output by the indicator

dilution tnelhod, a small amount 6f indicator, such as a

dye. IS injected into a large vem or preferably into the

right side of the heart itself This p.isses rapidly Ihroufih

the right heart, the lungs, the left heart, and finally

into the artenal system Then one records the cooceo-

tralion ol the dye as it passes through one of the

penpherel arteries, giving a curve such as one of the

two colored curves illustrated in Figure 23-17. In each
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Figure 23—17. Dye concentration curves used to calculate the

cardiac output by the dilution rneihod (The rectangular areas are

the calculated average concentrations of dye in the arterial blood
for the durations of the respective curves

)

of these instances, 5 mg ofCardio-Green dye was injected

at zero time. In the top recording none of the dye passed

into the arterial tree until approximately three seconds

after the injection, but then the arterial concentration

of the dye rose rapidly to a maximum in approximately
six to seven seconds After that, the concentration fell

rapidly. However, before the concentration reached the

zero point, some of the dye had already circulated all

the way through some of the penphcral vessels and
returned through the heart for a second time Conse-

quently, the dye concentration m the artery began to

nse again. For the purpose of calculation, however, it is

necessary to extrapolate the early downslope ofthe curve

to the zero point, as shown by the dashed portion of the

curve. In this way, the Ume<oncentration curve of the

dye in an artery can be measured in its first portion and
estimated reasonably accurately in its latter portion,'

Once the time-concentration curve has been deter-

mined, one can then calculate the mean concentration

ofdye in the arterial blood for the duration ofthe curve.

In Figure 23-17, this was done by measuring the area

under the entire curve, and then averaging the concen-

tration of dye for the duration of the curve, one can sec

from the shaded rectangle straddling the upper curve of

the figure that the average concentration of dye was
approximately 0.25 mg/decihter of blood and that the

duration of this average value was 12 seconds. A total

of 5 mg of dye was injected at the begfnntng of the

experiment. In order for blood carrying only 0 25 mg of

dye in each deciliter to carry the entire 5 mg of dye
through the heart and lungs in 12 seconds, it would be
necessary for a total of 20 1-deciliter portions of blood

to pass through the heart during this time, which would
be the same as a cardiac output of 2 liters per 12 seconds,

or 10 liters per minute
In the bottom curve of Figure 23-17, the blood flow

through the heart was considerably slower, and the dye
did not appear in the arterial system until approxi-

mately six seconds after it had been injected. It reached

a maximum height m 12 to 13 seconds and was extrap-

olated to 0 at approximately 30 seconds. Averaging the

dye concentrations over the 24-second duration of the

curve, one finds again an average concentration of0 25
mg of dye m each dealiter of blood, but this time for a

24-second time interval instead of 12 seconds. To trans-

port the total 5 mg of dye, 20 1-deciHter portions of
blood would have had to pass through the heart during
the 24-second time interval. Therefore, the cardiac out-
put was 2 liters per 24 seconds, or 5 liters per minute.
To summarize, the cardiac output can be determined

from the following formula

Cardiac output (ml/min) =
Milligrams of dye injected x 60

(

Average concentration of dye\ /Duration of\
in each milliliter of blood

|

x { the curve
)

for the duration of the curve / \m seconds /

Substances That Can Be Injected for Determining
Cardiac Output by the Indicator Dilution Method.
Almost any substance that can be analyzed satisfactonly
in the arterial blood can be used as the “indicator” when
making use of the indicator dilution method for deter-
mining cardiac output However, for optimum accuracy
it IS necessary that the injected substance^not beJflst
into the tissues of the lungs during its passage to the
sampling site. The most widely used substance is Ca^
dto-Green , a dye that combines with the plasma proteins
and, thwforc, U not lost from the blood.
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24
The Pulmonary
Circulation

The quantity ofblood flowing through the lungs
is essentially equal to that flowing through the
systemic circulation. However, certain problems
related to distribution of blood flow and other
hemodynamics are special to the pulmonary cir-

culation and are especially important to the gas
exchange function of the lungs. Therefore, the
present discussion is concerned specifically with
the special features of blood flow in the pulmonary
circuit and the function of the right side of the
heart in maintaining this flow.

PHYSIOLOGIC ANATOMY OF THE
PULMONARY CIRCULATORY SYSTEM

The Right Side of the Heart. As illustratedm Figure

24-1, the right ventricle is wrapped halfway around the
left ventricle. The cause of this is the difference in

pressures developed by the two ventricles during systole

fljure Z4— I. The anaiomlCAl relationship of the right ventricle

to the left ventricle, showing the globular shape of the left ventricle

and the half-moon shape of the tight ventricle as It drapes around

the left ventricle.

That 18, the left vcntncle contracts with extreme force

m comparison with the right ventricle, which causes the
left ventricle to assume a globular shape, and the septum
protrudes into the right heart.

The muscle of the right ventricle is slightly more than
one third as thick as that of the left ventncle; this also

results from the difference in pressures between the two

sides of the heart Indeed, the wall of the nght ventricle

IS only about three times as thick as the atrial walls,

whereas the left ventricular muscle is about eight times

as thick.

The Pulmonary Vessels. The pulmonary artery ex-

tends only 5 centimeters beyond the apex of the right

ventncle and then divides into the right and left mam
branches, which supply blood to the two respective

lungs. The pulmonary artery is also thin, with a wall

thickness approximately twice that of the venae cavae

and one third that of the aorta The pulmonary arterial

branches are all very short However, all the pulmonary
arteries, even the smaller arteries and artenolcs, have
much larger diameters than their counterpart systemic

arteries This, combmed with the fact that the vessels

are very thm and distensible, gives the pulmonary
arterial tree a very large compliance, averaging about

2 ml per mm Hg, which is about half that of the entire

systemic arterial tree. This large compliance allows the

pulmonary arteries to accommodate most of the stroke

volume output of the right vcntncle.

The pulmonary veins, like the pulmonary arteries,

arc also short, but their distcnsibility characteristics

are similar to those of the veins in the systemic circu-

lation

The Bronchial Vessels. Blood also (lows to the lungs

through several bronchial arteries, amounting to about

1 to 2 per cent of the total cardiac output. This bronchial

arterial blood is oxygenated blood, in contrast to the

partially deoxygenated blood in the pulmonary artencs.

It supplies the supporting tissues of the lungs, including

the connective tissue, the septa, and the large and small
bronchi. After this bronchial arterial blood has passed

through the supporting tissues, it empties into the
pulmonary veins and enters the left atnum rather than
passing back to the nght atrium. Therefore, the left

vcntncular output is slightly greater than the nght
ventricular output.

The L>7nphatics. Lymphatics extend from all the
supportive tissues of the lung, beginning m the perivas-
cular and pcnbronchial spaces and coursing to the hilum
of the lung and thence mainly into the right lymphatic
duct. Particulate matter entenng the alveoli is usually

287
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removed rapidly vra these channels, and protein is also

removed from the lung tissues, thereby preventing

edema

PRESSURES IN THE PULMONARY
SYSTEM

The Pressure Pulse Curve in the Right Ven*
tricle. The pressure pulse curves of the right

ventricle and pulmonary artery are illustrated in

the lower portion of Figure 24-2. These are con-

trasted with the much higher aortic pressure curve
shown above The systolic pressure in the right

ventricle of the normal human being averages
approximately 25 mm Hg, and the diastolic pres-

sure averages about 0 to 1 mm Hg, values that

are only one fifth those for the left ventricle

Pressures in the Pulmonary Artery. During
systole, the pressure in the pulmonary artery is

essentially equal to the pressure in the right ven-

tricle. as also shown in Figure 24-2. However,
after the pulmonary valve closes at the end of

systole, the ventricular pressure falls precipi*

tously, whereas the pulmonary arterial pressure

falls slowly as blood flows through the capillaries

of the lungs.

As shown in Figure 2*1-3, the systolic pulmonary
arterial pressure averages approximately 25 mm
Hg in the normal human being; the diastolic pul-

monary arterial pressure, approximately 8 mm Hg;
and the mean pulmonary arterial pressure, 15 mm
Hg
Pulmonary Arterial Pulse Pressure. The

pulse pressure in the pulmonary arteries averages

17 mm Hg, which is two thirds as much as the

systolic pressure. In previous discussions of pulse

pressure in the systemic circulation, it has been
pointed out that the less the compliance of an
elastic reservoir that receives pulsatile injections

of blood, the greater will be the pulse pressure. If

It were not for the large compliance of the thin

pulmonary arteries, the pulmonary arterial poise

Serlic pritturt eurv«
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\ Pulmenary ofltry ewitt
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pressure would be even greater than it is. How-
ever, another factor that keeps the pulse pressure

from being higher is that about one half the blood

ejected by the right ventricle runs off from the

pulmonary arteries through the capillaries into

the pulmonary veins and left atrium at the same
time that it is being Reeled during systole

Pulmonary Capillary Pressure. The mean
pulmonary capillary pressure, as diagrammed in

Figure 24^. has been estimated by mirect means
to be approximately 7 mm Hg. This will be dis-

cussed m detail later in the chapter in relation to

fluid exchange functions of the capillary.

Left Atrial and Pulmonary Venous Pres-

sure. The mean pressure in the left atrium and in

the major pulmonary veins averages approxi-

mately 2 mm Hg m the human being, varying

from as Sow as 1 mm Hg to as high as 5 mm Hg.
It usually 13 not reasonable to measure the left

atrial pressure directly in the normal human being

because it is difficult to pass a catheter through

the heart chambers into the left atrium. However,
the left atnal pressure often can be estimated

closely by measuring the so-called pulmonary
tvedge pressure This is achieved by inserting a

catheter through the right heart and pulmonary
artery into one of the small branch pulmonary
arteries and then pushing the catheter until it

wedges lightly in. the artery. The pressure then

measured through the catheter, called the “wedge
pressure.” is about 6 mm Hg. Since all blood flow

has been stopped in the small artery and the blood

vessels extending from the artery make almost

direct connection through the pulmonary capillar-

ies with the blood in the pulmonary veins, this

wedge pressure is usually only 2 to 3 mm Hg
greater than the left atrial pressure. And when
the left atnal pressure rises to high values, so also

nses the pulmonary wedge pressure- Wedge pros*

sure measurements are used frequently for study-

ing changes in left atrial pressure in congestive

heart failure.

THE BLOOD VOLUME OF THE LUNGS

The blood volume of the lungs is approximately

450 ml, about 9 per cent of the total blood volume

ofthe circulatory system About 70 ml of this is in
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the capillaries, and the remainder is divided about

equally between the arteries and veins.

The Lungs as a Blood Reservoir. Under dif-

ferent physiological and pathological conditions,

the quantity of blood in the lungs can vary from

as little as 50 per cent of normal up to as high as

200 per cent of normal For instance, when a

person blows air out so hard that high pressure is

built up in the lungs—such as when blowing a

trumpet—as much as 250 ml of blood can be

expelled from the pulmonary circulatory system

into the systemic circulation. Also, loss of blood

from the systemic circulation by hemorrhage can

be partly compensated for by automatic shift of

blo^ from the lungs into the systemic vessels

Shift of Blood Between the Pulmonary and
Systemic Circu/atory Systems as a Result of
Cardiac Pathology. Failure of the left side of the

heart or increased resistance to blood flow through

the mitral valve as a result of mitral stenosis or

mitral regurgitation causes blood to dam up in the

pulmonary circulation, sometimes increasing the

pulmonary blood volume as much as 100 per cent,

and also causing corresponding increases m the

pulmonary vascular pressures

On the other hand, exactly the opposite effects

take place when the right side of the heart fails-

Because the volume of the systemic circulation

is about nine times that of the pulmonary system,

a shift ofblood from one system to the other affects

the pulmonary system greatly but usually has only

mild systemic effects.

BLOOD FLOW THROUGH THE LUNGS
AND ITS DISTRIBUTION

The blood flow through the lungs is essentially

equal to the cardiac output. Therefore, the factors

that control cardiac output—mainly peripheral

factors, as discussed m Chapter 23—also control

pulmonary blood flow. Under most conditions, the

pulmonary vessels act as passive, distensible tubes

that enlarge with increasing pressure and narrow

with decreasing pressure But, for adequate aera-

tion of the blood it is important for the blood to be

distributed to those segments of the lungs where

the alveoli are best oxygenated. This is achieved

by the following mechanism:
Effect of Diminished Alveolar Oxygen on

Local Alveolar Blood Flow—Automatic Con-
trol of Pulmonary Blood Flow Distribution.

When the concentration of oxygen in some alveoli

becomes very low, the adjacent blood vessels slowly

constrict during the ensuing three to ten minutes,

the vascular resistance increasing to as much as

triple normal. It should be noted specifically that

this is opposite to the effect normally observed in

systemic vessels, which dilate rather than constrirt

in response to low oxygen. However, it is believed

that the low oxygen concentration causes some

vasoconstrictor substance to be released from the
lung tissue, this substance in turn promoting small
arterial and arteriolar constriction. Unfortunately,
research workers have not yet been able to isolate

the vasoconstrictor substance.
This effect of low oxygen on pulmonary vascular

resistance has an important function: to distribute

blood fbiw where it is most effective. That is, when
some of the alveoli are poorly ventilated so that
the oxygen concentration in them becomes low,

the local vessels constrict. This m turn causes most
of the blood to flow through the other areas of the
lungs that are better aerated, thus providing an
automatic control system for distributing blood
flow through different pulmonary areas in propor-

tion to their degrees of ventilation.
Paucity of Autonomic Nervous Control of Blood

Flow in the Lungs. Though nerves innervate the lung
tissues, It IS doubtful that these have a major function

m normal control of pulmonary blood flow. Normally,
stimulation of the vagal flbers to the lungs causes a
slight decrease m pulmonary vascular resistance, and
stimulation of the sympathetica causes a slight increase

in resistance, both effects perhaps too little to be more
than marginally important.

However, research workers have desenbed reflexes in

the pulmonary vascular system that might be of clinical

importance under certain conditions. For instance, it

has been claimed that small emboli occluding the small
pulmonary arteries cause a reflex that elicits sympa-
thetic vasoconstriction throughout the lungs, this laso-

constriction then leading to an intense increase in pul-

monary arterial pressure However, the signiflcance of

this reflex is still not certain

EFFECT OF HYDROSTATIC PRESSURE
GRADIENTS IN THE LUNGS ON
REGIONAL PULMONARY BLOOD
FLOW

In Chapter 19 it was pointed out that the pressure in

the foot of a standing person can be as much as 90 mm
Hg greater than the pressure at the level of the heart

This IS caused by hydrostatic pressure—that is, by the

weight of the blood itself The same effect, but to a

lesser degree, occurs in the lungs In the normal, upright
adult person, the lowest point m the lungs is about 30
cm below the highest point. This represents a 23 mm
Hg pressure difference, about 15 mm Hg of which are
above the heart and 8 below That is, the pulmonary
arterial pressure in the uppermost portion of the lung
of a standing person is about 15 mm Hg less than the
mean pulmonary arterial pressure, and the pressure in

the lowest portion of the lungs is about 8 mm Hg greater.

Such pressure differences have profound effects on blood
flow through the different areas of the lungs. This is

illustrated by the lower curve in Figure 24-4, which
plots blood flow per unit of lung tissue against hydro-
static level in the lung Note that m the standing
position there is little flow in the top of the lung hut
three to four times this much flow in the lower lung. To
help explain the reasons for these differences, the lung
IS often divided into three different zones, as illustrated
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rigure 24^. Blood Row 4t differenc levels In the tuns of «n
upright petson, both at rest and during exercise Note that wheit

the person Is at test, the blood Row Is almost zero at the top of

the lur>gs and most of the Row Is through the lower hing

in Figure 2+-5, m which the patterns of blood flow are

quite different Let us explain these differences

Zone 1 (Area of Zero Flow). When the pulmonary
artena! pressure is very low and the person is in a
standing position, the pressure in the capillaries at the
apices of the lungs may be less than the pulmonary
aUcoIar pressure fwhich normally averages 0 mm Hg).
In such a condition, the capillaries remain collapsed all

the time, as illustrated in the top panel of Figure 24-5.
because the pulmonary capillary pressure is not great
enough to oppose the tendency of the alveolar pressure
to collapse the capillaries Therefore, there will be zero
blood flow Thus, zone I is on area of no flow

Note, however, that a zone I area does oof occur in

f/ie nor/rtd/ lung but instead occurs only m abnormal
conditions

Zone 2 (Area of Zero Flow During Part of the
Heart Cycle). Recall that the normal pulmonary arte*

rial pressure ranges between 8 mm fig during diastole

and 25 mm Hg during systole. Since some portions of
the normal upright lung are at a hydrostatic pressure
level os much as 15 mm Hg above the mean level of the
heart, during diastole the pulmonary artenal pressure
cannot force blood into the upper portions of the normal
lung Yet, during systole blood does flow. Therefore, as
illustrated in the middle panel of Figure 24-5, the
alveolar capillaries collapse during the diastolic portion

of the heart cycle but open dunng systole Thus, mzone
2. blood flows intermittently, that is, with zero flow

during part of the heart cycle

In the normal lung under normal standing conditions,

the lower part of zone 2 begins 7 to 10 cm above the
level of the heart and extends from there all the way to

the lop of the lungs
Zone 3 (Area of Continuous Flow). In the lower

part of the lung, the pulmonary vascular pressures ane
always higher than the alveolar pressure, even during
diastole Therefore, as illustrated in the lower part of
Figure 24-5. the alveolar capillaries remain distended
all the time, and blood flows continuously from the
arteries to the veins
The zone 3 portion of the lung, the portion in which

^the pulmonary capillaries remain open ell the lime,
omally begins 7 to 10 cm above the level of the heart

t extends all the way to the lowermost portions of
c lung
Factors That Can Change the Locations of Zones

I .

Ml, /i f„, \ ™

ptevvuie Is 'ban antilal prtssurei zone 2, lti«tm!iw«

flow, because systolic anerUJ pressure rises higher than alveolar

pressure but diastolic pressure falls below alveolar pressure zone

i. continuous Row because arterial pressure remains greater than

alveolar pressure at all rimes

I, 2. and 3 in (he Lungs. Though normally there is no

zone 1 blood (low m the lungs, this very niben does occur

when the pulmonary arterial pressure falls. This is very

common following hemorrhage However, the most com-

mon cause of a zone 1 area in the lungs is breathing

against a high air pressure, a-s occurs when a person is

blowing on a musical instrument. Under these condi-

tions. the alveolar pressure rises vciy high, so high that

the pulmonary arterial systolic pressure in the upper

part of the lung cannot overcome the compressive effect

on the capillaries caused by the high alveolar pressure

Consequently, no blood then flows through this portion

of the lungs
Another factor that effects the zones is position of the

body. In the lying position, oil portions of the lung

become zone 3, and blood flow m the different parts of

the lung then becomes rather evenly distributed. In the

upside-down position, blood flow to the apices can ac-

tually be greater than blood flow to the base of the lung

Effect of Exercise on Blood Flow Through (he

Lungs. Referring again to Figure 24-^, one secs that

the blood flow m all parts of the lung increases during
exercise However, the increase in flow in the lop of the

lung may bo as much as 700 to 800 per cent, whereas
the increase in the lower part of the lung may be no

more than 200 to 300 per cent The reason for these

efTccts is the considerably higher pulmonary vascular

pressures that occur during exercise, which efiectively

convert the entire lung into a zone 3 pattern of flow

ErnCT or INCRIASW CARDIAC OUTTUT
ON THE PULMONARY ORCULATION
DURING HEAVY EXERUSE

During heavy exercise the lungs are frequently called

upon to absorb up to 20 times as much oxygen into the
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nsure 24-6. Effect on the pulmonary arterial pressure of

Increasing the cardiac output.

blood as normally This absorption is achieved in two
ways: (1) by increasing the number of open capillaries

so that oxygen can diH'use more readily between the

alveolar gas and the blood, and (2) by increasing cardiac

output, with its concomitant increase m blood flow

through the lungs—the blood thus picking up greater

quantities of oxygen
Fortunately, the cardiac output can increase to four

to SIX times normal before pulmonary arterial pressure

becomes excessively elevated, this effect is illustrated

in Figure 24-6. As the blood flow into the lungs becomes

increased, more and more capillaries open up; also, the

pulmonary arterioles and capillaries expand Therefore,

the excess flow passes through the pulmonary vascular

system without excessive increase in pulmonary arterial

pressure. Indeed, as shown in the figure, the pressure

rarely rises more than tw ofold despite as much as a five*

to sb^old increase in flow.

This ability of the lungs to accommodate greatly

increased blood flow during exercise with relatively little

increase in pulmonary vascular pressure is important

for at least two reasons (1) it obviously conserves the

energy of the right heart, and (2) it prevents a significant

rise in pulmonary capillary pressure and therefore also

prevents development of pulmonary edema during the

increased cardiac output

FUNCTION OF THE PUIMONARY
CIRCULATION WHEN THE LEFT ATRIAL
PRESSURE RISES AS A RESULT
OF LEFT HEART FAILURE

When the left heart fails or when mitral valvular

disease blocks the outflow of blood from the left atrium,

the left atrial pressure is increased and blood becomes

dammed up in the pulmonary system The initial effect

is to increase the volume of blood m the pulmonary

veins. Then, with further increase in left atnal pressure,

the capillaries and the pulmonary artenes also become
excessively filled with blood, and this damming of blood

in the pulmonary arteries eventually raises the pulmo-

nary arterial pressure. Also, an important effect of the

rising capillary pressure is transudation of fluid into the

pulmonary tissues and alveoli, an event called pulmo-

nary edema, which will be discussed subsequently.

Quantitative Relationship Between Left Atrial

Pressure and Pulmonary Arterial Pressure. Figure

^ 0 5 io 5 5 25
“ LEFT ATHIAL PHESSl/RE (mm Hg}

flguie 24—7. Effect of left atrial atrial pressure on pulmonary
arterial pressure

24—7 shows the approximate effect that a rising left

atnal pressure has on the pulmonary arterial pressure
This figure shows that an increase m left atrial pressure
from tero up to about 7 mm Hg has relatively little

effect on the pulmonary arterial pressure The reason
for this is that this moderate increase in left atrial

pressure causes more and more opening up ofcapillaries

This opening of blood vessels progressively reduces the
pulmonary vascular resistance, which mainly compen-
sates for the back pressure effect of the nsing left atnal
pressure. However, once all these vessels have been
opened, any further rise in left atnal pressure above the
7 mm Hg level causes a marked rise in pulmonary
arterial pressure, as shown in the figure

So long as the left ventricle functions normally, the
left atn^ pressure rarely nses above 6 mm Hg—even
when It IS pumping maximum cardiac output Therefore,
the left atnal pressure normally does not nse high
enough to have any significant effect on pulmonary
circulatory function Yet, when the left heart fails, the
left atnal pressure does then nse very high, sometimes
to as high as 30 to 40 mm Hg, which often leads to a
serious increase in pulmonary artenal pressure with
concomitant excess load on the nght heart.

PULMONARY GVPILLARY DYNAMICS

Exchange of gases between the alveolar air and
the pulmonary capillary blood will be discussed in
Chapter 40. However, it is important for us to note
here that the alveolar wails are lined with so
many capillaries that in most places they almost
touch each other. Therefore, it has often been said
that the capillary blood flows in the alveolar walls
as a "sheet” rather than in individual vessels.

Pulmonary Capillary Pressure. Unfortu-
nately, no direct measurements of pulmonary cap-
illary pressure have been made. However, “isogra-
vimetric" measurement of pulmonary capillary
pressure, using a technique described in Chapter
30, has given a value of 7 mm Hg. This is probably
very nearly correct, because the mean left atrial
pressure is about 2 mm Hg and the mean pulmo-
nary arterial pressure is only 15 mm Hg, so that
the mean pulmonary capillary pressure must He
somewhere between these two values.
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Length of Time Blood Stays in the Capillnf-

ies. From histologic study of the total cross-seC*

tional area of all the pulmonary capillaries, it can

be calculated that when the cardiac output js

normal, blood passes through the pulmonary cap-

illaries in about 0.8 second. Increasing the cardiac

output shortens this time sometimes to as little os

0 3 second, but the shortening would be much
greater were it not for the fact that additionol

capillaries, which normally are collapsed, open up
to accommodate the increased blood flow. Thus, in

less than 1 second, blood passing through the
capillaries becomes oxygenated and loses its excess

carbon dioxide

CAPlUARY EXCHANGE Of FLUID IN THE LUNGS

Negative Interstitial Fluid Pressure in the
Lungs and Its Significnncc. Fluid exchange
through the capillary membranes of the systemic
circulation will be discussed in detail in Chapter
30, where it is pointed out that the most significant

difference between pulmonary capillary dynamics
and capillary dynamics elsewhere in the body is

the very low capillarj’ prc.ssure in the lungs, about
7 mm Hg, in comparison with a considerably
higher “functionar capillary pressure elsewhere
in the body, probably about 17 mm Ug. Because of

the very low pulmonary capillary pressure, the
hydrostatic force tending to push fluid out the
capillary pores Into the mterstilinl spaces is also

very slight. Yet, the colloid osmotic pressure of the
plasma, about 28 mm Hg, is a large force tending
to pull fluid into the capillaries. Therefore, there
IS continual osmotic tendency to dehydrate the
interstitial spaces of the lungs. Referring to Chap-
ter 30 again, it is calculated there that the normal
pulmonary interstitial fluid pressure is probably
about -8 mm Hg That is, there is approximately
8 mm Hg tending to pull the alveolar epithelial

membrane toward the capillary membrane, thus
squeezing the pulmonary interstitial space down
to almost nothing Electron micrographic studies
have demonstrated this fact, the interstitial space
at limes being so narrow that the basement mem-
brane of the alveolar epithelium is fused with the
basement membrane of the capillary endothelium.
As a result, the distance between the air in the
alveoli and the blood in the capillaries is minimal,
averaging about 0 4 micron in distance; this ob-
viously allows very rapid diffusion of oxygen and
carbon dioxide

The details of fluid exchange through the pul-
monary capillary membrane will be discussed in
relation to overall capillary function in Chapter
30.

Mechanism by \Vhicb the Alveoli Hemain
Dry. Another consequence of the negative pressure
in the interstitial spaces is that it pulls ftmd from

p alveoli through the alveolar membrane and
the interstitial spaces, thereby normally keep-

ing the alveoli dry.

Pulmonary Edema. Pulmonary edema means exces-

sive quantities of fluid either in the pulmonary inUrsti-

ttal spaces or in the alveoli The normal pulmonary

interstitial fluid volume is approximately 20 percenter

the lung mass, but this can increase perhaps to 30 per

cent in pulmonary edema In addition, many times this

much fluid can enter the alveoli and cau^ intra-aliv^lar

edema, intra>alveolar fluid sometimes reaches 500 to

1000 per cent of the normal interstitial fluid volume.

Safety Factor Against Pulmonary Edema. The

most common cause of pulmonary edema is greatly

elevated pulmonary capillary pressure resulting from

failure of the left heart and consequent damming of

blond in the lungs However, the pulmonary capillary

pressure usually must rise to very high values before

senous pulmonary edema will develop. The reason for

this IS the very high dehydrating force of the colloid

osmotic pressure of the blood in the lungs This ciTcct t$

illustrated in Figure 24-8, which shows development of

iungedema in dogs subjected to progressively increasing

left atrial pressure In this ex7>cnment no edema fluid

developed in the lungs until left atrial pressure rose

above 23 mm Hg, which was approximately 3 mm Hg
greater than the colloid osmotic pressure of dog blood,

about 20 mm Hg This experiment demonstrates that

the blood prc.s.sure m the pulmonary capillaries usually

must rise a few mm Hg abox’c the colloid osmotic

pressure before senous pulmonary edema can ensue. In

the human being the colloid osmotic pressure is about

28 mm Hg, so thot pulmonary edema will rarely develop

below 30 mm Hg pulmonary capillary pressure Thus, if

(he capillary pressure in the lungs is normally 7 mm
Hg and this pressure must usually nsc above 30 mm
Hg before edema will occur, the lungs have a safety

factor against edema of approximately 23 mm Hg
Safety Factor Against Edema In Chronic Ele\a'

tion of Capillary Pressure. Patients with chronic

elevation of pulmonary capillary pressure occasionally

will not develop pulmonary edema even w-ith pulmonary
capillary pressures as high os 45 mm Hg. The reason

for this IS probably extremely rapid runoff of fluid from

the pulmonary interstitial spaces through the lymphat-

ics. In fact, experiments in dogs have shown that when

the pulmonary capillary pressure remains elevated for

njure 24-8. lUie of fluid loss Info the tunj tissues when the

left atrial pressure (and also pulmonary capRIaiy pressure)
Increased (From Cuyton and Lindsey CIre. Res., 7649 1959 By
petmlssion of The American Heart Association. Inc.)
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more than tvvo uccks, the pulmonary lymphatics can
enlarge bo much that lymph (low increaECS as much as
tVient>fo(d above the normal resting level. This extra

lymph (low gives a safety factor perhaps 15 or more mm
Hg above that which one normally has against edema.
Pulmonary Edema as a Result of Capillary Dam-

age. Pulmonary edema can also result from local capil-

lar>’ damage m the lungs This effect is often caused by
bacterial infection, such as occurs in pneumonia, or by
irritant gases such as chlorine, sulfur dioxide, or war
gases—mustard gas. for instance All these directly

damage the alveolar epithelium and the endothelium of

the capillaries, allowing rapid transudation of both fluid

and protein into the alveoli and interstitial spaces

Alveolar Fluid in Pulmonary Edema. Though mild
degrees of pulmonary edema can be limited to an in-

crease only of the pulmonary interstitial fluid, senous
edema almost always causes ^uid transudation into the

alveoli themselves It seems that the alveolar epithelium

does not have enough strength to resist any significant

degree of positive pressure in the interstitial spaces

Therefore, minute or large ruptures occur m the epithe-

lium, and fluid (lows readily out of the interstitial spaces

into the alveoli.

PATHOLOGICAL COSDITIONS THAT
OBSTRUCT BLOOD FLOW THROUGH THt
LUNGS

Ilcmoval of Lung Tissue. When one entire lung is

removed, the flow of blood through the remaining lung

usually is well uithm the limits ofcompensation as long

as the patient remains inactive However, the patient

thereafter has far less pulmonary circulatory reserve

than docs the normal person, for if the cardiac output

Increases to more than 150 to 200 per cent above normal,

the pulmonary arterial pressure begins to rise rapidly

This compares with the normal individual whose pul-

monary arculatory reserve is 300 to 500 per cent alravc

normal before the pressure nscs seriously

Massive Pulmonary Embolism, One of the most
severe postoperative calamities m surgical practice is

massive pulmonary embolism Patients lying immobile
in bed tend to develop extensive clots, especially in the

veins of the legs, because of sluggish blood flow Also,

women, after delivery of their babies, frequently develop

massive clots m the hypogastric veins Such clots often

break away from the initial sites of formation, particu-

larly when the patient first walks after a long period of

immobilization. The clots then flow to the nght side of

the heart and into the pulmonary artery Such a free-

moving clot is called an embolus
Total blockage of only one of the major branches of

the pulmonary artery usually is not immediately fatal

because the opposite lung can accommodate all the blood

flow. However, blood clots, as was discussed in Chapter

9, have a tendency to grow. Consequently, the embolus
becomes larger and larger, and, as it extends into the

other major branch of the pulmonary artery, the few

remaining vessels that do not become plugged are taxed

beyond their limit, and death ensues because of an
inordinate rise in pulmonary arterial pressure and right-

sided heart failure.

If the blood is rendered less coagulable by adroiiustra-

tion of anticoagulants so that the clot cannot grow, the

life of the patient can often be saved, also, surgical

removal of the clot is sometimes successful.

Diffuse Pulmonary Embolism. Sometimes many
small blood clot emboli or small emboli of other sub-

stances besides blood dots enter the venous blood and
eventually clog the vessels of the lungs. One such
instance is fat embolism. This occurs when a large

volume of fatty tissue, such as that in the breast,

becomes traumatized or infected so that the fatty ma-
terial liquefies and enters the venous blood. It passes to

the lungs, and because of the high surface tension of

fat, the pulmonary arterial pressure often cannot force

the fat globules through the small capillary vessels

Consequently, many of the small vessels of the lungs
become blocked

Another instance is oir embolism The air, like fat,

has a large surface tension at the interface between the
blood and air so that the globules of air cannot be
deformed enough to be pushed through the capillaries.

The physical cfTects of diffuse pulmonary embolism
on the pulmonary circulatory system are similar to those

of massive pulmonary embolism—that is, increased pul-

monary circulatory resistance with resulting increase

m pulmonary artcnal pressure and failure of the nght
side of the heart. However, with diffuse embolism, the

pulmonary vessels appear to develop considerable vaso-

spasm which adds additional resistance to flow besides

that caused by the emboli themselves It is believed that

this vasospasm is caused by a sympathetic reflex, and,

clinically, the stellate ganglion is sometimes anesthe-

tized to block the reflex.

Patients with this t>'pe of embolism exhibit a rapid

respiratory rate because of local irritation by the emboli

m the lungs and also because of resultant ischemia
throughout the body.

Emphysema. Pulmonary emphysema means literally

too much air in the lungs, and it is usually charactenzed

by destruction ofmany of the alveolar walls This causes

the adjacent alveoli to become confluent, thereby form-
ing large emphysematous cavities rather than the many
much smaller alveoli Obviously, loss of the alveolar

septa greatly decreases the total alveolar surface area

of the lungs and hinders gas exchange between the
alveoli and the blood. This effect will be discussed in

connection with the gas exchange functions of the lungs
in Chapter 43
Emphysema also has an important effect on the pul-

monary vasculature, for each time an alveolar wall is

destroyed, some of the small blood vessels of the pul-

monary system are also destroyed, thus progressively

increasing the pulmonary resistance and elevating the
pulmonary arterial pressure

In addition, a p/iysio/ogic increase in vascular resis-

tance also occurs in emphysema in the following way:
Some of the emphysematous alveoli have poor exchange
of air with the atmosphere. This poor ventilation results

m alveolar hypoxia so that the adjacent blood vessels
come continually under the influence of the hypoxic
stimulus discussed earlier in the chapter, resulting in
chronic vasoconstriction. This compounds the difflculties

already caused by the pathological destruction of pul-
monary vessels. Furthermore, the generalized hypoxia
throughout the body causes increased cardiac output,
and this, combined with the increased pulmonary resis-

tance, sometimes results in senous pulmonary hyper-
tension and right heart failure.

The physiologic increase in resistance can often be
treated effectively by simple oxygen therapy. Therefore,
emphysematous patients who also have nght heart
failure often experience rapid reversal of the failure
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along with decrease of the dyspneic sv-mptoma after only

a short penod of oxygen breathing.

Unfortunately, the prevalence of emphysema is in-

creasing rapidly because of cigarette smoking There-

fore. the physiological principles of its treatment are

becoming progressivciy more important

Diffuse Sclerosis of the Lungs. A number of path-

ological conditions cause excessive fibrosis in the sup-

portive tissues in the lungs, and the fibrous tissue in

turn contracts around the vessels Some of these condi-

tions are sihcosis. tuberculosis, syphilis, and, to a lesser

extent, anthracosis

In early stages of diffuse sclerosis, the pulmonary
arterial pressure often is normal as long as the person

IS not exercising, but just as soon as even mild exercise

IS performed, the pulmonary arterial pressure rises

inordinately because the vessels do not have the ability

to expand as much as normal pulmonary vessels do In

late stages of diffuse sclerosis the pulmonary arterial

pressure remains elevated constantly; as a result, the

right ventricle hypertrophies, and it may fail. Diffusion

of gases through the alveolar membranes m most m*
stances is impaired either because of decreased surface

area or because of diminished blood Row to some aivcoli

Atelectasis. Atelectasis is the clinical term for col-

lapse of a lung or part of a lung. This ocnirs often when
the bronchi become plugged, because the pulmonary
blood rapidly absorbs the air in the entrapped ah-eoli,

which causes the alveoli to collapse

Atelectasis also occurs when the chest cavity is opened
to atmospheric pressure, for, when air is allowed to

enter the pleural space, the elastic nature of the lungs
causes them to collapse immediately.

When the elastic tissues of the lungs contract during
atelectasis, they constrict not only the alveoli but also

the blood vessels This automatically decreases blood
flow' m the atelectatic portions of the lungs to perhaps
as lictic as one-fourth normal, shifting the remaining
three fourths to the aerated portions This is an impor-
tant safety mechanism, for it prevents ftow of major
quantities of blood through collapsed, nonaerated pul-

monary areas
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The Coronary
Circulation and
Ischemic Heart
Disease

Approximately one third of all deaths m the

affluent society of the Western world result from
coronary artery disease, and almost ail elderly

persons have at least some impairment of the

coronary artery circulation. For this reason, the

normal and pathological physiology of the coronary

circulation is one of the most important subjects

in the entire Held of medicine. The purpose of this

chapter is to present this subject, emphasizing also

the physiology of coronary occlusion and myocar*

dial infarction.

NORMAL CORONARY BLOOD FLOW
AND ITS VARIATIONS

PHYSIOLOGIC ANATOMY
OF THE CORONARY BLOOD SUPPLY

Figure 25-1 illustrates the heart with its coronary

blood supply Note that the mam coronary arteries lie

on the surface of the heart, and small arteries penetrate

into the cardiac muscle mass It is almost entirely

through these arteries that the heart receives its nutri-

tive blood supply. Only the inner 75 to 100 microns of

the endocardial surface can obtain significant amounts

of nutrition directly from the blood in the cardiac diam-

bers.

The left coronary artery supplies mainly the anterior

and lateral portions of the left ventricle, whereas the

right coronary artery supplies most of the right ventricle

as well as the posterior part of the left ventricle in 80

to 90 per cent of all persons. In about half of all human
beings, more blood flows through the right coronary

artery than through the left, in about 30 per cent the

arteries are about equal, and m 20 per cent the left

artery predominates
Most of the venous blood flow from the left ventricle

leaves by way of the coronary sinus—which is about 75
per cent of the total coronary blood flow—and meet of

the venous blood from the nght ventricle flows through

the small anterior cardiac veins directly into the nght

atnum and are not connected with the coronary sinus

A small amount of coronary blood flows back into the

heart through thebesian veins, which empty directly into

all chambers of the heart.

NORMAL CORONARY BLOOD FLOW

The resting coronary blood flow in the human
being averages approximately 225 ml per minute,
which is about 0.7 to 0.8 ml per gram of heart
muscle, or 4 to 5 per cent of the total cardiac
output

In strenuous exercise the heart increases its

cardiac output as much as four- to sixfold, and it

pumps this blood against a higher than normal
arterial pressure. Consequently, the work output
of the heart under severe conditions may increase
as much as six- to eightfold. The coronary blood
flow increases three- to fourfold to supply the extra
nutrients needed by the heart. Obviously, this

increase is not as much as the increase in work
load, which means that the ratio of coronary blood
flow to energy expenditure by the heart decreases.
However, the "efficiency” of cardiac utilization of
energy increases to make up for this relative defi-

ciency of blood supply.

Phasic Changes in Coronary Blood Flow-
Effect of Cardiac Muscle Compression. Figure
25-2 illustrates the average blood flow through the
small nutrient vessels of the left ventricular coro-
nary system in milliliters per minute in the human
heart during systole and diastole as calculated
from experiments in lower animals. Note from this
diagram that the blood flow in the left ventricle
falls to a low value during systole, which is opposite
to the flow in all other vascular beds of the bodv
The reason for this is the strong compression of
the left ventricular muscle around the intramus
cular vessels during systole.

During d^tok the cardiac muscle relaxes com-
pfetely aud no longer obstructs the blood flowthrough the left ventncular capillaries so lU..
blood now flows rapidly during all of d£toTe,*^^
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rljute 15- 1 . The cotonaty vesieh

Blood flow through the coronary capillaries of

the right ventricle also undergoes phasic changes
during the cardiac cycle, but, because the force of

contraction of the right ventricle is far less than
that of the left ventricle, the inverse phasic

changes are only partial in contrast to those m the

left ventricle

Epicardial Versus Subendocardial Blood Flow-
Effect of Intramyocardlal Pressure. During cardiac

contraction all the cardiac muscle s<iueeze8 toward the

centers of the ventricles Thai is, the ventricular muscle
adjacent to the ventricular chambers (the subendocar-
dial muaelel sc|ucc2es the blood in the ventncic, the

muscle in the middle layer of the vcntriclo squeezes the

blood in the ventricle and o/so the subendocardial mus-
cle, and the outermost muscle squeezes both the middle
and the subendocardial muscle as well as the blood in

the ventricle Therefore, during systole, a (i^ue pressure

gradient develops within the heart mu«cle itself, with
the pressure in the subendocardial muscle almost as

great as the pressure inside the ventricle, while the

pressure in the outer layer of the heart muscle is only
slightly greater than atmospheric pressure The impor-

tance of this pressure gradient is that Ike inirantyocar-

dial pressure m the inner layers of the heart muscle ts so

muck greater than in the outer layers that it compresses
the subendocardial Wood lessels far mart than Ike outer

lessels

Figure 25-G illustrates the special arrangement ofthe

coronary vessels at different depths in the heart, show-
ing on the surface of the cardiac muscle the large

epicardial coronary arteries that supply the heart

Smaller intramuscular arteries penetrate the muscle,

supplying the needed nutrients en route to the endocar-

dium Then lying immediately beneath the endocardium
IS a plexus of subendocardial arteries During systole,

blood flow through the subendocardial plexus of the left

ventricle, where the contractile force of the muscle is

very great, falls almost to zero To compensate for this
almost total lack of flow during systole, the subendocar-
dial arterial plexus is more extensive than the nutnent
arteries in the middle and outer layers of the heart
Therefore, during diastole, blood flow in the aubendo-
cardial arteries is considerably greater than is blood
low in the outermost arteries Later in the chapter we

ill sec that this peculiar difference between blood flow
li ? epicardial and subendocardial arteries plays an

Inportant role m certain types of coronary ischenna

CONTROL OF
CORONARY BLOOD FLOW

LOCAL METABOLISM AS THE PRIMARY
CONTROLLER OF CORONARY FLOW

Blood flow through the coronary system is reg-

ulated almost entirely by vascular response to the

local needs of the cardiac musculature for nutri-

tion. This mechanism works equally well when

the nerves to the heart are intact or are removed

That is, whenever the vigor of contraction is in-

creased, regardless of cause, the rate of coronary

blood flow simultaneously increases, and, con-

versely, decreased activity is accompanied by de-

creased coronary flow It is immediately ob^ons

that this local regulation of blood flow is almost

identical with that occurring in many other tis-

sues, especially in the skeletal muscles of all the

body.

Oxygen Demand as a Major Factor in Local

Blood Flow Regulation. Blood flow in the coro-

naries is regulated almost exactly in proportion to

the need of the cardiac musculature for oxygen.

Even in the normal resting state, 65 to 70 per cent

of the oxygen in the artenal blood Is removed as

the blood passes through the heart; and, because

not much oxygen is left, not much additional oxy-

gen can be supplied to the heart musculature

unless the blood (low increases. Fortunately, th®

blood flow does increase, and almost directly in

proportion to the metabolic consumption of oxygen

by the heart

Yet, the exact means by which increased oxygen

consumption causes coronary dilatation has not

been determined It js speculated that a decrease

in the oxygen concentration in the heart causes

vasodilator substances to be released from the

muscle cells, and that these dilate the artenoles

The substance with the greatest vasodilator pro-

pensity is adenosine In the presence of very low

SYSTOLE DIASTOLE

rijurc 25-2. f^aslc flow of blood through the ceroiwiy capH-

UrfeS of the human left ventricle (as ewrapolaied from studlef lo

di^i)
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EPICARBIALCOSONAUr ARTERIES

SUBENDQCARQIALARTERIAL PLEXUS

Ilgure 25-3. Diagram ot the epicardlal Intramuscular, and
subendocardial coronary vasculature

concentrations of oxygen m the muscle cells, a
large proportion of the cell’s adenosine triphos-

phate degrades to adenosine monophosphate; then
small portions of this are further degraded to

release adenosine into the tissue fluids ofthe heart

muscle. After the adenosine causes vasodilatation

it is destroyed within a few seconds so that it

cannot go elsewhere in the circulation to cause

unwarranted vasodilatation.

Adenosine is not the only vasodilator product

that has been identified. Others include adenosine

phosphate compounds, potassium ions, hydrogen
ions, carbon dioxide, bradykinin, and possibly pros-

taglandins.

Yet, difficulties still exist with the vasodilator

hypothesis. For one. agents that block or partially

block the vasodilator effect of adenosine do not

prevent the coronary vasodilatation in response to

increased muscle activity. Second, studies in skel-

etal muscle have shown that adenosine can main-
tain vascular dilatation for only one to three hours,

and yet muscle activity will still dilate the local

blood vessels even when the adenosine can no

longer dilate them.
Therefore, yet another theory to explain the

coronary artery dilatation should be remembered
until proved felse: in the absence of adequate

amounts of oxygen in the cardiac muscle, not only

does the muscle itself suffer oxygen deficiency but

so do the arteriolar muscle walls as well This

could easily cause local vasodilatation because of

lack of the required energy to keep the coronary

vessels contracted against the high arterial pres-

sure. But this, too, has its problems, because the

coronary arteries require only minute amounts of

oxygen to maintain full contraction.

The Determinants of Oxygen Consumption.
Since the rate of oxygen consumption is the major

factor that determines coronary blood flow, it is

important to know the different factors that can

alter myocardial oxygen consumption.

In general, the rate of cardiac oxygen consump-

tion is closely related to work performed by the

heart—the greater the work, the greater the oxy-

gen consumption, and consequently the greater

the coronary flow. However, this is not exactly true

for the following reasons: Work output ofthe heart

is determined by the arterial pressure against

which the heart is pumping times the cardiac

output pumped per minute. When the pressure

incre^es, the oxygen consumption increases al-

most directly in proportion to the increase in pres-

sure. On the other hand, when the cardiac output

increases without an increase in pressure, the

oxygen consumption increases only a slight to

moderate amount rather than in direct proportion

to the increase in cardiac output.

Therefore, an important principle of heart func-

tion is that myocardial energy consumption and
oxygen usage are very nearly proportional to ten-

sion times the time that the tension is nxaintained

during the cardiac cycle. One of the important

consequences of this principle is the following:

When the heart becomes dilated because of heart

disease, the heart muscle must then generate

greatly increased tension to pump against even

the normal arterial pressure. This results from the

law of Laplace, which states that the tension re-

quired to generate a given pressure increases in

proportion to the diameter of the heart This ne-

cessity for increased tension means that, despite

the diseased condition of this heart, the heart must
expend greatly increased energy and use extra

oxygen to provide the required pumping, which
further exacerbates the heart’s debility.

Other Causes of Increased Oxygen Con-
sumption. Other factors that increase cardiac ox-

ygen consumption are stimulation of the heart by
epinephrine, norepinephrine, thyroxine, digitalis,

and calcium ions and increased temperature of the

heart. All these factors increase the metabolic

activity of the cardiac muscle fibers themselves,

which in turn increases the rate of oxygen usage
even though they might not increase the w'ork

output of the heart. They also increai-e coronary

blood flow approximately in proportion to the in-

crease in rate of oxygen usage
Importance of the Increase in Coronary

Blood Flow in Response to Myocardial Oxy-
gen Usage. The resting heart extracts most of the

oxygen from the coronary blood as it flows through
the heart muscle, and very little of the heart's

oxygen need can be met by additional extraction

of oxygen from the coronary blood. Therefore, the

only significant way in which the heart can be

supplied with additional amounts of oxygen is

through an increase in blood flow. Consequently,

It is essential that the coronary blood flow increase

whenever the heart muscle demands additional

oxygen. \Vhen the coronary blood flow fails to

increase appropriately, the strength of the muscle
diminishes rapidly and drastically, often causing
acute heart failure. Also, this relative ischemia of
the muscle can cause severe pain, called anginal
pam, which will be discussed later in the chapter.

RcactiNC II>pcrcmia in the Coronary System. If
the coronary flow to the heart is completely occluded for
a few seconds to a few minutes and then suddenly
unoeduded, the blood flow maeascs to as high as 3 to 4
times norma], as shown in Figure 2S—t. It rcm-nns high
for a few seconds to se\eral minutes, depending on the
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penod oJ occluftwn This «xira flow of Wood A tailed

reaeUve hyperemia, which was explained in Chapter 20
During the period of excess flow, tho heart removes a

large amount of extra oxygen from the blood. a» ahown
by the bottom curve of the figure, to make up for the

deficiency of oxygen dunng tho penod of occlusion

Reactive hyperemia is simply another manifestation of

the ability of the coronary system to adjust ityflow to

the metabolic needs of the heart /

NUVOUS CONTROL
OF CORONARY BLOOD FLOWvV
Stimulation of the autonomic nerves to the heart

can affect coronary blood flow in two ways—di-

rectly and indirectly The direct effects result from
direct action of the nervous transmitter sub-

stances, acetylcholine and norepinephrine, on the

coronary vessels themselves The indirect effects

result from secondary changes in coronary blood

flow caused by increased or decreased activity of

the heart
The indirect effects play by far the more imyw

tant role in normal control of coronary blood flow.

Thus, sympathetic stimulation, which releases

norepinephrine, increases both heart rate and
heart contractility as well as its rate of metabo-
lism. In turn, the increased activity of the heart
sets off local blood flow regulatory mechanisms for

dilating the cuTonary vessels, the blood flovi in-

•‘3Sing approximately m proportion to the met-
'lolic needs of the heart muscle. In contrast, vagal

mulation, with its release ofacetylcholine, slows
the heart and also has a slight depressive eflect

on cardiac contractility. Both tbOBo effects decrees

cardiac oxygen consumption and therefore indi

rectly constrict the coronanes.
Direct Effects ofNervous SUmuffon theCoronar

Vasculature. The distribution of parBsympathetie (vs

gal) nerve fibers to the vcntncular coronary syiWtfl i

80 slight that parasympathetic stimulation has an al

most negligible direct effect on coronary blood flev

though a very slight effect on dilating the coronaries

On the other hand, there is much more extensiv

sympathetic innervation of the coronary vessels. I

Chapter 67 we shall see that the sympathetic transmii

ter substances norepinephnne and epinephrine can hsv

cither dilator or constrictor effects, depending on th

presence or absence of 8p«?cific receptors in the bloo

vessel walls The conslnctor receptors are called flfp^

receptors, and the dilator receptors are called beta rveep

tors Both alpha and beta receptors are known to ens

In the coronary vessels. In general, the cpicardial core

naty iresscls have a preponderance of alpha recepton

whereas the intramuscular arteries have a prepondei

ance of beta receptors Therefore sympathetic stimuls

tion can cause either slight overall coronary constnctioi

or dilatation, but usually a little more constriction Yet,

in some persona, the alpha vasoconstrictor effects seem

to be disproportionately severe, and these persona can

have vasospastic myocardial ischemia during periods of

excess sympathetic dnve, often with resultant anginsi

pain
It roust be pointed out again, however, that metabolic

factors—especially myocardial oxygen consumption-
arc the major controllers of myocardial blood flow.

Therefore, whenever nervous stimulation alters the cor-

onary blood flow, the metabolic factors usually return

the flow most of the way back toward normal within

seconds or minutes.
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THE SUBSTRATES
OF CARDIAC METABOUSM

The general principles of cellular metabolism, which

will he discussed in Chapters 67 through 70. apply to

cardiac muscle, though there are some quantitative

difierenccs. Most importantly, under resting conditions

cardiac muscle normally utilizes mainly fatty acids for

its energy, with approximately 70 per cent of the normal

metabolism being derived from these. However, as is

true of other tissues, under anaerobic or ischemic con-

ditions cardiac metalwlism must call upon the anaerobic

glycolysis mechanism for energy. This, unfortunately,

can supply very little extra energy m relation to the

lai^e energy requirements of the heart. Also, it utilizes

tremendous quantities of the blood glucose and at the

same time forms large amounts of lactic acid in the

cardiac tissue, which is probably one of the causes of

cardiac pain in cardiac ischemic conditions, as will be

discussed later in the chapter.

As is true in other tissues, more than 95 per cent of

the metabolic energy liberated from the foods is used to

form ATP in the mitochondria. This ATP in turn sup-

plies the energy for cellular function. In coronary is-

chemia, the ATP degrades to ADP, AMP, and adenosine

Because the cell membrane is permeable to adenosine, v
some of this is lost front the muscle cells into the

circulating blood. This released adenosine is believed to

be one of the substances that causes dilatation of (he

coronary arterioles during coronary hypoxia, as dis-

cussed earlier. However, the toss of adenosine also has

a very serious cellular consequence Within as little as

halfan hour of severe coronary ischemia, as occurs after

a myocardial infarct or during cardiac arrest, about half

of the adenine base can be lost from the cardiac muscle

cells. Furthermore, this can be replaced by new synthe-

sis of adenosine at a rate of only 2 per cent per hour
Therefore, once a serious bout of ischemia has persisted

for half an hour or so, relief of the coronary ischemia

may be too late to save the lives of the cardiac cells

This is almost certainly the major cause of cardiac

cellular death following myocardial ischemia and also

one of the most important causes of cardiac debility in

the late stages of circulatory shock, as will be discussed

in Chapter 28.

ISCHEMIC HEART DISEASE J
The single most common cause of death in Western

culture is ischemic heart disease, which results from

insufficient coronary blood flow Approximately 35 per

cent of all human beings in the United States die of this

cause. Some deaths occur suddenly as a result of an
acute coronary occlusion or of fibrillation of the heart,

whereas others occur slowly over a period of weeks to

years as a result of progressive weakening of the heart

pumping process. In the present chapter we will discuss

the coronary ischemia problem itself, as well as acirfe

coronary occlusion and myocardial infarction. In the

following chapter we will discuss congestive heart fail-

ure, the most frequent cause of which is progressive

coronary ischemia.
.

Atherosclerosis as the Cause of Ischemic Heart
Disease. The most frequent cause of diminished coren

nary blood flow is atherosclerosis, Although the athei^

osclerotic process will be discussed in connection with

lipid metabolism in Chapter 68, briefly, this process is

the following: In certain persons who have a genetic
predisposition to atherosclerosis or in persons who eat
excessive quantities of cholesterol and other fats, large

quantities of cholesterol gradually become deposited

beneath the intima at many points in the arteries. Later,

these areas of deposit become invaded by fibrous tissue,

and they also frequently become calcified The net result

IS the development of atherosclerotic plaques that pro-

trude into the vessels and cither block or partially block
blood flow.

A very common site for development of atherosclerotic

plaques is the first few centimeters of the coronary

arteries.

Acute Coronary Occlusion. Acute occlusion of a
coronary artery frequently occurs in a person who al-

ready has serious underlying atherosclerotic coronary
heart disease, 'but' almost never in a person with a
normal coronary circulation. This condition can result

from any one of several different effects, two of which
are the following-

1 The atherosclerotic plaque can cause a local blood

cloj called ajh^mbus, which in turn occludes the artery.

The thrombus usually begins where the plaque has

grown so much that it has broken through the mtima,
thus coming m contact with the flowing blood. Because
(he plaque presents an unsmooth surface to the blood,

platelets begin to adhere to it, fibrin begins to be

deposited, and blood cells become entrapped and form a

clot that grows until it occludes the vessel. Or occasion-

ally the clot breaks away from its attachment on the

atherosclerotic plaque and flows to a more peripheral

branch of the coronary arterial tree where it blocks the

artery at that point A thrombus that flows along the

artery m this way and occludes the vessel more distally

IS called an embolus
2 It is believed by many clinicians that local spasm

of a coronary artery can also cause sudden occlusion.

The spasm might result from irritation of the smooth
muscle of the arterial wall by the edges of an arterio-

sclerotic plaque, or it might result from nervous reflexes

that cause the coronary contraction. The spasm may
then lead to secondary thrombosis of the vessel.

Collateral Circulation in the HearCTKe^degree of

damage to the heart caused either by slowly developing

atherosclerotic constriction of the coronary arteries or

by sudden occlusion is determined to a great extent by
the degree of collateral circulation that is already de-

veloped or that can develop within a short period of time
after the occlusion.

Unfortunately, in a normal heart, almost no commu-
nications exist among the larger coronary artenes But
many anastomoses do exist among the smaller arteries

sized 20 to 250 microns in diameter, as shown in Figure
25-^.
When a sudden occlusion occurs in one of the larger

coronary arteries, these small anastomoses dilate within
a few seconds. The blood flow through these minute
collaterals is usually less than one half that needed to
keep alive the cardiac muscle that they supply; and
imfortunately the diameters of the collateral vessels do
not enlarge farther for the next fi to 24 hours. But then
collateral flow does begin to increase, doubling by the
second or third day and often reaching normal or almost
normal coronary flow in the previously ischemia muscle
within about one month; it is capable of increasing even
further with increased metabolic loads. It is because of
these developing collateral channels that a .
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figure 25-5. Minute anastomases of the coronaty anertal

system

recovers from vanous types of coronary occlusion when
the area of muscle invohed is not too great.

When atherosclerosis constricts the coronary arteries

slowly over a period ofmany years rather than suddenly,

collateral vessels can develop at the same time that the

atherosclerosis does Therefore, the person may never
experience an acute episode of cardiac dysfunction

Eventually, however, the sclerotic process develops be*

yond the limits of even the collateral blood supply to

provide the needed blood flow, and even the collaterals

sometimes develop atherosclerosis When this occurs,

the heart muscle becomes severely limited in its work
output, often so much so that the heart cannot pump
even the normally required amounts of blood (low This

IS the most common cause of cardiac failure and occurs

m vast numbers of older persons

MVOCAROMl fNFARCnON

Immediately after an scute coronary occlusion, blood

flow ceases in the coronary vessels beyond the occlusion

except for small amounts of collateral flow from sur-

rounding vessels The area of muscle that has either

2ero flow or so little flow that it cannot sustain cardiac

muscle function is said to be infarrtcd The overall

process is called a myocardtal in/an(ion
Soon after the oniti oi the inrarclion small amounts

of collateral blood seep into the infarcted area, and thm.
combined with progressive dilatation of the local blood

vessels, causes the area to become overfilled with stag-

nant blood Simultaneously, the muscle fibers utilize the
last vestiges of the oxygen m the blood, causing the
hemoglobin to become totally reduced and very dark
blue m color Therefore, the infarcted area takes on a
dark bluish-brown hue, and the blood vessels ofthear^a
appear to be engorged despite the lack of blood flow In

later stages, the vessels become highly permeable and
fluid, the tissue becomes edematous, and the cardiac

'

• cells begin to sw ell because of diminished cellu-

metabolism Within a few hours of almost no blond
' supply the cells die

Oirdiac muscle requires approximately 1.3 ml of ox

ygen per 100 grams of muscle tissue per minute simpl;

to remain alive. This is m comparison with appron

mateiy 8 ml of oxygen per 100 grams delivered to thi

normal resting left ventricle each minute. Therefore, i

there is even as much as 15 to 30 per cent of norms

resting coronary blood flow, the muscle will not die I’

the central portion of a large infarct, however, the bloo

flow IS usu^ly less than this so that this muscle doe^

die

Subcntlocardial Myocardial Infarction. Myocar-

dial infarction frequently occurs in the subendocardial

muscle even when the epicardial portions of the heart

muscle remain uninfarcted This form of infarction «
curs especially when the diastolic artenal pressure is

very low or when the diastolic intraventricular pressure

IS very high. From the discussion earlier m the chapter

of the subendocardial artenal plexus, it was pointed out

that most blood flow into this area of the heart occurs

dunng diastole Therefore, when the diastolic artcml

pressure is very low—as occurs m patients who have

aortic regurgitation, patent ductus arteriosus, or to a

lesser extent artcnosclerosis—one can expect a high

incidence of subendocardial myocardial infarction

CAUSeS OF DEATH FOLLOWING
ACUTE CORONARY OCCIUSION

The four major cau.ses of death following acute myo-

cardial infarction arc decreased cardiac output; dam-

ming of blood in the pulmonary or systemic veins with

death resulting from edema, especially pulmonary

edema, fibnllation of the heart, and. occasionally, nip-

ture of the heart

Decreased Cardiac Output-Xardiac Shock,
Wlien some of the cardiac muKle fibers are not fun^

tioning at all and others are too weak to contract with

great force, the overall pumping ability of the affected

ventricle is proportionately depressed Indeed, the over-

all pumping strength of the heart is often decreased

more than one might expect because of the phenomenon
of systoUe stretch, which is illustrated in Figure 2^
When the normal portions of the ventncular muscle

contract, the ischemic muscle, whether this be dead or

simply nonfunctional, instead of contracting is actually

forced outward by the pressure that develops inside the

ventricle Therefore, much of the pumping force of the

ventricle is dissipated by bulging of the area of non-

functional cardiac muscle
tVhen the heart becomes incapable ofcontractingwith

suCfiaent force to pump enough blood into the artenal

tree, cardiac failure and death of the penpberai tissues

ensue as a result of peripheral ischemia This condition

is called coivnary shock, cardiogenic shock, cardiac

shock, or low cardiac output failure It will be discussed

m the following chapter. Cardiac shock almost always

occurs when more than 40 per cent of the left lentncle

is infarcted Death occurs m about 85 per cent of those

patients who develop cardiac shock.

Damming of Blood in the V'enous System. tVhen

the heart is not pumping blood forward, it must
damming blood in the blc^ vessels of the lungs or in

the systemic circulation Obviously, this increases both

the left and right atnal pressures and also leads to

increased capillary pressures, particularly in the lungs

These effects often cause very little difficulty during the

first few hours after the myocardial infarction. Instead.
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the symptoms develop a few days later far the following

reason: The diminished cardiac output leads to dimin-

ished blood iiow to the kidneys, and, for reasons that

will be discussed m the following chapter, the kidneys

retain large quantities of fluid This adds progressively

to the blood volume and therefore to the congestive

symptoms. Consequently, many patients who seemingly

are getting along well udll suddenly develop acute pul-

monary edema several days after a myocardial infarc-

tion and often will die within a few hours after appear-

ance of the initial edema symptoms
Hupture of the infarcted Area. During the first day

of an acute infarct there is little danger of rupture of

the ischemic portion of the heart, but a few days after a

large infarct occurs, the dead muscle fibers begin to

degenerate, and the dead heart musculature is likely to

become very thin. If this happens, the dead muscle

bulges outward severely with each heart contraction, an
effect called systolic stretch as explained above, and this

stretch becomes greater and greater until finally the

heart ruptures. In fact, one of the means used in assess*

ing the progress of a severe myocardial infarction is to

record by radiograph whether the degree of systolic

stretch is getting worse
\Vhen a ventricle does rupture, the loss of blood into

the pericardial space causes rapid development of car-

diac tamponade—that is, compression of the heart from
the outside by blood collecting in the pericardial cavity.

Because the heart is compressed, blood cannot flow into

the right atrium, and the patient dies of suddenly

decreased cardiac output
Fibrillation of the Ventricles Following Myocar-

dial Infarction. Many persons who die of coronary

occlusion die because of ventricular fibrillation- The
tendency to develop fibrillation is especially great fol-

lowing a large infarction, but fibrillation can occur

following small occlusions as well. Indeed, many pa-

rents »-rth coronary insuffictency die acutely from fi-

brillation without any infarction at all.

There are two especially dangerous periods during

which fibrillation is most likely to occur. The first is

during the first ten minutes after the infarction occurs.

Then there is a short period of relative safety, followed

by a secondary period of cardiac irritability beginning
an hour or so later and lasting for another few hours
However, fibrillation can occur for many days after the
infarct

At least four different factors enter into the tendency
for the heart to fibnllate*

First, acute loss of blood supply to the cardiac muscle
causes rapid depletion of potassium from the ischemic
musculature This increases the potassium concentra-

tion in the extracellular fluids surrounding the cardiac

muscle fibers Experiments in which potassium has been
injected into the coronary system have demonstrated

that an elevated extracellular potassium concentration

increases the irntability of the cardiac musculature.

Second, ischemia of the muscle causes an “iiyury

current.'* which was described in Chapter 16 in relation

to electrocardiograms in patients with acute myocardial
infarction. The ischemic musculature cannot repolanze

Its membranes so that this muscle remains negative

with respect to the normal polarized cardiac muscle
membrane Therefore, electrical current flows from this

ischemic area of the heart to the normal area and can

elicit abnormal impulses which can cause fibnllation.

Third, powerful sympathetic reflexes develop follow-

ing massive infarction, principally because the heart

does not pump an adequate volume of blood into the

ortenal tree The sympathetic stimulation also increases

the irritability of the cardiac muscle and thereby pre-

disposes to fibnllation.

Fourth, the myocardial infarction itself often causes

the ventncle to dilate excessively This increases the

pathway length for impulse conduction in the heart and
also frequently causes abnormal conduction pathways
around the infarcted area of the cardiac muscle Both of

these effects predispose to development of circus move-
ments. As was discussed in Chapter 14, any prolongation

of the conduction pathway m the ventricles will allow

an impulse to re-enter muscle that is already recovering

from refractoriness, thereby initiating a subsequent

cycle of excitation and causing the process to continue

on and on

THE STAGES OF RECOVERY FROM
ACUTE MYOCARDIAL INFARCTION

The upper part of Figure 25-7 illustrates the effects

of acute coronary occlusion, on the left, in a patient with

a small area of muscle ischemia and, on the right, in a
patient with a large area of ischemia. \Vhen the area of

ischemia is small, little or no death of the muscle cells

Nontunetionol

figure 25-7. Top. Small and large areas of coronary ishemla.
flomwn Stages of recovery from myocardial Infarction.

Dead libers Fibrous I
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may occur, but part of the muscle often does become

temporarily nonfunctional because of inadequate nutri-

tion to support muscle contraction.

When the area of ischemia is large, some of the muscle

fibers m the very center of the area die rapidly, within

one to three hours in an area of total cessation of

coronarj- blood supply Immediately around the dead

area is a nonfunctional area because of failure of con-

traction and usually also failure of impulse conduction.

Then, extending circumferentially around the nonfunc-

tional area is an area that is still contracting but weakly

BO because of mild ischemia

Xleplacement of Dead Muscle by Scar Tissue. In

the lower part of Figure 25-7. the various stages of

recovery following a myocardial infarction are illus-

trated Shortly after the occlusion, the muscle fibers die

in the veiy center of the ischemic area "nien during the

ensuing days, this area of dead fibers grows because

many of the marginal fibers finally succumb to the

prolonged ischemia At the same time, owing to the

enlargement of the collateral artenal channels growing
into the outer rim of the infarcted area, the nonfunc-

tional area of muscle becomes smaller and smaller After

a few doj-s to three weeks most of the nonfunctional
area of muscle becomes functional again or dead—one
or the other In the meantime, fibrous tissue begins
developing among the dead fibers, for ischemia stimu-

lates ^owlh of fibroblasts and promotes development of

greater than normal quantities of fibrous tissue. There-

fore. the dead muscular tissue is gradually replaced by
fibrous tissue Then, because it is a general property of

fibrous tissue to undergo progressive elastomeric con-

traction and dissolution, the sue of the fibrous scar may
become smaller over a period of several months to a
>eer

Finally, the normal areas of the heart gradually

hypertrophy to compensate at least partially for the lost

ca^iac musculature By these means the heart recovers

Value of Rest in Treating Myocordial Infarction.

The degree ofcellulaFdeBthsrdetcrmined by the degree

of Ischemia x the degree of meta6o/«am of the heart

muscle When the metabolism of the heart muscle is

greatly increased, such os during exercise, in severe

emotional strain, or as a result of fatigue, the heart
w.uviC'Al'it.vsx^ ewed'avwic^'a.efti awiotbec tvituev-t*
for sustaining its life Furthermore, anastomotic blood

vessels that supply blood to ischemic areas of the heart

must also still supply the areas of the heart that they
normally supply WTien the heart becomes excessively

active, the vc.ssels of the normal musculature become
greatly dilated, and this allows most of the blood flowing

into the coronary vessels to flow through the normal
muscle tissue, thus leaving little blood to flow through
the small anastomotic channels into the ischemic area,

so that the ischemic condition is worsened This condi-

tion IS called the “coronary steal" syndrome. Conse-
quently, one of the most important factors in the treat-

ment of a patient with myocardial infarction is

observance of nbsolutc rest The greater the degree of
rest during the first few days or weeks following sudden
infarction, the less the degree of cellular death

' ' or THE HEART
I.

/ MYOCARDIAL INTARCTIOS

Occasionally, a heart that has recovered from a Urge
myocurdial infarction returns to full functional capabil-

ity, but more frequently its pumping capability is pei

manently decreased below that of a normal heart Thi

docs not mean that the person is necessarily a catdia

invalid or that the resting cardiac output is deprosse

below normal, because the normal person's heart I

capable of pumping 400 per cent more blood per mfnul

than the body requires—that is, a person has a "canlis

Tcwrve" of 400 per cent. Even when the cardiac re^en

is reduced to as little as 100 per cent, the person am
still perform normal activity ofa quiet, restful type- but

not strenuous exercise that would overload the heart.

'The effect of myocardial infarction and other my^sr-
dial debilities on cardiac output is discussed in the

following chapter in relation to the regulation ofcafdiac

output m cardiac failure

VAIN IN CORONARY DISEASE

Normally, a person cannot “feel" hU or her heart,

ischemic cardiac muscle docs exhibit pain sensatioi}-

Exactiy what causes this pain is not known, but it »
believed that isriiemia causes the muscle to release

acidic substances such as lactic acid or other

promoting products such as histamine or kinins that are

not removed rapidly enough by the slowly moving bliwd-

The high concentrations of these abnormal products then

stimulate the pain endings In the cardiac muscle,^
pam impulses arc conducted through the sympathetic

afferent nerve fibers into the central nervous aysteiw.

ASCINA riCTORJS

In most persons who develop progressive constriftjon

of their coronary arteries, cardiac pain, called

pecicrts, begins to appear whenever the load on the

heart becomes too great in relation to the coronary blo«3

flow This pain is usually felt beneath the upper BterP'^
and IS often also referred to surface areas of the bo*ly.

most often to the left arm and left shoulder but
frequently to the neck and even to the side of the I^ce

or to the opposite arm and shoulder. The reason for this

distribution of pam is that the heart originates during

embryonic l-fg fhA.np-.if^ as (Jo the arms Thcrc/bre-

hoiii of Ihoe structures receive pain nerve fibers

the same spinal cord segments.
In general, most persons who have chronic ang**'®

pectons feel the pam when they exercise, also when
they expenence emotions that increase metabolisio of

the heart or temporanly constrict the coronary ve5sn«

because of sympathetic vasoconstrictor nerve sigpnls-

Usually the pam lasts for only a few minutes Hotte''nri

some patients have such severe and lasting ischemi®

that the pain is present all the time The paiiH

frequently described as dull, pressing, and constnct>ng;

It is of such quality that it usually makes the patJnf*^

stop all activity and come to a complete state of rest

tVhen a person has frequent attacks of angina, th®

likelihood of developing an acute coronary occlusion

generally very great.

Treatment with V’asodilator Drugs. Several vA*®*

dilator drugs, when administered dunng an acute
ginal attack, will often give immediate relief from the

pam Two commonly used drugs "are

amyl nitrite. The original theory for use oi inese drus*

was that they caused coronary vasodilatation and that

Uiu relieved the pain by increasing roronary Wood flaw.

However, in the normal person the drugs have almort
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no effect on dilatation of the coronary arterioles and do
not cause a measurable increase in the coronary blood

flow. But they do have two other effects that probably

explain their efficacy in relieving anginal pain. First,

they cause marked venous dilatation throughout the

body, which reduces venous return to the heart, cardiac

output, and arterial pressure. Therefore, the work load

of the heart is immediately diminished, thereby decreas-

ing the formation of the ischemic products that are

presumed to be the cause of the pain. Second, even

though these drugs do not dilate the coronary arterioles,

they do dilate the large epicardial coronary arteries In

the person who has severely constricted epicardial ar-

teries, this slight dilatation can probably be of additional

benefit in relieving the anginal pain even though in the

normal heart such dilatation causes no measurable
increase in coronary blood flow.

Treatment with Sympathetic Blocking Drugs. An-
other medical procedure for relieving anginal pain is to

block the sympathetic nervous stimulation of ^e heart.

This is most frequently accomplished by administering

propranolol, which blpcka the beta adrenergic receptors

Stimulation oAhese^ceptors enhances cardiac activity.

Therefore, when they are blocked, the level of cardiac

muscle contractility and the heart rate both decrease,

and the cardiac work output also decreases; at the same
time, Uie heart's usage of oxygen diminishes as much
as 10 to 2() per cent. In this way, the ratio of oxygen

need to oxygen supply is often reduced enough to elim*

inate the pain

SURGICAL TREATMENT
OF CORONARY DISEASE

Aortic-Coronary Bypass Surgery. In many patients

with coronaiy ischemia, the constricted areas of the

coronary vessels are located at only a few discrete points,

and the coronary vessels beyond these points are of

normal or almost normal size. A surgical procedure has

been developed in the past 20 years, called oortic*

coronary bypass, for anastomosing small vein grafts to

the aorta and to the sides of the more penpheral coro-

nary vessels. Usually, one to three such grafts are

performed during the operation, each of which supplies

a peripheral coronary artery beyond a block. Howeveij

on occasion, as many as five grafts have been inserted

in a single person. The vein that is used for the graft is

usually the long superficial saphenous vein removed

from the leg of the recipient.

The acute results from this type of surgery have been

especially good, causing this to be the most rommon
cardiac operation performed. Anginal pain is relieved in

most patients. Also, m patients whose hearts have not

become too severely damaged prior to the operation, the

coronary bypass procedure often can provide the patient

with a normal survival expectation. On the other hand,

if the heart has already been severely damaged, the

bypass procedure is likely to be of little value.

Coronary Angioplasty. During the past ten year^

a procedure has been employed to open partially blocked

coronary vessels before they become tot^Iy occluded.

This procedure, called coronary artery angioplasty, is the

following: A very small catheter, about 1 millimeter in

diameter, has a balloon surrounding it, beginning a few

millimeters from its tip and extending backward along

its shaft for 2 to 3 cenUmeters. The tip of this catheter

is passed under radiographic gmdance into the coronary

system and pushed through the partially occluded artery

until the balloon portion of the catheter straddles the

partially occluded point. Then the balloon is inflated

with several atmospheres of pressure, which stretches

the diseased artery almost to the point of bursting. After

this procedure is performed, the blood flow through the

vessel usually increases as much as three to fourfold,

and more than three quarters of the patients who
undergo the procedure are relieved of the coronary

ischemic symptoms for at least several years, though
many of the patients still will require coronary bypass
surgery eventually.

MEASUREMENT OF HUMAN
CORONARY BLOOD FLOW

Obviously, it would be almost impossible to insert a
flowmeter into the coronary circulatory system ofhuman
beings. However, a satisfactory indirect method for

measuring coronary flow has been achieved, the princi-

ples of which are the following:

The blood flow through any organ of the body can be
determined by means of the so-called Pick pnnciple,

which was discussed in Chapter 23 in relation to the

measurement of cardiac output. That is, if a constituent

of the blood is removed as it flows through an organ,

then the blood flow can be determined from two meas-
urements; first, the amount removed from each milliliter

of blood as it goes through the organ and, second, the

total quantity of the substance that is removed by the

organ m a given period of time.
In measuring blood flow through the heart the subject

suddenly begins to breathe nitrous oxide of a given
concentration Samples of artenal blood are removed
from any artery in the body and samples ofvenous blood

are obtained from the coronary sinus through a catheter

that has been passed into the sinus by way of the venous
system The concentrations of the nitrous oxide m both
of these bloods arc then plotted for ten minutes, as

shown in Figure 25-8. The quantity of nitrous oxide lost

to the heart by each milliliter of blood as it passes

through the heart at each instant of the experiment can
be determined from the difference in height of the two
curves. This is called the A-V difference. The A-V
difference is determined each imnute for a period often
minutes and then averaged.
Now, to determine the amount of nitrous oxide that

is removed from the blood by the cardiac muscle, one
proceeds as follows: It will be noted from the curves of
Figure 25—8 that the concentrations of nitrous oxide
begin to reach an equilibrium level toward the end of
the ten minute experiment. It is also known that the
total amount of nitrous oxide absorbed by the cardiac
muscle is directly proportional to its concentration in

the arterial blood at the end of the ten minute run. A
proportionality factor has been determined in experi-
ments on isolated cardiac muscle so that at the end of
ten minutes the total amount of nitrous oxide absorbed
by each 100 grams of cardiac muscle can be determined
by^ multiplying the arterial concentration of nitrous
oxide times the proportionality factor.

Once the average A-V difference and the amount of
nitrous oxide absorbed by each 100 grams of heart
muscle have been determined, the coronary blood flow
per 100 grams of muscle is then calculated by dividing
the average A-V difference into the quantity absorb^
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MINUTES OF INHALATION

Hgure ZS-6. Method fat meMuiins human eoronaiy blood

Row as explained In fhe text

per minute As an example, if 8 ml of nitrous oxide is

absorbed by 100 grams of heart in ten minutes and the

average A-V difference dunng this period of time is O.Ol

ml for each milliliter of blood, a total of 800 ml of blood

would have passed through the 100 grams of heart

dunng the ten mitmte interval In other words, the
blood flow would be 80 ml per 100 grams of heart per
minute Assuming a heart mass of 280 grams, the blood

flow would be 224 ml per minute
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Cardiac Failure

Perhaps the most important ailment that must be

treated by the physician is cardiac failure, i^hich can

result from any heart condition that reduces the ability

of the heart to pump blood Usually the cause is de-

creased contractility of the myocardium resulting from

diminished coronary blood flow, but failure to pump
adequate quantities of blood can also be caused by

damage to the heart vahes, external pressure around

the heart, vitamin deficiency, pnmary cardiac muscle

disease, or any other abnormality that makes the heart

a hypoeffecUve pump In the present chapter, we will

discuss pnmanly cardiac failure caused by ischemic

heart disease. In the following chapter we wiU discuss

valvular and congenital heart disease

Definition of Cardiac Failure. The term cardiac

failure means simply failure ofthe heart, because ofsome

malfunction of the heart itself, to pump enough blood

Cardiac failure may be manifest in either of two ways

(1) by a decrease in cardiac output, or (2) by a damming
of the blood in the veins behind the left or right heart-

even though the cardiac output may be normal or at

times even above normal, as we shall discuss

Unilateral Versus Bilateral Cardiac Failure. Since

the left and right sides of the heart are two separate

pumping systems, it is possible for one of these to fail

independently of the other For instance, unilateral

failure can result from coronary thrombosis in one or

the other of the ventricles However, cardiac failure

from this cause occurs approximately 30 times as often

m the left ventricle as in the right ventricle, so that

there is a tendency among clinicians to view failure

following myocardial infarction as almost aivvays pri-

marily left-sided. Occasionally, however, nght-sided

failure does occur with no left-sided failure at all, but

this happens most frequently m persons with some

congenital disease affecting pnmanly the nght heart

In the first part of this chapter we will consider the

whole heart failing as a unit and then return to the

specific features of unilateral left- and nght-sided fail-

ure.

DYNAMICS OF THE CIRCULATION
IN CARDIAC FAILURE

ACUTE EffECTS OF
MODERATE CARDIAC FAILURE

If a heart suddenly becomes severely damaged in any

way, such as by myocardial infarction, the pumping

ability of the heart is immediately depress^. ^ a

result, two essential effects occur (a) reduced cardiac

output and (b) damming of blood m the veins, resulting

in increased systemic venous pressure. These two effects

are shown graphically m Figure 26-1. This figure illus-

trates, first, a normal cardiac output curve, depicting

the state of the circulation prior to the cardiac damage.
Point A represents the normal state of the circulation,

showing that the normal cardiac output under resting

conditions is 5 liters per minute and the nght atrial

pressure 0 mm Hg.

Immediately after the heart becomes damaged, the

cardiac output curve becomes greatly reduced, falling to

the lower, short-dashed curve at the very bottom of the

graph Within a few seconds after the acute heart attack,

a new circulatory state is established at point B rather

than point A, showmg that the cardiac output has fallen

to 2 liters per minute, about two-fifths normal, while

the nght atrial pressure has risen to 4 mm Hg because

blood returning to the heart is dammed up m the right

atrium This low cardiac output is still sufficient to

sustain life, but it is likely to be associated with fainting.

Fortunately, this acute stage lasts for only a few seconds

because sympathetic reflexes occur immediately that

can compensate to a great extent for the damaged heart

as follows.

Compensation for Acute Cardiac Failure by Sym-
pathetic Reflexes. When the cardiac output falls pre-

canously low, many of the different circulatory reflexes

discussed in Chapter 21 are immediately activated The
best known of these is the barorcceptor reflex, which is

activated by diminished artenal pressure. It is probable

that the chemoreceptor reflex, the central nervous sys-

tem ischemic response, and possibly even reflexes orig-

inating in the damaged heart itself also contribute to a

lesser extent to the nervous response. But whatever all

the reflexes might be, the sympathetics become strongly

stimulated within a few seconds, and the parasympa-
thetics become reciprocally inhibited at the same time.

Strong sympathetic stimulation has two major effects

on the circulation: first, on the heart itself, and, second,

on the peripheral vasculature. Even the damaged myo-
caniium responds to the sympathetic stimulation with
increased force of contraction as well as greatly in-

creased heart rate. If all the musculature is diffusely

damaged, sympathetic stimulation strengthens this
damaged musculature. Likewise, if part of the muscle
IS totally nonfunctional while part of it is still normal,
the normal muscle is strongly stimulated by sympathetic
stimulation, in this way compensating for the nonfunc-
tional muscle. Thus, the heart one way or another be-
comes a stronger pump, often as much as 100 per cent
stronger, under the influence ofthe sympathetic impulses.
This effect is also illustrated in Figure 26-1, which
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njure 26-1. rroyeisfve chansw In the Mtdli'e output euf^
following Acute myccatdlxf InTdrctlon. The CAtdlac output and

atrtd pw^ute change ptogtesilwely from point A to point O **

V* ''t'* 'eiV

shows elevation of the cardiac output curve after ayiti-

palhctic compensatton (the dotted curve).

Sympathetic etiinulation also increases the tendency

for venous return, for it increases the lone of most of

the blood vessels of the circulation, especially of tho

veins, reusing the mean systemic filling pnessttre to 12 to

14 nun Hg, almost 100 per cent above normal As wtU
be recalled from the discussion in Chapter 23, tH>*

greatly increases the tendency for blood to flow back ^
the heart Therefore, the d.traaged heart becomes pnm*<l
with more inflowing blood than usual, and the right

atna! pressure rises still further, which helps the heart

to pump larger quantities of blood Thus, in Figure

2C-] the ncvi circulatory state is depicted by point C.

showing a cardiac output of 4 2 liters per minute and &

right atrial pressure of 5 mm ilg

The syrepalhelic reflexes become maximally devd*
oped in about 30 seconds. Therefore, a person who h^s

a sudden moderate heart attack might experience noth-

ing more than cardiac pain and a few seconds of famtiP?
Shortly thereafler, with the aid of the sympathetic rcflc*

compeiualions as described above, the cardiac outpiit

may return to a level entirely adequate to sustain the

person who remains quiet, though the pain might per-

sist

TM£ CHRONIC STAGE OT tAtlURZ

After the flrst few minutes of an acute heart attach,

a prolonged secondary state bepns This is characterized

mainly by two events (1) retention of fluid by the

kidneys, and (21 progressive recovery of the heart itself

over R period of several weeks to months, as was
cussed in the previous chapter

Aeniil Retention of nuld

A low cardiac output has a profound elTcct on repAl

function, sometimes causing anuna when the cardi*®

.output falls to as low as one-half to two-thirds normal
general, the urinary output remains reduced as lonR

the cardiac output is significantly less than normsh
nd it usuallv docs not return to normal after an aedt®

iieart ntlatk until the cardiac output rises either all the

way back to normal or almost to normal. This relatiai

ship of renal function to cardiac output is one oftli

most Important of all the factors afTecting the dynainii

of the circulation in chronic cardiac failure.

Causes of Renal Retention of Fluid in Cardiac

Failure. There are three known causes of the reduced

renal output during cardiac failure, all of which are

perhaps equally important but in different ways
/. Decrensed Glomerular Filtration. A decrease in

cardiac output has a tendency to reduce the gloracnilar

pressure in the kidneys because of (a) reduced arterial

pressure, and (b) intense sympathetic conslnctton of (he

afferent arterioles ofthe kidney As a consequence, except

m the mildest degrees of heart failure, the glomerular

fillration rate becomes less than normal It will becoiw

evident from the discussion of kidney function in Chap-

ter 35 that even a very slight decrease tn glomerular

filtration often decreases urine output markedly. IVTien

the cardiac output falls to about one-half normal, this

factor nlone can result in almost complete anuria
2. Acth'ation of the Re/iin-Angiolensin System

and Increased Reabsorption of U'iifer and Salt by

the Kidneys. The reduc^ blood flow to the kidneys

causes marked increase In renm output, and this in turn

causes the formation of angiotensin by the mechanism
desenbed in Chapter 21 The angiotensin has a direct

effect on the arterioles of the kidneys to decrease further

the blood flow through the kidneys Also, increased

efferent arterial resistance decreases peritubular capil-

lary pressure, thus promoting greatly increased «ab-

sorption of both water and salt from tho renal tubules.

Therefore, the not loss of water end salt into the urine

IS greatly decreased, and the quantities ofsalt and woter

m the b^y fluids increase

3. Increased Aldosterone Seeret/on. In the chronic

stage of heart failure, large quantities of aldosterone

are secreted by the adrenal cortex This probably resuils

mainly from the effect of angiotensin in stimulating

ald<»terone secretion However, much of the Increase in

oldosicTone secretion might also result from Increaswl

plasma potassium, because excess potassium is the most

powerful stimulus known for aldosterone secretion, and

the potassium concentration rises in response to reduced

renal function in cardiac failure. Regardless of the cause

of the increased aldosterone, it further increases the

reabsorpCion of sodium from the renal tubules, and this

in turn lends to a secondary increase in water reabsorp-

tion for two reasons- First, as tho sodium is reabsorbed.

It reduces the osmotic pressure in the tubules while

increasing the osmotic pressure in the renal interstitial

fluids, these changes promote osmosis of water into the

blood. Second, the absorbed sodium increases the osmotic

concentration of the extracellular fluid and elicits anti-

diuretic hormone secretion by the hypothalamic-poste-

rior pituitary system, which is discussed in Chapter 36

The anlidiuretic hormone then promotes increased tu-

bular rcabsorption of water
The Boneflcial Effects of Moderate Fluid Reten-

tion In Cardiac Failure. Though many cardiologists

formerly considered fluid retention always to have a

detrimental clfect in cardiac failure, it is now known
that a moderate increa.se in body fluid and blood volume

is actually a very important factor helping to compen-

sate for the diminished pumping ability of the heart R
does this by increasing the tendency for venous return

That IS, tlie increased blood lolumo increases the venou*

retumin two ways- Firsft.it increases the mean syslemie

Riling pre-^sute, which increases Ike pressure gradient
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for causing flow of blood toward the heart. Second, it

distends the veins, which reduces the venous resistance

and thereby allows increased ease of flow of blood to the

heart.

If the heart is not too greatly damaged, this increased

tendency for venous return can often fully compensate
for the heart’s diminished pumping ability—so much so,

in fact, that if the heart’s pumping ability is reduced to

as little as 30 to 50 per cent of normal, still the increased

venous return can often cause an entirely normal cardiac

output.

Detrimental Effects of Excess Fluid Retention io

the Severe Stages of Cardiac Failure. In contrast to

the beneficial effects of moderate fluid retention m
cardiac failure, in severe failure with extreme excesses

of fluid retention the fluid then begins to have very

serious physiological consequences, including over-

stretching of the heart thus weakening the heart still

more, filtration of fluid into the lungs to cause pulmo-
nary edema and consequent deoxygenation of the blood,

and, often, development of extensive edema m all of the

peripheral tissues of the body as well. These very detr

nmental effects of excessive fluid will be discussed in

subsequent sections of the chapter

Recovery of the Myocardium
Following MyocardlAl InfArction

After a heart becomes suddenly damaged as a result

of myocardial infarction, the natural reparative proc-

esses of the b^y ^gm immediately to help restore

normal cardiac function. Thus, a new collateral blood

supply begins to penetrate the peripheral portions of the

mfarcted area, often completely restoring the muscle

function. Also, the undamaged musculature hypertro-

phies, in thU way offsetting much of the cardiac damage.

Obviously, the degree of recovery depends on the type

of cardiac damage, and it vanes from no recovery at all

to almost complete recovery Ordinarily, after myocar-

dial infarction the heart recovers rapidly during the

firet few days and weeks and will have achieved most

of its final state of recovery within five to seven weeks,

though some recovery continues for months

Cardiac Output Curve After Partial Recovery.

The long-dashed curve of Figure 26-1 illustrates func-

tion of the partially recovered heart a week or so after

the acute myocardial infarction By this time, consider-

able fluid also has been retained in the body, and the

tendency for venous return has increased markedly;

therefore, the right atnal pressure has nsen even more.

As a result, the state of the circulation is now changed

from point C to point D, which represents a normal

cardiac output of 5 liters per minute but with a right

atnal pressure elevated to 6 mra Hg.

Since the cardiac output has returned to normal, renal

output also will have returned to normal and no further

fluid retention will occur. Therefore, except for the high

right atnal pressure represented by point D in this

figure, the person now has essentially normal cardio-

vascular dynamics as long as he remains at rest.

If the heart itself recovers to a significant extent and

if adequate fluid retention occurs, the sjmpathetic stim-

ulation gradually abates toward normal for the following

reasons; The partial recovery of the heart can do the

same thing for the cardiac curve as sympathetic stimu-

lation, and fluid retention in the circulatory s>stera can

do the same thing for venous return as sympathetic

stimulation. Thus, as these two factors develop, the Cast

pulse rate, cold skin, sweating, and pallor resulting from
S3rmpathetic stimulation in the acute stage of cardiac

failure gradually disappear.

SUMMARY OF THE CHANCES THAT OCCUR
FOLLOWING ACUTE CARDIAC FAILURE—
“COMPENSATED HEART FAILURE"

To summarize the events discussed in the past few
sections describing the dynamics of circulatory changes
following an acute, moderate heart attack, we may
divide the stages into (1) the instantaneous eftect of the
cardiac damage, (2) compensation by the sympathetic
nervous system which occurs mainly within the first 30
seconds to 1 minute, and (3) chronic compensations
resulting from partial cardiac recovery and renal reten-

tion of fluid. All these changes are shown graphically

by the very heavy line m Figure 26-1. The progression

of this line shows: the normal state of the circulation

Ipoint A), the state a few seconds after the heart attack

but before sympathetic reflexes have occurred (point B),

the nse in cardiac output toward normal caused by
sympathetic stimulation (point C), and final return of

the cardiac output to normal following several days to

several weeks of cardiac recovery and fluid retention

(point D). This final state is called compensated heart

failure.

Compensated Heart Failure. Xote especially in Fig-

ure 26-1 that the pumping ability of the heart, as
depicted by the cardiac output curve, is still depressed
to less than one-half normal. This illustrates that factors

that increase the right atiiol pressure (principally re-

tention of fluid) can mamlain the cardiac output at a
normal level despite continued weakness of the heart
Itself. However, one of the results of chronic cardiac

weakness is this chronic increase in right atnal pressure
itself; in Figure 26-1 it is shown to be 6 mm Hg. Many
persons, especially in old age, have completely normal
resting cardiac outputs but mildly to moderately ele-

vated nght atnal pressures because of compensated
heart failure. These persons may not know that they
have caidiac damage because the damage more often

than not has occurred a little at a time, and the com-
pensation has occurred concurrently with the progres-

sive stages of damage.
Reduced Cardiac Reserve in Compensated Fail-

ure. The slight elevation of nght atnal pressure has
little harmful effect on the circulatory system (perhaps
a slightly enlarged liver and tendency toward ankle
edema). However, the person with compensated heart
failure certainly docs not have a normal circulatory

system, for should that person try to exercise strongly

or should any other stress be placed on the circulatory

system, such as might occur in some disease condition,
the heart would be unable to respond normally. Instead,

the person becomes very weak and often develops severe
dyspnea because the circulation cannot deliver the
needed oxygen to the nervous system and also cannot
remove the carbon dioxide In addition, the sympathetic
system becomes excessively stimulated in a futile at-
tempt to exate the circulation to a greater level of
cardiac output—the heart rate becomes very rapid, the
skin pallid, and sweat beads often appear.
To slate this another way, the normal person has far

peater cardiac resene than the person with compen-
sated heart disease. Cardiac reserve is at
greater length later in the chapter.
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njurc 2fr-2. Cready depressed cardiac output

that Indicates decompensated heart disease rrogf«k’**

#uW tetemton talses the rtjht atrial ptessote and t^

cardiac output progresses from point A to point h
explained in the text

DYSAMICS OFSIVERE CARDIAC FAILURE—
DECOMPINSATED HEART FAILURE

If the heart becomea seserely damaged, then no
amount of compensatjon. either by aympathetic nervous

reflexes or by fluid retention, can make this weakened
heart pump a normal cardiac output As a eonscqucticc.

the cardiac output cannot rise to a high enough value

to bring about return of normal renal function Fluid

continues to be retained, the person develops progres-

sively more and more edema, and this stale of events

eventually leads to death This is called decompensated

heart failure The mam basis of decompensated heart

failure is /bifure t>f the heart to pump sufficient blood to

make the kidneys funelion adequately

Analysis of Decompensated Henrt Failure. Figure

26-2 iliustrates a greatly depressed cardiac output

curve, depicting the function of a heart that has become
extremely weakened and cannot be strengthened Point

A on this curve represents the approximate slate of the

circulation before any compon^tion has occurred, nnd
point 6 the state after the first few minutes of acute

compensation by sympathetic stimulation, os described

above At point D the cardiac output has risen to 4 liters

per minute and the right atnal pressure to S mm Hg
The person appears to be in reasonably good condition,

but this state will not remain static for the following

reason The cardiac output has not risen quite high
enough to cause adequate kidney excretion of fluid,

therefore, fluid retention continues unabated and can
eventually be the cause of death These events can be
explained quantitatively in the following way
Note the dashed line at a cardiac output level of 5

liters in Figure 26-2 This is the critical cardiac output
level that is required to allow the kidneys to re-estabUah

normal fluid balance At any cardiac output below this

level, all the fluid-retaining mechanisms discussed in

the earlier section remain in play, and the body fluid

volumes will increase progressively Because of this
progressive increase in fluid volume, the mean systemic
fiUmg pressure continues to rise, and this forces pro-

gressively increasing quantities of blood into the n^t
atnum, thus increasing the right atnal pressure After
a day or so, the state of the circulation changes from
point D m Figure 26-2 to point C—the right atrial

pressure rising to 7 mm Hg and the cardiac output to

4 2 liters per minute However, note again that the
cardiac output is still not high enough to cause normal
renal output of fluid; therefore, fluid continues to be
retained, and after another day or so the right atnal

rises to 9 mm Hg, and Uie circulatory state

les that depicted by point D Still, the cardiac

.
IS not enough to establish normal fluid balance

After another feiv days the right atnal pressure has

risen fitil] further, but by now the cardiac function furve

1$ beginning to decline toward a lower level This dechse

IS caused by overstretch of the heart, edema of the
muscle, and other factors that dimmish the puiripin?

performance of the heart It is especially evident, how-

ever. that further retention of fluid from then on wdl^l*

more detrimental than beneficial to the circulation StilL

the cardiac output is not high enough to bnng shout

normal renal function, and fluid retention not oolf

continues but actually accelerates because of the falling

cardiac output Consequently, within a few day# the

sute of the circulation has reached point F on the ciirve,

with the cardiac output less than 2 & liters per

and the nghl atnal pressure 16 mm Hg This is a *t*t<

that now has approached or reached incompatibthty

with life, and the patient dies This state ofheart failur#

in which the failure continues to worsen is coJIcd

pensaied heart failure

Thus, one can see from this analysis that failure Oj

the cardiac output ever to nse to the critical level

required for normal renal function results in (a> pr®"

gressivc retention of fluid, which causes ib) progreA*ive

elevation of the mean systemic filling pressure, and W
progressive elevation of the right atnal pressure until

finally the heart is mi overstretched or so edemaf'^u*

that It becomes unable to pump even moderate qu®"-

titles of blood, ond. therefore, fails completely
tally, one detects this serious condition of decompcnw-
lion principally by the progressive edema, especially

edema of the lungs, which leads to bubbling rales id the

lungs and dyspnea (air hunger). All clinicians know that

failure to institute appropriate therapy when this

of events occurs leads to rapid death.

Myocardial Deterioration in Decompensated
Failure. In addition to the severe problem ofprogressive

fluid retention m decompensated heart failure, another

important complicating problem is progressive deterio-

ration of the myocardium itself The basic causes of th's

arc probably such factors as ( 1 ) diminished blood suPPly

to the cardiac muscle, (2) overstretching of the musrfe.

(3) edema of the muscle. (4) growth of fibrous tissu®

the myocardium. (5> overworking ofthe remaining
tional musculature, and so on. But, regardless of the

cause or causes of the deterioration, some of the impor-

tant results are the following

First, the contractility of the heart muscle itself di-

minishes.
Second, the calcium mechanism for causing excitation-

contraction coupling is depressed. This results partly

from the fact that the longitudinal tubules of the sar-

mplasmic reticulum fail to accumulate normal amount
of calcium. Therefore, when the muscle is stimulated.
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not enough calcium is available to cause full contraction

In addition, the troponin-tropomyosin system for initi-

ating interaction betNveen the actm and myosin fila-

ments seems to respond less intensely to the calcium

that IS available. These effects also explain why digitalis

is often very effective in improving the contractile

strength of the failing heart, because digitalis has a

specific function to increase the buildup of calcium ions

in cardiac muscle.

Third, the quantity of stored norepinephrine in the

sympathetic nerve endings decreases markedly in the

failing myocardium And the rate of secretion of norep-

inephrine in response to sympathetic stimuli is corre-

spondingly reduced. Therefore, the failing myocardium
responds more and more poorly to sympathetic stimu-

lation This means that the heart loses one of its very

important stimulating mechanisms
One can well understand that such cardiac deteno-

ration occurring in the late stages of cardiac failure can

lead to still more failure Once this begins, it has a

tendency to perpetuate itself and even to become a

vicious circle. Therefore, intensive therapy in this stage

of heart disease is essential if the person is to survive

Treatment of Decompensation. The two ways in

which the decompensation process can often he stopped

are- (1) by strengthening the heart in any one of several

ways, especially by administration of a cardiotonic drug,

such as digitalis, so that it can pump adequate quantities

of blood to make the kidneys function normally again,

or (2) by administering diuretics and reducing water

and salt intake, which brings about a balance between

fluid intake and output despite the low cardiac output

Both methods stop the decompensation process by re-

establishing normal fluid balance so that at least as

much fluid leaves the body as enters it

Mechanism of Action of the Cardiotonic Drugs.

Cardiotonic drugs, such as digitalis, have little effect on

increasing the contractile strength of normal cardiac

muscle. On the other hand, when administered to a

person with chronic cardiac failure these same drugs

can sometimes increase the strength of the failing myo-
cardium as much as 50 to 100 per cent Therefore, they

are the mainstay of therapy in chronic heart failure

The way in which digitalis and the other cardiotonic

glycosides strengthen heart contraction is believed to be

by increasing the quantity of calcium ions in the muscle

fibers. It was pointed out earlier that the cardiac muscle

sarcoplasmic reticulum fails to accumulate normal

quantities of calcium in severe heart failure and there-

fore cannot release enough calcium to cause full con-

traction of the muscle Consequently, this accumuIaUon
of extra calcium in the muscle fibers at least partially

corrects this problem.

UNILATERAL CARDIAC FAILURE

In the discussions thus far in this chapter, we have

considered failure of the heart as a whole. Yet in a large

number of patients, especially those with early acute

failure, left-sided failure predominates over right-sided

failure, and m rare instances, especially in congenital

heart disease, the right side may fail w ithoul significant

failure of the left side. Therefore, we now need to discuss

the special features of unilateral failure.

UNILATERAL LEfT HEART FAILURE

When the left side of the heart fails without concom-
itant failure of the right side, blood continues to be

pump«l into the lungs with usual right heart vigor

while it is not pumped adequately out of the lungs into

the systemic circulation As a result, the mean pulmo-
nary filling pressure rises because of shift of large

volumes of blood from the systemic circulation into the

pulmonary circulation.

As the volume of blood in the lungs increases, the

pulmonary vessels enlarge, and, if the pulmonary cap-

illary pressure rises above
,

gipiJIg. that is, above the

colloid osmotic'preb&iire oi' the plasma, fluid begins to

filter out of the capillaries into the interstitial spaces

and alveoli, resulting in pulmonary edema
Thus, among the most important problems of left heart

failure are pulmonary vascular congestion and pulmo-
nary edema, which are discussed in detail in Chapters
24 and 31 m relation to the pulmonary circulation and
capillary dynamics As long as the pulmonary capillary

pressure remains less than the normal colloid osmotic
pressure of the blood, ranging between 23 and 33 mm
Hg, the lungs remain “dry." But even a few millimeters’

rise in capillary pressure above this critical level, when
this occurs acutely, causes progressive transudation of

fluid into the interstitial spaces and alveoli, leading

rapidly to death. Pulmonary edema can occur so rapidly

that It can cause death after only 20 to 30 minutes of

severe acute left heart failure. (However, m chronic left

heart failure, the lymphatic vessels of the lungs enlarge,

so that lethal pulmonary edema sometimes then will

not occur even with left atnal pressures as high as 40
mm Hg.)

Course of Events for Severai Days
After Acute Left HeArt Failure

During the several days after the onset of left heart
Cdilure, one additional feature must be added to the

acute picture This is retention of fluid resulting from
reduced renal function. In moderate left heart failure,

the pulmonary capillary pressure sometimes rises only

to 15 to 20 mm Hg during the flrst days of the failure,

as illustrated in Figure 26-3, not enough to cause
pulmonary edema. Yet following retention of fluid for

the next few days, the blood volume increases, and more
blood is pumped into the lungs by the nght ventricle.

Then, the pulmonary capillary pressure rises still more,
often rising above the plasma colloid osmotic pressure,

resulting in severe pulmonary edema as shown in the
^^gure Indeed, this is a common occurrence; the patient
suddenly develops severe pulmonary edema a few days
to a week or so after the acute attack and dies a
respiratory death, not a death resulting fromdiminishc-d
cardiac output.

UNILATERAL RIGHT HEART FAILURB

In unildlcral right heart failure, blood is not pumped
adequately from the systemic circulation into the lungs.
Therefore, blood shifts from the lungs into the systemic
circulation. However, the cfTect of this on the systemic
arculdtion is hardly noticeable for the following reason;
'Die total amount of blood in the lungs is only about one
ninth that in the systemic circulation. Thertforc, evciT
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in severe acute right heart failure, the systemic blood

volume increases oni> a few per cent because of blood

shift from the lungs, and this is not sufficient to cause
significant systemic congestion

Low Cardiac Output in Acute Right Heart Fail-

ure. On the other hand, acute right heart failure can
cause gre.stcr depression of the cardiac output than acute

left heart failure of the same degree This again stems
from the far greater compliance of the systemic circu-

lation than of the pulmonary circulation Not enough
blood can transfer from the lungs into the systemic
ve«.scls to raise the systemic pressures to a very high
level, and these pressures are not enough to mahe the

weakened nght ventricle pump adequate quantities of

blood Therefore, in those rare conditions m which the

right heart does fail acutely, the cardiac output falls

greatly, oflen leading to such low cardiac output that

death ensues rapidly

The Chronic Stage of Unilateral Right Heart Fail-

ure. The chrome stage of unilateral nght heart failure

IS much the same as that discussed earlier for the entire

heart The depressed cardiac output results in progres-

sively more and more retention of fluid by the kidneys
until the cardiac output either rises back nearly to

norma! or until the person goes into decompensation
and dies Figure 2&-4 illustrates the progressive changes
that occur m chronic right-sided heart failure, showing
0 gradual return of cardiac output to norniai or near
normal, u return of arterial pressure and unnary output
to normal, but also progressive development of penph-
cral congestion and edema—yet no pulmonary edema

“HIGH CARDIAC OUTPUT FAILURE"—
OVERLOADING OF THE HEART

A condition called “high cardiac output failure" fre-

quently occurs in persons who have cardiac oulputa
much higher than normal but who also have signs of
cardiac failure because the left or nght or both atnal
pressures arc much too high Sometimes there is also
accumulation of edema The true problem is often not
failure of the pumping ability of the heart hut instead
oi-erloadinf! of the heart uilh too much itnous return.
Most often this is caused by some circulatory abnormal-
ity that decreases the systemic vascular resistance, such

a tl) Atienoienoui fintula. in which blood is shunted
flirectly from the artenes to the veins. This greatly
increases the venous return and frequently causes

congestive symptoms similar to those of typical hear

failure, even though the heart i.s norma! and is actual!;

pumping a tremendously increased cardiac output

(21 Beriberi heart disease, which is caused by lacko

the B vitamins, especially of thiamine This results u

profound systemic vasodilatation, sometimes decreasin)

the systemic resistance to as little as one-half normal

The heart is usually weakened as well, yet. even wid

the weakness of the heart, the cardiac output is still &

much as two times normal Therefore, severe congestm

symptoms occur both because of the excess venous retun

and because of the weakened heart, so that there is bot>

excess loading of the heart and true heart failure.

(3) Thyrotoxicosis, which, because of its stimulator;

effect on body metabolism, causes generalized systemv

vasodilatation Here again, the thyrotoxicosis frequenti;

weakens the heart os well, so that there is often botl

overloading of the heart and true heart failure, bot!

occurring simultaneously

LOW CARDIAC OUTPUT IN HEART
FAILURE—"CARDIOGENIC SHOCK"

In the description of acute heart failure, it was pointeii

out that the cardiac output can fall verv low immediately

after heart damage occurs This obviously leads tc

greatly diminished blood flow throughout the body end

can lead to a typical picture of circulatory shock ss

described in Chapter 28 This means, simply, that th<

cardiac output falls too low to supply the body witli

adequate blood flow As a result, the tissues detenoraU

rapidly and death ensues Sometimes death comes in

leas than an hour, at other times, it comes over a period

of several days The circulatory shock that is caused bj

inadequate cardiac pumping is called cardiogenic shock

or cardiac shock, and it is sometimes also called the

power failure syndrome
Cardio^nic shock is extremely important to the cli-

nician b«8use approximately one tenth of all patients

who have acute myocardial infarction die because of the

low cardiac output before the physiologic compensatorj

measures can come into play to save the person’s life

Once cardiac shock has become well-established after

myocardial infarction, all the typical events occur thal

also occur in the late stages of other types ofcirculatory

shock, as described in Chapter 28, especially rapn^

deterioration of almost all bodily functions

Vicious Circle of Cardiac Deterioration in Car-



26 CjtrdlAC FulluteW 3t t

diogenic Shock. The discussion of circulatory shock m
Chapter 28 will emphasize the tendency for the heart

itself to become progressively more damaged when jts

coronary blood supply is reduced during the course of

shock. That is, the low artenal pressure that occurs

dunng shock reduces the coronary supply, which makes
the heart still weaker, which makes the shock still

worse, the process eventually becoming a vicious circle

of cardiac deterioration. In cardiogenic shock caused by
myocardial infarction, this problem is greatly com-
pounded by the already existing coronary thrombosis

For instance, m a normal heart, the arterial pressure

usually must be reduced below about 45 mm Kg before

cardiac deterioration sets in. However, in a heart that

already has a blocked major coronary vessel, detenora-

tion will set in when the arterial pressure falls as low

as 80 to 90 mm Hg. In other words, even the minutest

amount of fall in artenal pressure can set off a vicious

circle of cardiac detenoration following myocardial in-

farction, though this circle will occur in a normal heart

only in the very late stages of shock For this reason, m
treating myocardial infarction it is extremely important

to prevent even short periods of hypotension
Physiology of Treatment. Often a patient dies of

cardiogenic shock before the various compensatory proc-

esses can return the cardiac output to a Ufe-sustaimng
level. Therefore, treatment of this condition is one of

the most important problems m the management of

acute heart attacks Immediate digitalization of the

heart Is often employed for strengthening the heart >f

the remaining functioning ventricular muscle shows
signs of deterioration Also, infusion of whole blood,

plasma, or a blood pressure-raising drug is used to

sustain the artenal pressure If the arterial pressure

can be raised high enough, the coronary blood flow can

often be elevated to a high enough value to prevent the

vicious circle of detenoration until appropriate compen-

satory mechanisms in the body can correct the shock.

Even with the best therapy, however, once the shock

syndrome has begun, with the artenal pressure remain-

ing as much as 20 mm Hg below normal for as long as

an hour, 85 per cent of the patients die

Some success has been achieved recently in saving

the lives of patients with cardiogenic shock using one of

the following two procedures (1) surgical removal of the

clot in the coronary artery, often combined with coronary

bypass graft, or (2) cathetenzing the blocked coronary

artery and infusing streptokinase, an enzyme that

causes dissolution of the clot The results are occasion-

ally astounding when the procedure is instituted wiUim
the first hour but of little if any benefit after thfw
hours.

EDEMA IN PATIENTS
WITH CARDIAC FAILURE

Much of the preceding discussion has emphasized the

edema that develops in cardiac failure. On first thought
one would think that it should be easy to understand
the cause of edema when the heart fails. One’s natural

logic directs that when the heart fails, blood becomes
dammed up behind the heart, thereby increasing the

venous and capillary pressures until fluid transudes out

of the capillaries into the tissues. However, peripheral

edema will not occur until large quantities of water and
salt are retained by the kidneys. Consequently, there

are special quirks of logic that must be explained before
one can understand some of the problems related to

edema in cardiac failure.

Inability of Acute Cardiac Failure to Cause Pe-
ripheral Edema. Though acute left heart failure can
cause terrific congestion of the lungs, with rapid devel-

opment of pulmonary edema, acute heart failure of any
type never causes immediate development of peripheral
edema. This can be explained best by referring to Figure
26-5. When a previously normal heart acutely fails as

a pump, the arterial pressure falls and the right atrial

pressure rises. The two pressures approach each other
at an equilibrium value of about 13 mm Hg. It is obvious
that capillary pressure must also fall from its normal
value of 17 mm Hg to the equilibrium pressure of 13
mmHg Thus, severe acute cardiac failure actually causes

a fall ui peripheral capillary pressure rather than a rise.

And animal experiments as well as experience in human
beings show that acute cardiac failure does not cause
immediate development of peripheral edema In fact,

during the first hours fluid is actually absorbed into the

capillaries from the interstitial spaces because the col-

loid osmotic pressure of the plasma becomes more im-
portant m absorbing fluid when the capillary pressure

falls

Role of the Kidneys in Cardiac Edema. After the

first day or so, peripheral edema does begin to occur,

but principally because of fluid retention by the kidneys.

The retention of fluid increases the mean systemtic

filling pressure, resulting in increased tendency for blood

to return to the heart This now elevates the right atnal
pressure to a still higher value, and it also returns the

artenal pressure to normal Therefore, the rising right

atrial pressure now causes the capillary pressure to rise

markedly, thus causing loss of fluid into the tissues and
development of severe edema
The mechanisms of fluid retention by the kidneys

were discussed earlier in the chapter, but these are so

important that they need to be relisted here for our
present discussion (1) decreased glomerular pressure
because of slightly decreased arterial pressure and es-

pecially because of sympathetic constriction of the afler-

ent arterioles. (2) formation of angiotensin, which causes
efferent artenolar constnction with resultant excessive

reabsorption of water and salt by the renal tubules; (3)

flsure 26-5. rtogre&sfve changes In mean systemic o/serUI
ptessute and right airlaJ pressure os the cardiac output lolls from
notmal to zero. This figure also shows the effect of dccteased
cardiac output on copJlajy pressure.
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marked increase in aldosterone secretion, \%hich also

causes greatly increased salt and water reabsorption by
the renal tubules, and (41 increased ADU secretion,

which, markedly increases water reabsorption by the

renal tubules

Acute PulmoHAry EdemA In Chronic Heart

rallure—A lethal Vicious Orcle

A frequent cause of death is acute pulmonary edema
occurring m patients who have had chronic heart failure

for a long time Sometimes this edema ts caused by a

new myocardial infarction, but m many instances no

new pathology is found in the heart

When acute pulmonary edema occurs in a person

without new' cardiac damage, it usually is set off by

some temporaiy overload of the heart, such as might

result from a bout of heavy exercise, some emotional

experiences, or even a severe cold This acute pulmonary
edema is believed to result from the following vicious

circle

1

A temporarily increased load on the already weak
left ventricle results from increased venous return from

the peripheral circulation Because of the limited pump-
ing capacity of the led heart, blood begins to dam up m
the lungs

2. The mcreabcd blood m the lungs increases the

pulmonary capillary pressure, and a small amount of

(luid begins to transude into the lung tissues and alveoU

3 The increased fluid m the lungs diminishes the

degree of oxygenation of the blood

4 The decreased oxygen in the blood further weakens
the heart and also causes peripheral vasodilation

6 The peripheral vasodilatation increases venous re-

turn from the peripheral circulation stiU more
6 The increased venous return further increases the

damming of the blood in the lungs, leading to still more
transudation of fluid, more arterial oxygen desaturation,

more venous return, and so forth Thus, a vicious circle

has been established

Once this vicious circle has proceeded beyond a certain

cntical point, it will continue until death of the patient

unless heroic therapeutic measures are employ^ The
types of heroic therapeutic measures that can reverse

the process and save the life of the patient include

a Putting tourniquets on all four limbs to requester

much of the blood in the veins and therefore to decrease

the work load on the tcit heart

b Bleeding the patient

c Giving a rapidly acting diuretic such as furescmide
to cause rapid loss of fluid from the body

d Giving the patient pure oxygen to breathe to reverse
the blood desaturation, the heart detenoration, and
peripheral vasodilatation

e Giving the patient a rapidly acting cardiotonic drug
such as ouabain to strengthen the heart

Unfortunately, this vicious circle of acute pulmonary
edema can proceed so rapidly that death can occur
within 30 minutes to an hour Therefore, any procedure
that IS to be successful must be instituted immediately

PHYSIOLOGICAL CLASSIFICATION
OF CARDIAC FAILURE

From these discussions, it is apparent that the symp-
toms of cardiac failure fall into the following three
physiological classifications:

Low cardiac output
Pulmonary congestion

Systemic congestion.

Low cardiac output usually occurs immediately af

a heart attack. If the attack is mainly nght-sidi^, t

may be the only symptom. If the acute heart attacl

mamiy left-sided, concurrent pulmonary congestion

most always occurs along with the low cardiac outp

but the pulmonaiy congestion may be mild (with

pulmonary edema) until after considerable fluid |

been retained by the kidneys. Thus, low cardiac out|

may be the only significant clinical effect observed

many persons who have sudden heart attacks T
results m the following symptoms

1 Generalized weakness
2 Fainting

3 Symptoms of increased sympathetic activity 5\

as high heart rate, thready pulse, cold skin, sweati

and so forth

Pulmonary congestion may be the only effect m
|

licnts with pure left-sided, chronic heart failure, becai

in the chronic stage enough fluid will have been retair

to return the cardiac output to normal despite the w(

left vcRtncIe—but this occurs at the expense of grea

elevated pulmonary vascular pressures And. since 1

right heart is not failing, pulmonary congestive syn

toms alone can occur with essentially no syster

congestion nor low cardiac output
Systemic congestion alone can occur In pure ng

sided chrome heart failure In this condition there is

pulmonary congestion, and if sufficient fluids have be

retained in the blood to prime the heart sufficiently t

heart may pump a normal cardiac output
Obviously, all these classes of heart failure can occ

together or in any combination

CARDIAC RESERVE

The maximum percentage that the cardiac output c

increase above normal is called the cardiac reser

Thus, m the normal young adult the cardiac reserve

300 to 400 per cent In the athletically trained person

ts occasionally as high as 500 to 600 per cent, where

•n the asthenic person it may be as low as 200 per eei

As an example, during severe exercise the cardiac outp

of the normal healthy young adult can rise to about fi

times normal, this is an increase above normal of 4'

per cent—that is, a cardiac reserve of 400 per cent

Any factor that prevents the heart from pumpii

blood satisfactorily decreases the cardiac reserve Tb

can result from ischemic heart disease, primary mv
cardial disease, vitamin deficiency, damage to the mj
cardium, valvular heart disease, and many other factoi

some of which are illustrated in Figure 26-6
Diagnosis of Low Cardiac Ileserve—^The Exeref

Test. So long as people with low cardiac reserve rema
in a state of rest, they probably will not know that th

have heart disease. However, a diagnosis of low cardi

reserve can usually be made easily by requiring a persi

to exercise cither on e treadmill or by walking up ai

down steps. The increased load on the heart rapidly usi

up the small amount of reserve that is available, ar

the cardiac output fails to nsc high enough to susta

the body’s new level of activity The acute effects are

I Immediate and sometimes extreme shortness

breath (dyspnea) resulting from the heart's not pumpic
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suHicieDt blood to the tissues, thereby causing tissue

ischemia and creating a sensation of air hunger
2. Extreme muscle fatigue resulting from muscle is-

chemia, thus limiting the person's ability to continue

with the exercise.

3. Excessive increase m heart rate because the ner-

vous reflexes overreact m an attempt to overcome the

inadequate cardiac output
Therefore, exercise testa are part of the armamentar-

ium of the cardiologist These tests take the place of

cardiac output measurements that unfortunateiy cannot

be made with ease m most clinical settings

APPENDIX
A QUANTITATIVE GRAPHICAL METHOD
FOR ANALYSIS Of CARDIAC FAILURE

Though it is possible to understand most of the general

principles of cardiac failure using mainly qualitative

logic, as we have done thus far in thsa chapter, otve^n

grasp the importance of the dilTerent factors in cardiac

failure with far greater depth by using quanlitaUve

approaches. One such approach is the graphical method

for analysis of cardiac output regulation that was inl^
duced in Chapter 23 In the following few paragraphs,

we will analyze several aspects of cardiac failure utiliz-

ing this graphical technique.

Graphical Analysis ofAcute Heart failure

and of Chronic Compensation

Figure 26-7 illustrates cardiac output and venous

return curves for different states of the heart and of the

peripheral circulation. The two solid curves are (1) the

normal cardiac output curve, and (2) the normal venous

return curve. As pointed out in Chapter 23, there is

only one point on each of these two curves at which the

circulatory system can operate so long as these two

curves remain normal. This point is where the two

curves cross at point A. Therefore, the normal state of

the circulation is a cardiac output and venous return of

5 liters per minute and a right atnal pressure of 0 mm
Hg.

Effect ofAcute Heart Attack. During the firet few

seconds offer a moderately severe heart attack, the

cardiac output curve falls to the lowermost long-dashed

curve During this few seconds, the venous return curve

still has not changed because the penpheral circulatory

system IS still operating normally. Therefore, the new
state of the circulation is depicted by point B, where the

new cardiac output curve crosses the normal venous

return curve Thus the right atnal pressure nses to 4

mm Hg, whereas the cardiac output falls to 2 liters per

minute
Effect of Sympathetic Ileffexes. Withm the next 30

seconds, the sympathetic reflexes become very active

These affect both curves, raising them to the short-

dashed curves. Sympathetic stimulation can increase

the plateau level of the cardiac output curve as much
as 100 per cent. It can also increase the mean systemic

hllmg pressure (depicted by the point where the venous

return curve crosses the zero venous return axis) by
several millimeters Hg—in this figure from a normal
value of 7 mm Hg up to 10 5 mm Hg This increase m
mean systemic filling pressure shifts the entire venous

return curve to the right and upward. The new cardiac

output and venous return curves now equilibrate at

point C, that is, at a right atrial pressure of 5 mm and

at a caidiac output of 4 liters per minute.
Compensation During the Next Few Days- During

the ensuing week, the cardiac output and venous return

curves rise to the dot-dashed curves because of (1) some
recovery of the heart and (2) renal retention of salt and
water, which raises the mean systemic filling pressure

still further—this time up to 12 mm Hg The two new
curves, the dot-dashed curves, now equilibrate at point

D Thus, the cardiac output has now returned entirely

to normal The nght atnal pressure, however, has nsen
still further to 6 mm Hg. Because the cardiac output is

now nonnal, renal output is also normal, so that a new
state of equilibrated fluid balance has been achieved.

Therefore, the circulatory system will continue to func-

tion at point D and will remain stable, with a normal
cardiac output and an elevated nght atrial pressure,

until some additional extnnsic factor changes either the

cardiac output curve or the venous return curve.

Utilizing this technique for analysis, one can see

especially the importance of fluid retention and how it

eventually leads to a new stable state of the circulation;

one can also see the interrelationship between the mean
systemic filling pressure and cardiac pumping at various

degrees of cardiac failure.

Note especially that the events desenbed iP Figure
26-7 are the same as those presented m Figure 26—1
but presented in a more quantitative manner.

risure 26-7. The progressive changes In cardiac otilput and
tight atrial pressure during different suges of cardiac failure.
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figure 26-8. CrAphful .inAlysIs of decornpensaied ftMrt dis-

ease. showing progressive Shift of the venous return curve to the

fight as a result of fiuld retention.

CrAphlatl Analysis of "Decompensated”
Cardiac Failure

The cardiac output curve in Figure 26-8 is the same
as that in Figure 26-2, a very low curve that m this

case has already reached a degree of recovery as great

as this heart can achieve In this figure we have added
venous return curves that occur during successive days
following the acute fall of the cardiac output curve to

this very low level At point A the curve equates with

the normal venous return curve to give a cardiac output

of approximately 3 liters per minute However, stimu-

lation of the sympathetic nervous system, caused by this

low cardiac output, increases the mean systemic Ailing

pressure within 30 seconds from 7 to 10 5 mm Mg and
shifts the venous return curve upward and to the right

to give the curve labeled 'autonomic compensation"
Thus, the new venous return curve equates with the

cardiac output curve at pomf B The caniiae output has
been improved up to a level of 4 liters per tnmute but

at the expense of an additional nsc in right atrial

pressure to 5 mm Hg
The cardiac output of 4 liters per minute is still too

low to cause the kidneys to function normally Therefore,

fluid continues to be retained, the mean systemic filling

pressure rises from 10 5 almost to 13 mm Hg, and the

venous return curve becomes that labeled “second day."
This equilibrates with the cardiac output curve at point

C, and the cardiac output rises to 4 2 liters per minute
while the nght atnal pressure rises to 7 mm Hg
During the succeeding days the cardiac output never

rises high enough to re-establish normal fluid balance
Therefore, fluid continues to be retained, the mean
systemic flllmg pressure continues to rise, the venous
return curve continues to shift to the right, and the
equilibrium point between the venous return curve and
the cardiac output curve shifts progressively lo point D,
to point E, and finally to poinf F The equilibration

process is now on the downslope of the cardiac output
curve so that further retention of fluid causes only a
detrimental effect on cardiac output Therefore, the
condition accelerates in a downhill direction until death
occurs

Thus, the process of "decompensation" re.sults from
the fact that the cardiac output curve never rises to the
cnltcal level of 5 liters per minute required to re-

. establish normal balance between fluid input and out-
it

I Treatment of Decompensated Heart Disease with
' 3. Let us assume that the stage of decompensa-

tion has already reached point E in Figure 26-8. ami

let US proceed to the same point E m Figure 26-9. At

this point, digitalis is given to strengthen the heart and

to raise the cardiac output curve to the level of the

heavy curve in Figure 2^9 This does not immediately

change the venous return curve. Therefore, the new

cardiac output curve equates with the venous return

curve at point G. The cardiac output is now 5 7 liters

per minute, a value greater than the critical level ofS

liters required for normal fluid balance. Therefore, the

kidneys eliminate far more fluid than normally, causing

diuresis, a well known effect of digitalis.

The progressive loss of fluid over a period of several

days reduces the mean systemic filling pressure had
down to 11 5 mm Hg, and the new venous return curve

becomes the heavy curve labeled "several days later.’

This curve equates with the cardiac output curve of the

digitalized heart at point 11. at an output of 5 liters per

minute and a right atnal pressure of 4 6 mm Hg Tiiu

cardioc output is precisely that required for norma] fluid

balance Therefore, no additional fluid will be lost, and

none will be gained Consequently, the circulatory sys-

tem has now stablizcd, or, in other words, the decom-

pensation of the heart failure has been "compensated*

To state this another way. the final steady-state condi-

tion of the circulation is defined by the crossing point i^

three different curves the cardiac output curve, the

venous return curse, and the critical level for normal

fluid balance The compensatory mechanisms automat'

ically stablize the circulation when all three curses crow

at the same point

Graphical Analysis of High Cardioc Output Fail-

ure. Figure 26-10 gives an analysis of two types of high

cardiac output failure One of these is caused by as

arteriovenous fistula that overloads the heart beauM
of excessive venous return, even though the pumping
capability of the heort itself is not depressed The othef

IS caused by the disease benben, m which the venous

return is greatly increased because of diminished sys-

temic vaKular resistance, but at the same time
pumping capability of the heart is also depressed.

Arteriovenous Fistula. The heavy black curves of

the figure depict the normal cardiac output and noTina!

venous return curve. These equate with each other at

point A, which depicts a normaJ cardiac output of 6

liters per minute and a normal right atnal pressure of

0 mm Hg
Now let us assume that systemic resistance (the total

penpheral resistance) becomes greatly decreased be-

njure 26-9. Tieannenf of decompensated heart disease,

showffig the effect of dlgltafis in elevating the cardiac output

curve this In turn causing progressive shift of the venous refuto

curve to the left
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Figure 26-10. CraphIcaJ aruilysis of the two types of factors

that can cause high cardiac output failure

cause of opening a very large artenovenous fistuia. The

venous return curve rotates upward to give the curve

labeled ‘'A*V fistula " This venous return curve equates

with the cardiac output curve at poinf B, with a cardiac

output of 12.5 liters per minute and a nght atrial

pressure of 3 mm Hg Thus, the cardiac output has

become greatly elevated, the right atnal pressure is

slightly elevated, and there are mild signs of peripheral

congestion. If the person attempts to exercise, he or she

will have very little cardiac reserve because the heart

is already being used almost to maximum capacity

simply to pump the extra blood through the artenove-

nous fistula. Therefore, this condition resembles a fail-

ure condition and is called “high output failure,” but m
reality the heart Is simply overloaded by excess venous

return.

Beriberi. The dashed lines in Figure 26—10 liJusfrate

the changes in the cardiac output and \enous return

curves caused by beriben The decreased le»el of the

cardiac output curve is caused by weakening of the

heart because of the avitaminosis (mainly lack of thia-

mine) that causes the benben syndrome The weakening
of the heart has decreased the blood flow to the kidneys.

Therefore, the kidneys have retained a large amount of

fluid, which in turn has increased the mean systemic

filling pressure (represented by the point where the

venous return curve intersects with the zero cardiac

output level) from the normal value of 7 mm Hg up to

11 mm Hg. This has shifted the venous return curve to

the right. Finally, the venous return curve has rotated

upward because the avitaminosis has dilated the periph-

eral blood vessels, as was explained in Chapter 20.

Therefore, the two dashed curves intersect with each

other at point C, which desenbes the circulatory condi-

tion in beriberi, with a right atnal pressure in this

instance of 9 mm Hg and a cardiac output about 65 per

cent above normal—this very high cardiac output occurs

despite the weak heart, as illustrated by the depressed

plateau level of the cardiac output curve.
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Heart Sounds;
Dynamics of Valvular

and Congenital
Heart Defects

THt HEART SOUNDS

Tho function of the heart valves was discussed m
Chapter 13, and it was pointed out that closure of the

valves 19 associated with audible sounds On the other

hand, no sounds occur wheiTlhd^alvc's open The pur-

pose of the present section is to discuss the factors that

cause the sounds in the heart, under both normal and
abnormal conditions

SORMAL HtARTSOUNDS

Listening with a stethoscope to a normal heart, one
hears a sound usuall) described as lub, dub

The "lub” IS associated with closure of the A-V
valves at the beginning of sv^tnle and the “dub**, with

closure of the semilunar valves at the end of systole

The Mub" sound is called the /frsf heart sound anJthe
"dub" the second heart sound because the normal c>'cle

of tho heart is ciinsidereu lo s tart with the beginiimp of

Tjauses of the First and Second Heart Sounds.
Closure of the valves in any pump system usually causes

a certain amount of noise because the valves cliise solidly

and suddenly over some opening, setting up vibrations

in the fluid or walls of the pump In the heart, the valves
are cushioned by blood, so that it is diHicuU to under-
stand why these valves create as much sound as they
do

The earliest suggestion for the cause of the heart
sounds was that the slapping together of the valve
leaflets themselves sets up vibrations, but this has now
been shown to cause little if any of the sound because
of the cushioning effect of the blood Instead, the cause
ifl riftrqfton of the tau t valivs immedinlely operjClosure,

as well as ethnifion of the adjacent blood. K ofIs_fif Ihe

heorL. and major tyssc/s arvOn'd^ftnifart That is‘, in

the gcnerution ol th^nrst heart sound, contraction of
^the ventricles causes sudden backflow of blood against

A-V valves, causing them to bulge toward the atria
’

* the chordae tendineae abruptly slop the backbulg-
'g The elastic tautness of the valves then causes the

backsurging blood to bounce forward again Into each
respective ventricle This sets the blood and the ventn-
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cles os well as the valves into vibration and also cau^^

vibrating iurbulence in the blood The vibrations then

travel to the wail where they can be heard as

sound by the stethoscope.

The second heart sound results from vibration of

taut, suddenly closed semilunar valves and from vibra-

tion of the blood and the walls of the pulmonary arteryi

the aorta, and, to a much lesser extent, the ventricw
When the semilunar valves close, they Isulge back*^™
toward the ventricles, and their elastic stretch re®®"®

the blood back into the arteries, which causes a ^hort

period of reverberation of blood back and forth betiveen

the waits of the arteries and the valves and also betv»ee*t

the valves and the ventricular walls. The vibration^ set

up in the arterial walls are then transmitted alon^ tbe

arteries at the velocity of the pulse wave. When ibe

vibrations of the vessels or ventricles come into conwet

with a "sounding board," such as the chest wall, they

create sound that can be heard.
Durations ond Frequencies of the First and Sec-

ond Heart Sounds. The duration of each of the hestj

sounds vs sUghtly more tharv O.l eecond, the first sound

lasts about 0 14 second and the second about 0 11 second

Both of them are described as very low-pitched sounds,

the first lower than the second
Sound consists of vibrations of different frequenciw

Figure 27-1 illustrates by the shaded area the arnph'

tudes of the different frequencies in the heart sounds

and murmurs, showing that these are composed of ft®"

quencies ranging all the way from a few cycles

second to more than 1000 cycles per second, with the

maximum amplitude of vibration occurring at a fj®'

quency of about 24 cycles pcr_s^cond. which is actualv

below the audible range of the ear /
Also shown in Figure 27-1 is a curve calW ihe

"threshold of audibility," which depicts the capability®!

the car to hear sounds of different amplitudes Note that

m the very low frequency range the heart vibrat|on®

have a high amplitude, but the threshold of audibility

is so high that ordinarily the heart vibrations brio*

approximately 30 to 50 cycles per second are not heart

by the ears Then above about 600 cycles per second,

the heart sounds are so weak that, despite a low thr®^'

old of audibility, no frequencies in this range are heard

For practical purposes, then, we can consider that eM
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bchfceen about 40 and 500 cycles per second (Modified fion*

Butterwonh. Chassln. and McGrath Caidiae AusculiatKSo Cmne
and Sttattoa)

the ou</j&i/e heart sounds lie in the range of approii*

malcly 40 to 500 cycles per second despite the fact that

the maximum amplitude of vibration occurs at the very

low frequency of 24 cycles per second

Both the first and i>ceond heart sounds have a mixture

of frequencies m the entire audible range of the heart

sounds, though the first sound has dightlv more low

frequency sound than dora iKe tocona heart .^und

T^e reason the frequcn7y of the tirsi heart sound is

lower than that of the wcond sound is probably twofold

First, the elastic modulus of the A*V valves and of the

walls of the v cntncles is far less than the elastic modulus

of the semilunar valves and the arlcnal walls It k well

known that anv mt^hamcal vibrating system having a

low elastic modulus oceillatc* at a lower frequency^than

a system having a greater modulus^y^fiJ. \hemoiSof
6/oo</ in thcTenTncles is much greater than that in the

initial parts ollthe great vessels, whish rncans that the

inertia of the vibrating mass is also much greater This

also would cause the first heart sound to have a lower

frequency than the second*"

The reason the second heart sound is shorter in

duration than ihejirst ig nrohnblv that thC-SCCapd-Somid

IS “damped" outhv^h <» vi^mmlnr-walls much mortuapidly
than is the first heart sound by the

Loudness of the First and Second Heart Sounds.

The loudness of the heart sounds is almost directly

proportional to the rofe ofchange of the pressure diffcr-

ences acrofis the valve's For instance, vvhen the onset ol

systole is very rapid, the intraventricular pressure nres

very rapidly during the isometric period of ventncular

contraction; yet the pressure on the opposite side

A'V valves remains only a few millimeters Hg. Thus,

the rale of change of the pressure diiTerence-betwcen

the two sides of the valves is very great, and as a result

the first heart sound is loud Also, when the heart is

very active, such as during and immediately following

exercise, the force of contraction of the ventnclc is

greatly enhanced, so that the first heart sound is m this

instance also greatly accentuated. Conversely, in a

weakened heart in which the onset of contraction is

sluggish, the loudness of the first sound is greatly

diminished.

In the case of the second heart sound, it is the rate of

decrease in ventncular pressure at the end ^stolc

that determines the loudness. The magnitude of this

rale of decrease is determined mainly by the level of

ventricular systolic pressure at the time the valve closes.

In a person who has hypertension, the pressure at the

time the aortic valve closes may be as great as 200 mm
Hg. so that the intraventricular pressure falls twice as

rapidly as normally, all the way to zero in a few

hundredths of a second. Therefore, the aortic sound is

markedly accentuated Likewise, in pulmonary hyper-

tension the pulmonic sound is greatly accentuated. On
the other hand, when the artenal pressure is low, such

as in shock or in the terminal stages of cardiac failure,

the second heart sound is diminished to a very low

intensity

The Third Heart Sound. Occasionally a third heart

sound IS heard at the bctnnning of the middle third of

diastole A logical, but yet unproved, explanation of this

sounHTs o,.eill.ition of blood back and forth between the

walls of the ventricles initiated by inrushing blood from
the .itna^This is mialogQus to running water from a

fatic£tjntD_a_sa£li, the inrushing water reverberating
back and forth between the w alls ot the sack to cause
V ihrattons in the vval ls-

Thc third heart sound is an extremely weak rumble

of such low frequency that it usually cannot be ncard

with a stethoscope, but it can be recorded frequently in

the DhonocnrdioCTam . The very low frequency of this

sound presumably Results from the flaccid, inelasti ctt

condition of the heart during diastole Also, the reason

the third bean sound does not occur until the middle

third of diastole is presumably that in the early part of

diastole the heart i»>not filled sufficiently to create even
the small amount ofjilastie tension in the ventricles

necessary tor revcrberatioii<The reason the third heart

sound docs net continue into theJatter part of diastole

18 prcsumablx-that li ttle blood flows into the ventncles
during thc~iattcr part of diastole, so that no initiatmg

The Atrial Heart Sound tFourth Heart Sound).

An atnal h^rt sound un be recorded in many persons

in the DhonocardiQgram. but it can almost never be

heard with a stethoscope because of its low frequency

—

usually 20 cycles per second or.legs . This sound occurs

when the atria contract, and presumably it is caused by
inrush of blood into the ventricles, vvhich initiates vi-

brations similar uTthose^niTe thini heart sound.

AR£A5 fOR AUSCULTATION
OF NORMAL HEARTSOUNDS
Listening to the sounds of the body, usually with the

aid of a stethoscope, is callpd nucrnhnftnn Figure 27-2
illustrates the areas of the chest wall from which the
dilTcrent valvular sounds can best be distinguished.

With the stethoscope placed m any one of the special
valvular areas, the sounds from all the other valves can
also be heard, though the sound from the special valve
is as loud, relotii^e to the other sounds, as it ever will be.
The cardiologist distinguishes the sounds from the dif-

ferent valves by a process of elimination; that is, he
moves the stethoscope from one area to another, noting
the loudness of the sounds in different areas and grad-
ually picking out the sound components from each valve.
The areas for listening to the different heart sounds

are not directly over the valves themselves. The aortic
area is upward along the aorta, the pulmonic area is
upward along the pulmonary artery, the tricuspid area
IS over the nght ventricle, and the mitral area is over
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ngure 27-2. Chest areas from which each valve sound Is best

heard

the apex of the heart, which is the portion of the left

ventricle nearest the surface of the chest because the

heart is rotated so that most of the left ventricle lies

behind the right ventncle In other words, the sounds

caused by the A>V valves are transmitted to the chest

wall through each respective ventricle, and the sounds

from the semilunar valves are transmuted especially

along the great vessels leading from the heart. This

transmission of sounds is m keeping with the concept

that vibrations in the ventricles or large arteries are

the cause of the heart sounds

THE PHONOCAROIOCRAM

If B microphone specially designed to detect low fro*

quency sound waves is placed on the chest, the heart
sounds can be amplified Recording is possible by a high*

speed recording apparatus, such as an oscilloscope or a
high-speed pen recorder, these were described in Chap-
ters 10 and 15 for recording nerve potentials and elec-

Irocardiograms The recording is called a pfionocardi-

ogmm. and the heart sounds appear as waves, os
illustrated schematically in Figure 27-3. Record A is a
recording of normal heart sounds, showing the vibra-

tions of the first, second, and third heart sounds and
even the atrial sound Note specifically that the third

and atnal heart sounds are each a very low nimble The
third heart sound can be recorded in only one third to
one half of all persons, and the atnal heart sound tan
be recorded m perhaps one fourth of all persons

a result, rheumatic fever causes damage in many paru

of the body but especially in certain very susceptible

areas such as the heart valves. The degree of heart

valve damage is directly correlated with the titer and

the persistence of these antibodies. Principles of immu-

nity relating to this type of reaction were discussed in

Chapter €, and it is also noted in Chapter 36 that acuU
glomerular nephritis has a similar basis.

In rheumatic fever, large hemorrhagic, fibrinous, bul-

boua lesions grow along the inflamed edges of the heart

valves Because the mitral valve receives mere trauma

during valvular action than any of the other valves, this

valve IS the one most often seriously damaged, and the

aortic valve is second most frequently damaged The

tncuspid and pulmonary valves are also often Involved,

but much less severely, probably because the stresies

acting on these valves are slight compared with tho«

m the left ventricle

Scarring of the Valves. The lesions of acute rheu-

matic fever frequently occur on adjacent valve leafleU

simultaneously bo that the edges of the leaflets become

stuck together Then, weeks, months, or years later, the

lesions become sear tissue, permanently fusing portion*

of the leaflets Al.so, the free edges of the leaflets, which

are normally filmy and frcc-flapping, become solid,

scarred masses
A valve m which the leaflets adhere to each other to

extensively that blood cannot flow through satisfactorlljr

IS said to be firn^d On the other hand, when the

valve edges afcSiT^eStroyed by scar tissue that they

cannot close when the ventricles contract, regurgitatton,

or backflow, of blood occurs when the valve should be

closed Stenosis usually does not occur without the

coexistence of at least some degree of regurgitation, end

vice versa Therefore, when o person is said to have

stenosis or regurgitation, it is usually meant that one

predominates over the other
Other Causes of Valvular Lesions. Stenosis or lack

of one or more leaflets of a valve frequently occurs as a

congenital defect Complete lack of leaflets is rare,

though stenosis is common, as is discussed later in this

chapter

ABNORMAL HEART SOUNDS CAUSED BY
VALVULAR LESIONS
As illustrated by the phonocardiograms of Figure

27-3. many abnormal heart sounds, known as “mur-

VALVULAR LESIONS

Rheumatic Valvular Lesions. By far the greatest

number of valvular lesions results from rheumatic fever.

Rheumatic fever is an autoimmune or allergic disease
in which the heart valves are likely to be damaged or
destroyed It is initiated by streptococcal loxm in the
following manner-

—

—

The entire sequence of events almost always begins
with a preliminary streptococcal infection caused specif-

ically by group A hemolytic streptococci, such as a sore
throat, scarlet fever, or middle ear infection The strep-
tococci release several different proteins against which
antibodies are formed, the most important of which
seems to be a protein called the ''M" antigen TOc

'jodiea then react with many different tissues of the
'j

,
causing either immunologic or allergic damage

.. reactions continue to take place as long the
.tibodies persist in the blood—six months or more As
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mure," occur w hen there are abnormaljtjes^rfthe vah’es,

as follows:

The Murmur of Aortic Slcnosi»chi aortic stenosis,

blood is ejected from the l eft ventricle through only a

small opening of the aortic v^v^Bocausc of the resis-

tance to ejection, the pressure ii^ the left \cntncle nscs
sometimes to as high as 300 mni'Hg while the pressure

in the aorta is still normal Thus, a nozrle effect is

created dtmn£.s^slole, with blood ictting at trepiendous

velocity througluthe smalLopcning of the valve This
causes scjxrejHtJuilsilce of theJilocd-m the root of the
aorta. The turbulent blood impinging against the aortic

walls causes in^snsc-Vibration, and a loud murmur is

transmitted throughout the upper aorta and even into

the larger arteries of the n^kT^is sound isTmrsh and
in severe stenosis occasionally is so loud that it can be

heard several feet away from the patient Also, the

sound vibrations can o/lcn be felt with the hand on (he

upper chest and lower neck, a phenomenon known os a

“thnll”

The Murmur of Aortic Hegurgitation. In aortic

regurgitation no sound is heard dunng systole, but

during diastole- blood flows backward from the aorta

into the lefljxoiricle, causing a “htowmg" murmur of

relatively high pitch and with a swiihic g quality heard

maximally over the left ventrjele ThllJttUtniULJCsults
from turbulence of-bloodjaUlogJiackward into the blood

already in the i«»]> vcntw^le

The sound ofaortic regurgitation isflot nearly 60 loud

as that of aorti c «i>f>nfl8 i6. mainly because the pressure

diflerential bet\v.een—thc-aarta and left ve^ntncle in

regurgitation is not so greaLasiLusually is m j^cnosis

If the aortic valve is so hadlv destroyed that essen-

tjally all the return of btoM

the sound of aoHiV rrpvirgitation may not beJicard at

all dunng t h(» la f t/>t- portion of 'I h«ynfnm,_anrtiP

regurgitation mnrmurji ihroughnitt diastole

sometimes mean ^efiS severely damaged valves than

Weaker mitonurs heard only duung-the carlxpart

The Murmur of MitraJ Regurgitation. In mitral

regurgitation blood flows backward through the mitral

valve during stystole This also causes a high frequency

“blowing,” swashing sound, which is transmitted most

strongly into tlie left atnum, However, the left atrium

IS so deep within the chest that it is difficult to hear

this sound directly over the atrium As a result, the

sound of mitral regurgitation is transmitted to the chest

Wall mainly through the left ventncle, and it is usually

heard best at the apex of the heart

The blowing, swishing quality of the mitral regurgi-

tation murmur, like that of aortic regurgitation, is

presumably caused by the turbulence of blood jetting

backward through the mitral valve into the blood al-

ready in the left atnum or against the atrial wall The

quality of mitral regurgitation murmur is almost the

same as that of aortic regurgitation, but it occurs dunng
systole rather than diastole

The Murmur of MitraJ Stenosis. In mitral stenosis,

blood passes with difficulty from the left atrium into the

left ventncle and, because the pressure in the left atnum
rarely nses above 35 mm Hg except for short periods of

time, a great pressure differential forcing blood from

the left atnum into the left ventricle never develops.

Consequently, the abnormal sounds heard in mitral

stenosis are usually weak.
Dunng the early part of diastole, the ventricle has so

little blood in it and its walls are so flabby that blood
does not reverberate back and forth between the walls
of the ventricle. For this reason, even m severe mitral
stenosis, no murmur at all might be heard during the
first third of diastole. However, after the first third the
ventricle is stretched enough for blood to reverberate,

and a low rumbling murmur thep often begins. This
murmur is of such low pitch that it is difficult'to hear,
but, with the aid of a proper stethoscope (the J'hplV’

typei, one can usually discern very low frequency sounds
of 30 to 50 cycles per second. In mild stenosis the'

murmur lasts only during the first half of the middle
third of diastole, but in severe stenosis it can begin
early in diastole and persist for the whole remainder of
diastole. On the other hand, one can often feel low
frequency vibrations, called a “thnll,"; over the apex of

the heart despite the fact that the sound itself may be
weak The reason for this is that the frequency of
vibration in the ventricle is often so low that it cannot
be heard but yet can be felt.

Often in early stages of mitral stenosis a presystohe
murmur mav be heard This nresvstnlic murrhnr ia

caused by the momentanlv increased left atnal pressure

resulting from atnal contraction.

Phonocardiograms of Valvular Murmurs, Phono-
cardiograms B. C, D, and E of Figure 27-3 illustrate,

respectively, idealized records obtained from patients

vvnth aortic stenosis, mitral regurgitation, aortic regur-
gitation, and mitral stenosis. It is obvious from these
phonocardiograms that the aortic stenotic lesion causes
the loudest of all these murmurs, and the mitral stenotic

lesion causes the weakesC a murmur of very low fre-

Quenc
y
and rumbling Quality The phonocardiograms

show now the intensity of the murmurs varies during
diflerent portions of systole and diastole, and the relative

timing of each murmur is also evident Mote especially

that the murmurs of pnrtip stpnosia and mitral regur-
gitation occur only during systol e, while the munrnurs
of aortic recurgitotion and mitral -Stenosis oteur only
during diastole?^ifa student ^oes not understand this

timing, a moment's pause should be taken until it is

understood

ABNORMAL CIRCULATORY
DYNAMICS IN VALVULAR HEART
DISEASE

DYSAMteS OF THE CIRCUIATION IN
AORTIC STENOSIS AND AORTIC
REGURGITATION

In aortic stenosis, the left ventricle fails to empty
adequately, whereas in aortic, regurgitation blood re-
turns to the ventricle after the ventricle has been emp-
tied. Therefore, in either case, the net stroke volume
output of the heart ia rpHiirpti

However, several important compensations take place
that can ameliorate the severity of the circulatory de-
fects Some of these are the following:

.
Hypertrophy of the Left Ventricle. In both aortic

stenosis and regurgitation, the left ventricular muscu-
lature hype^r^pbiei. and m regurgitation the ventricle
also enlarges to hfId ail the regurgitant blood. Some-
Uroes^e left ventncle muscle mass increases as much
as four- to fivefold, creating a •

'
'>
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heart When the aortic valve is seriously stenosed, this

hypertrophied muscle allows the left ventricle to develop

as much as 400 mm Hg intraventricular pressure during

occasional periods of peak activity, even at rest the

pressure differential across the stenotic valve is some'

times lOO mm !Ig. In severe aortic regurgitation, the

hypertrophied muscle allows the left ventricle eome-

times to pump a stroke volume output as high as 250

ml, though as much as three fourths of this blood on
occasion returns to the ventricle during diastole

Increase in Blood Volume. Another effect that helps

to compensate for the diminished net pumping by the

left ventricle is increased blood volume This results

from an initial slight decrease in arterial pressure plus

peripheral circulatory reflexes that this decrease in-

duces, both ofwhich diminish renal output ofunne until

the blood volume increases and the mean pressure

returns to normal Also, red cell mass eventually in-

creases because of a slight degree of tissue hypoxia.

The increase m blood v olume tends to increase venous

return to the heart This m turns increases the ventric-

ular end-diastolie volume, causing the left ventricle to

pump Its very high pressure in aortic stenosis or its very-

high stroke volume output in aortic regurgitation

CventujU Mlure of the Left Ventride,

jtnd Oeve/opmenf of PulmonAry EdemA

In the early atnges of aortic stenosis or aortic regur-

gitation, the intrinsic ability of the left ventricle to

adapt to increasing loads prevents aigniiicant abnor-

malities in circulatory function in the person at rest

other than increased work output required of the left

ventricle Therefore, marked degrees of aortic stenosis

or aortic regurgitation often occur before the person
knows that h^o has serious heart disease, such as resting

left ventricular systolic pressures as high as 200 mm
Hg in aortic stenosis, or left ventricular stroke volume
outputs as high as double normal in-aortic regurgitation

However, ^yond critical stages of development of

these two aortic lesions, the left ventncle finally cannot
keep up with the work demand, and as a consequence

the left ventricle dilates and cardiac output begins to

fall while blood simultaneously dams up in the left

atnum and lungs behind the failing left ventncle The
left atnal pressure rises progressively, and at pressures

i MOCEftAIt TsEVtftcTT^Ss
STE.NOS1S * (IftllnC

ngure 27-4. CircuUnxy dynamics In aortic sienmis.

1 MODERATE > SEVERE
REGlRGtTATION REGtHGITATIWl

(failmj myOCUfOum}

Hsure 27-S. Circulatory dynamic* In aortic regurgltattoa

above 30 to 40 mm Hg mean atrial pressure edema
appears in the lungs, as is dtS^ss^ in detail in Chapter

31

The progressive changes m circulatory dynamics are

diagrammed m Figures 27-4 and 27-6 for aortic stenosis

and regurgitation, respectively

Myocardial Ischemia in Aortic Valvular Disease.

Because of the very high intraventricular pressure dur-

ing systole m aortic stenosis, very little blood flows

through the coronary artenes during systole. Therefore,

extra blood flow is required during diastole to make up

thediflerence UnfoHunat?IJ, hyperlrophied muKle
of the left ventncle also frequently has a relatively

deficient coronary vasculature Finally, the intr»ven

tricular pressure sometimes remains high during dias-

tole, thereby compressing the inner layers of the heart

and also diminishing coronary blood flow. For all these

rea«ons. the patient frequently experiences severe de-

grees of coronary ischeniia and angina.
Jn aortic regurgitation the problem' is further com-

pounded because the diastolic aortic pressure frequently

falls very low as the aortic blood regurgitates back into

the ventiTcJe Srocc most ofthe left vcntncufarcoronaiy
blood flow occurs during diastole, this low pressure can

be particularly detrimental to the flow The effect i*

esp«ialii senous for the subendocardial myocardium in

which almost zero flow occurs during systole Therefore,

again, coronary ischemia occurs, w-ith concomitant an-

ginal pam

DWAMfCS OFMTTML STENOSIS
AND MITRAL RECURCITATION

In mitral stenosis blood flow from the left atnum into

the left ventncle is impeded, and in mitral regurgitation

much of the blood that has flowed into the left ventricle

leaks back into the left atrium during systole rather

than being pumped into the aorta. Therefore, the effect

is reduced net movement of blood from the left atnum
into the left ventricle.

Pulmonary Edema in Mitral Valvular Disease-

Obviously the buildup of blood in the left atnum causes

progressive increase in left atrial pressure, and this can

result eventually in the development of senous pulmo-

nary edema. Ordinanly, lethal edema will not occur
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Figure 17-6 . Circulatory dynamics in mitral stenosis

until the mean left atnal pressure nses at least above
30 mm Hg; more often it must nse to as high as 40 mm
Hg because the lung lymphatic vasculature enlarges

manjfold and can carry fluid away from the lung tissues

extremely rapidly.

Enlarged Left Atritun and Atrial Fibrillation. The
high left atrial pressure also causes progressive enlarge-

ment of the left atrium, which' increases the distance

that the cardiac impulse must travel m the atnal wall.

Eventually, this pathway becomes so long lhaf it pre-

disposes to the development of circus movements There-

fore, ui late stages of mitral valvular disease, especially

mitral stenosis, atnal flbnllation usually occurs This

further reduces the pumping effectiveness of (he heart

and, therefore, causes still further cardiac debility

Compensations in Mitral Valvular Disease. As
also occurs in aortic valvular disease and in many t>'pes

^ congenital heart disease, the blood volume increases

in mitral valvular disease, principally because of dimin-

ished blood flow to the kidneys This increases venous
return to the heaiirther'eby helping to overcome tbe

effect of the cardiac debility to-reduc^cardiac outi^t

Therefore, cardiac output does not fall more than mini-

mally until the late stages of mitral valvTilardisease.

As the left atnal and pulmonary capillary pressures

nse, blood also begins to dam up in the pulmonary
artery, and the incipient edema of the lungs causes

intense pulmonary artenolar constnction, these two

effects together then increase pulmonary artenal pres-

sure sometimes to as high as 60 mm Hg This, in turn,

causes hypertrophy of the nght heart, which partially

compensates for its increased work load

Figure 27-6 illustrates the progressive changes in

circulatory dynamics in mitral stenosis

Essentially the same effects occur in mitral regurgi-

tation. Inde^, these two conditions more often than not

occur together m varying degrees

ORCULATORr DYNAMICS
during EXERaSE IN PATIENTS
WITH VALVULAR LESIONS

During exercise, very large quantities of venous blood

are returned to the heart from the peripheral circulation

Therefore, all of the d>namic abnormalities that occur

in the different types of valvular heart disease become

tremendously exacerbated. Even in mild valvular heart

disease, in which the symptoms may be completely

unrecognizable at rest, severe symptoms often develop

during heavy exercise. For instance, in patients with

aortic valvular lesions, exercise can cause acute left

ventricular failure followed by oca i'e pulmonary edema?
Ala), m patients with mitral disease, exerci^ can cause
so much damming of blood m the lungs that serious
pulmonary edema ensues within minutes.
Even in the mildest cases of valvular disease, the

patient finds that his cardiac reseixe is diminished m
proportion to the seventy of the valvular dysfunction.
That IS, the cardiac output does not increase as it should
dunng exercise. Therefore, the muscles of the body
fatigue rapidly.

ABNORAWL CiRCULATORY
DYNAMICS IN CONGENITAL HEART
DEFECTS

Occasionally, the heart or its associated blood vessels

are malformed during fetal life; the defect is called a

congenital anomaly Basically, there are three major
types of congenital anomalies of the heart and its asso-

ciated vessels, (Dstenosis of the channel ofblooH flow at

some point in the heart or in a closely allmd tTi.T)fir

ves^L <21 an abnormaTitv that allows blood to flow
directly from the left heart or aorta to the neht heart
or PulfT>onarv_anerv. thus by^passing Ihfe b>i»tCTnlc cir-

culation—

t

his IS railed a left.tO’ncfit fhiinl.~indi7h an
abnormality that allows blood to flow from the right

heart or pulmonary ^T»ri-v .4>Trctlv into the left heart or
aorta , thus bypassing the lunes—

t

his is called a ri i>fit^

lo-le/i shiin l

Stenotic Lesjons. Thejhree jpost common types of
stenotic lesions are coarctation of the aorta, congenita/
pulmonary sfenosis, aha congenuai aortic stenosis. 'Iho

effect of CTarctation oi the aorta on the circulation in

relation to the regulation of artenal pressure was dis-

cussed m Chapter 22, and congenital aortic stenosis

causes almost exactljr the same alterations in ctrctilaloiy

dynamics as occur in rheumatic aortic valv'ular stenosis.

The dynamics of pulmonary stenosis will be discussed
later in this chapter.

Lcft-iO’Righl Shunts. In all left-to-nght shunts,
blood IS shunted directly from the left heart back to the
right heart without going through the systemic circu-

lation Compensatory effects then occur in the circula-

tory system to increase the total cardiac output, thereby
making up for most of the extra blood flow through the
shunt. For instance, if 50 per cent of all the blood
pumped by the left heart is shunted directly back to the
right heart, then the compcnsatoiy mechanisms nor-

mally increase the cardiac output to almost double
normal so that the amount ofblo^ flowing through the
systemic vessels i j still almost normal despite the shunt.
However, this causes an extra load on the heart and
therefore usually causes the heart to fail at an early
age. Also, it reduces the cardiac reserve of the person
throughout his life. Some of the tjpes of left-to-nghl

shunts are potent ductus arteriosus. jnlsaiinaLscotal
defect, intcnentncular septal defect, and a c/inxLcoTi*

ibcicJais:}.
~~ ^

Hight-to-Lcft Shunts. In all nght-lo-lefl shunts,
much of the blood b>'pas.«cs the lungs and Uierefcre fails

to become oxjgenat^. Consequently, large quantities
of venous blood enter the artenal svstem directly, and
the patient i.s usually cvanotic ibiuoi all the
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most common type of nghl-to-lcfl shunt is the tc/ro/ogy

of Fallo t, which is described later, several other right-

lo-left shunts are some variation of this abnormality

Causes of Congenital Anomalies. One of the mitft

common causes of coneenital heart defects is a vims
uvfecUon in the mother during the first trimester of

pregnancy when the fet^ heart is being tormed, Uelecta

are nary^arly prone to de\elon when the mother
contractsCcro^ measlo^at this time—so often indeed

that obsteCFieians a^iSG termination of pre^ancy if

German measles occurs in the first Inmestcr However,
some congenital defects of the heart are hereditary,

because the same defect has been known to decur in

identical twins end also in succeeding generations Chil-

dren of patients surgically treated for congenital heart

disease have ten times as much chance of having con-

genital heart disease as do other children Congemial
defects of the heart are frequently also associated with
other congenital defects of the body

PATim PUCTUS AKTERIOSUSt-
^EFT^TOfaCHTSHUNr^^

Dunng fetal life th^ lungs are collapsed, and the

alastie fattors that keep the alveoli collapsed also keep
the blood vessels collapsed Therefore, in the collapsed

lung the resistance to blood flow is peijiaps five tunes
as great as it is in the inflated lung . For this reason,

the pulmonary artcnai prossuro is in the fetus. On
the other hand, because of very loiv rcsTsTanceThtough
the large vessels of the pLiccnta the pressure in the
aorta is lower than in the pulrrtonary artery, causing
almost all the pu lmonary arterial bloi^ to flow through
the ductus flrientiMirs-mto the aoi^ rather thaa through
th^Jun^ This alloOT immediateTecwulation of the
blood through the systcmi^arteries oi the teCw Ob-
viously, this lack'o] blood ilbw tHrbuenTKelungs is not
detrimental to theTetusliecause the blo^isoxygcnated
fay the placenta ol the mother
Closure of the Ductus. As soon as the baby is bom

its lungs inflate, and not only do the alveoli fill with air

but also the resistance to blood flow through thc^ul-
monary vascular tree decreases tremendously, allowing
pulmonary artenai pressure to fall. Simultaneously, the
aortic pressure rises because of sudden cessation ofblood
flow through the placenta Thus, the pressure m the
pulmonary artery falls, while that in the aorta ncea- As

8 result, forward blood flow through the ductus-xeaig

suddenly at birth, and blood.begms to flow backward

fniin the aorta 'into the piifanfinary artery. This new

stale of Wood'flow causes the ductusarteriosus to become

occluded within a few hours to a few days in most babies

so that blood flow through tHe ductus does not persist

The ductus probably closes because the aorti^Wood^ow
flowing through the ductus has about two times as high

an oxygen concentration as the pulmonary artery blood

that had been flowing m thf diipfus. and the

constricts the ductus musclo Reduction of PTostagBtr-

dins thp rliiSm Ferris fat hpip in this rloraTT

as well This will be discussed further in Chapter ^3- In

some instances it takes several weeks for the ductus to

close completely, and in about 1 of pvery 5500 babies

the ductus never closes, causing the condition known as

patent ductus arteriosus, which is illustrated in Figure

27-7.

Dynamics of Persistent Patent Ductus. During the

early months of an infant's life -a patent ductus usually

does not cause severely abnormal dynamics‘becau^ tbe

blood pressure of the sorta then is not much hlgb^y than

the pressure in thp piiimonary artery, and only a small

amount of blood floi« backward^into the pulnumary

system However, as ihe endu. grows older the avubTen-

tiai between the pressure in the aorta and that in the

pulmonary artery progressively increails, with <wne-

sponding increase in the backward^flow of blood front

the aorta to Uie pulmonary artery "Also, the diaineter

of the partially closed ductus often increases with Umo-

making the condition worse.
ffecircuiarion Through the Lungs. Iti the older

child with a patent ductus, as much as |inlf to two thltd*

of the blood flows into the pulmonary artery,’ men
through the lungs, into the left otnum, and finally back

into the left ventricle, passing through this lung fno

left heart circuit two or moro times for every one tims

that it passes through the systemic circulation.

These persons do not show cyanosis until the heart

fails or until the lungs become congested. Indeed, the

arterial blood is often better oxygenated than normally

because of the extra times of passage through the longs

Furthermore, m the early stages of patent ductus arter-

iosus the quantity of blood flowing into the systc^'r

aorta remains essentially normal because the quantity

of blood returning to the heart from the peripheral

circulatory system is normal Yet, because of the tr^

mendous accessory flow of blood around and around

Pulm iriery

Figure 17-7. Pateni ductus arteriosus. Ulus-

iratfng the degree of Wood oxygenation Iri
Itve

different parts of the circutatton
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through the lungs and left side of the heart, the output
of the left ventricle in patent ductus arteriosus is often

two to three limes normal.

Diminished Cardiac and Hespi'ratory Jieserve.

The major effects of patent ductus arteriosus on the
patient are low cardiac and respiratory reserve The left

ventncle is already pumping approximately two or more
times the normal cardiac output, and the maximum that
it can possibly pump is about four to six times normal
Therefore, during exercise the net blood flow through
the remainder of the body can be increased much less

than Usual. Under basal conditions, patients usually
ap^ar normal excep't for possible heaving of the chest

with each beat of the heart, but with even moderately
strenuous exercise they arc likely to become weak and
occasionally even faint from momentary heart failure

Also, the high pressures in the pulmonary vessels often

lead to pulmonary congestion
As a result of the increased load on the heart and

especially because the pulmonary congestion becomes
progressively more severe with age, most patienta with

uncorrected patent ductus die between the ages of 20
and 40 years.

The Machinery Murmur. In the infant with patent
ductus arteriosus, occasionally no abnormal heart
sounds are heard because the quantity of reversed blood
flow may be insufficient As the baby grows older,

reaching the age of one to three years, a harsh, blowing
murmur begins to be heard m the pulmonic area of the
chest. This sound is much more intense during systole

when the aortic pressure is high and much less intense

during diastole when the aortic pressure falls very low.

so that the murmur waxes and wanes with each beat of

the heart, creating the so-called "machinery murmur”
The idealized phonocardiogram of this murmur is shown
in Figure 27-3F.
Surgical Treatment Surgical treatment of patent

ductus arteriosus is extremely simple, for all one needs

to do is to ligate the patent ductus or to divide it and
sew the two ends.

INTERVENTRICUIAR SEPTAL DEFECT—
A LEFT-TO-RICHT SHUNT

Because the systolic pressure in the left

normally about five times that in the right \entncle, a

lai^e amount oTblood Hows fr^ the left to the right

ventncle whenever a hole occurs in the septum, called

an interventricular defect The excess flow of blood into

the right ventncle m turn increases the pressure in the

nght ventncle. As a result, the nght, hynertro-

phies, sometimes to such an extent that its muscular
wan approximately equals that of the left ventncle.

Diagnosis of an interventncular septal defect is based

(1) the. presence of a systob r hlffWiriT heard

over the anterior orniectiop^ the heart. 12} high right

ventncular systolic pressure recorded, from a catheter,

and (3) the presence of oxygenatei^blood m a blood

^^pJe removed through aTatHeter in the right ventri-

cle, this blood having leaked backward from the left

ventncle

Blood flowing from the left ventncle into the nght
ventncle passes one or more times through the lungs

and then back to the left ventncle again before finally

entenng the peripheral circulatory system This condi-

tion, therefore, is analogous to patent ductus artenosus

except that the flow of blood from the systemic arcula-

tion to the pulmonary circulation occurs only during
systole rather than dunng both systole and diastole as
in patent ductus.

The septal defect can be treated sure-icallv_ hv placing
a patch over the defect!

TETRALOGY OF FALLOT—^
A RICHT‘TO^LEFTSHUNT

Tetralogy of Fallot is illustrated in Figure 27-8. in
which It will be noted that lour different abnormalities
of the heart occur simultaneously

~

First, the aorta originates from the rif'ht vf-ntrirlo

rather than the left, or it ovemdes the septum ac shown
in the figure, receiving blood from both ventnclcs
S^nif. the pulmonary artery is steno«ed so that much

Ics^than normal amounts orblood pass from th <. right
ventricle iiiU) lliu luilgs, instead the hlnnd nag^ps mto
tbft. aorta

Third, hlnpd from lhi» ventncle flows thTf>n |Th a
ventricular septal defect into the nght ventncle and
then into the aorta or directly mto the overriding aorta

Fourth.'Because theTignt side ot the heart must pump
large quantities of blood against the high pressure in

the aorta, ita musculature is highly developed, causing
an enlarged right ventncle
Abnormal Dyn^ics. It is rea_dily apparent that the

mqjor physiological difficult/ ca'ilsed by tetralogy of
Fallot IS the shunting of blood past the lunge without
Its becoming oxygenated. As much as 75 per cent of the
venous blood returning to the heart may pass directly

from the nght ventncle into the aorta without becoming
oxygenated Tetralogy of Fallot is the major cause of
cyanosis inj^abies ("blue babies"}

A dia^osis or tetralogy of Fallot is usually based on
(1) the fact that the baby is blue, (2) records of high
systolic pressure in the right ventncle recorded through
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a catheter, (3) characteristic changes in the radiolo^c

sdhoueUc of the heart showing an enlarged right ven-

tricle. and (4t angiograms showing abnormal blood flow

through the interventricular septal defect, the overmd-
mg aorta, and the pulmonary stenotic area

Surgical Treatment. In recent years tetralogy of

Fallot has been treated very successfully by surgery.

The usual operation is to open the pulmonary stenosis,

to close the septal defect, and to reconstruct the flow

pathway into the aorta When successful, the average

life expectancy increases from only a few years to 50 or

more years

PULAtONARY STENOSIS

Often a child is bom with pulmonary stenosis but

without other congenital abnormalities I^lmonaiy ste-

nosis occasionally occurs which is so ses’ere that the

right side of the heart is likely to fail at an early age

because blood flow from the right ventricle into the

lungs IS greatly impeded, the right wntncular systolic

pressure .rising to 75 to lOQ mm Hr instead of jhe
nonnalge^rru^ Hg IhTnghrsfde of ttie heart dil^es,

and lUmQjdv becomes greatly hypertrophied in order

to withstand the load Also, a loud stenotic munnur is

heard over the pulmonary valve area. In most cases of

pulmonary stenosis, the stenotic area can be enlarged
by surgical operation so that the heart resumes normal
function

USE OF EXTRACORPOREAL
CIRCULATION DURINC
CARDIAC SURGERY

h IS almost impossible to repair intracardiac defects

while the heart is still pumping Therefore, many dif-

ferent types of artificial heart-lung maehtne$ have been
developed to take the place of the heart and lungs during
the course of operation Such a sv«tem is called an
attmetirparful eirciilntion The system consists princi-

paTIy of <1) B pump and (2) an oxygenating device

Almost any type of pump that does not cause hemolysis
of the blood seems to be suitable

The different principles that have been used for oxy-

genating blood are (1) bubbling oxygen through the
blood and then removing the bubbles from (he blood
before passing iC back into the patient. <2> dripping the
blood downward over the surfaces of large areas of

plastic sheet m the presence of oxygen, (3) passing the
blood over the surfaces of rotating discs, and (4) passing
the blood between thin membranes or through thin tubes
that are porous to oxygen and carbon dioxide

The different oxygenators have been fraught with
many difTiculties, including hemolysis of the blood, de-
velopment of small clots m the blood, likelihood ofsmall
bubbles of oxygen or small emboli of antifoam agent
passing into the ortenes of the patient, neccssityfor
large quantities ofriilood to prime the entire system,
failure to cxchdQgc adequate quantities of oxygen, ana
the necessity to use heparin in the system to prevent
blood coagulationrtbe hepann also preventing adequate
'‘mostasis during the surgical procedure. Yet, despite

difticulties. in the hands of experts patients can
‘

kept on artificial heart-lung machines for many hours
vhilo operations are performed on the inside of the
heart

HYPERTROPHY OF THE HEART IN
j

VALVULAR AND CONGENITAL '

HEART DISEASE

Hypertrophy of cardiac muscle is one of the nort

important mechanisms by which the heart adapts to

increased work loads, whether these loads be caused bj

increased pressure against which the heart muscle must

contract or by increased volume that must be pumped

Some investigators believe that it is the increased vsork

load itself that causes the hypertrophy; others beheie

the increased metabolic rate of the muscle to be the

primary stimulus and the work load simply to be the

cause of the increase in the metabolic_rate Regardless

of which of these is correct, one can’calculate approxi-

mately how much hypertrophy will'occur in each cham-

ber of the heart bvjultiplying ventricular output times

the pressure againrt i^ictT^hc ventricle mi^t~w^r
with extra empiiasis on the pressure, t hus, nypertrophy

occurs m most types of valvular and congenital disease,

as follows

In ooriic stenosis and aortie regurgitation, the left

ventricular musculature hypertrophies tremendously,

sometimes to as much^as four to Tsve times'normal, so

thaUhe weight of the-heprt on occasjoji^ay be as great

asj^wgrams instead of the normal COO)grams
IrTmitral stenosis, the left atnum hypertrophies and

dilates, and the right ventricle hypertrophies slightly,

but no left vebtricular hypertrophy oecuro. In /ftil/vl

regurgitation moderate hypertrophy of the left ventncle

occurs, and some hypertrophy of the right ventricle

develops owing to back pres-sure effects through the

lungs causing elevation of the pulmonary arterial prW'

sure

In patent ductus arteriosus, the work load of bou*

ventricles is increased The left ventricle pumpe an

average of twice the quantity of blood that It norm^Iy
pumps, therefore, it would be expected to hypertrophy-

On the other hand, the right ventricle must pump its

blood against a much higher than normal pulmonart

arterial pressure because of the large quantity of blood

refluxing from the aorta into the pblmonary artery

Consequently, the right ventricle also hvpeftrophig?*
_

In tetralogy of Fallot, one oT'lhe cardinal "signs is

marked right ventricular hypertrophy, for the right

ventricle must pump against the pressure in the aorta,

and it also must pump an increase volume of blood On

the other hand, the work load of the left ventricle is

actually less than normal.because of the reduced blo^

flow from the lungs Into-the lell heart. Therefore, the

right ventncIe'in'tefraTogy'oTTatltlt is often larger than

the normal left ventncl e, while the left ventricle may
be smaller than normal
DctrimentalUffects of the Late Stages of Hype^

trophy. Though physiological hypertrophy of heart

muscle IS usually very beneficial to cardiac function,

extreme degrees of hypertrophy sometimes lead to fa*''

ure. One of the reasons for this is that the coronary

vasculature usually docs not increase to the same extent

ns the mass of muscle. A second reason is that fibr^is

often develops in the muscle, with fibrous tissue replac-

ing degcnorating muscle fibers. Because of the some-

times disproportionate increase m muscle mass relative

to coronary flow, relative ischemia sometimes develop®

as the muscle hypertrophies, and coronary insufficiency

easily ensues 'IberefoTe, anginal painjs a
accompaniment of mahy valvular" and congt-flitantTart

diseases
' —

'
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Circulatory Shock
and Physiology of Its

Treatment

Cireulalory shock means Rencfnli^ed madequafy of

Wood flow throughout the b^y, to the extent that the

tissues ore damaged because of too little flowi. especially

too little delivery of oxygen and other nutncnla to the

tissue cells Even the cardiovnsgular system itself—the

heart musculature, the watts of the hlood vessels, the

vasomotor system, and other circulatory part*—begins

to deteriorate so that the shock becomes progressively

worse

THE PHYSIOLOGICAL CAUSES OF
SHOCK

OtculMory Shark Caused by
DeertAsed CardMe Output

Shock usually results from inadequate cardiac output
Therefore, any factor that reduces the cardiac output
will likely lead to circulatory shock Basically, two types

of factors can severely reduce the cardiac output, these

II) Cardiac abnormaUtics Ikal dccwwr the obilily of
the heart to pump blood These include especially itiyo-

cnrdiol inforclionbut b'Isd tone stales of the heart, srj ere

heart valiv dysfunction, heart arrhylmias. and other
conditions The circulatory shock that results from di

minishcd cardiac pumping ability is called carc/rogenic

shock This was discussed m detail tnCh3pler2G. where
It was pointed out Ih.at about 85 per cent of persons who
develop cardiogenic shock do not survive

(2) Factors that decrease the cenous rrlura The most
common cause of this is dimimstied blood volume, but
venous return also can be reduced as a result of de-
creased vasomotor lone or obstruction to blood flow at
some point m the circulation, especially m the venous
return pathway to the heart

Qrcufatocy Shock Without Diminished
Cardtae Output

Oeeasionaliy, the cardiac output is normal or even
^eater than normal and yet the person is m circulatory

v^k This can result (a) from erressne melaboltsm of
te body so that eien a normal cardiac output « inode-

quale, or (b) from obnomal tissue perfusion patterns so
that most of the cardiac output is passing through blood
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vessel* that are not supplying the local tissues

nutrition These conditions arc seen most frequently n

the type of shock c.nIlod sep.'jc shock, which h.is

also b«n called 'blood poi*oning
"

The different specific causes of shock will bediscuw
later in the chapter For the time being, it is iraportaci

to note that all of them lead to inadequate rfchiviye

nutrients to the rtsfires and inadequate rtmaval of

lular uastc products from the tissues

WhAt Happens to the AnertaJ tressurt In

Onulatory Shock?

In the minds ofmany physicians, the arterial prWPiti

IS the principal measure of the adequacy of cimil^lor

function However, the arterial pressure oflen can b

senously misleading, because many limes a person ina;

be in severe shock and itill h.ave a normal prcs«if'

because powerful nervous refiesestflcn keep the pw
sure from falling. Yet at other times the artenal pt**

sure con fali toiui low as one-half normal, but the pcrwi

still has normal tissue perfusion and is not in shock.

Neverthele«, ii is true that in most types of *hec»

especially that caused by severe blood loss, the

Vlood pressure usually does decrease at the samf'e®*

that the cardiac output decreases, though usually not #

much as the decrease m output.

fTie [nd-Stages of Orculatory Shock,
Whatever the Cause

Once nrculatfiry shock reaches a critical stale c

seventy, regardless of its initiating cause, the

Itself breeds more shock That is, the inadequ.ite plo®

flow causes the cimilalory system itscU to begut f

detenorate This in turn causes even more decrease n

cardiac output, and a vicious circle ensues, with Pj"

gresaively increasing circulatory shock, still 1^.
quate tissue perfusion, still more shock, and so w*'

until death It is with this late stage of the circulator

shock that we arc especially concerned, becau'e app*?

pnate physiologic treatment can oflen reveire the rnpi

slide to oblivion

The Stages of Shock. Because the characteristics

circulatory shock change at different degrees of seventy

shock is generally divided into three major stages

0)A nonpmgressii’e stage (sometimes colled thecosi
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pensaied stage) from which the normal circulatory com-
pensatory medianisms will eventually cause full recov-

ery if the initiating cause does not become any worse.

(2) A progressive stage, in which the shock becomes
steadily worse until death.

And (3) an irreversible sfage^ in which the shock has

progressed to such an extent that all forms of known
therapy will he inadequate to save the life of the person

even though for the moment the person is still alive

Now, let us discuss the different stages of circulatory

shock caused by decreased blood volume, which will

illustrate the basic principles. Then we can consider the

special characteristics of other initiating causes of^ock

SHOCK CAUSED BY
HYPOVOLEMIA-
HEMORRHAGIC SHOCK ^

Hj'povolemia means diminished blood volume, and
hemorrhage is perhaps the most common cause of hy-

povolemic shock.

Hemorrhage decreases the mean s\sirrr’f

sure and as a consequence decreases venous return As
a result, the cardiac output falls below normal, and
shock ensues. Obviously, all degrees of shock can result

from hemorrhage, from the mildest diminishment of

cardiac output to almost complete cessation of output

RltATIOSSHIP OTBIJIDISG VOLUME
TO CARDIAC OUTPUT
AND ARmUALEBESSURE

Figure 28-1 illustrates the effect on both cardiac

output and arterial pressure of removing blood from the

circulatory svstom over a period of about half on,hour.

Approximately 10 per cent of the total blood vokunc can
be removed with no signiiiciint ellect on arteria l pressure

or cardiac output, but greater blood loss usually dimin-

ishes the-Cardiac outpurhrst and later 'tHe~pressure,

both of theSe falling to zero when about 35 to 45 per

cent of the total blood volume has been removed

Sympathetic Keflex Compensation in Shock. For-

tunately, the decrease in arterial pressure caused by

blood loss initiates powerful sympathetic reflexes (ini-

tiated mainly by the baroreceptors) that stimqlatc the

sympathetic vagivnnc^pftnr system throughout the

Wy, resulting in three important effects. (1) The arter-

ioles constrict m most parts of the body, thereby greatly

increasing the total penpheral resistance. (2( The veins

and venous reservoirs constrict, thereby helping to

maintain adequate venous return despite diminis^w
blood volume. And (3) heart acUvity increases markedly,

sometimes increasing the heart rate from the normal

value of 72 beats per minute to as much as 200 beats

per minute.
Va/uo of (Jie Reflexes, In the absence of the sympa-

thetic reflexes, only 15 to 20 per cent of the blood volume
can be removed over a penod of half n n ItII’T bpioro a
person \vil l dicrtb is 'i-* ^ contrayf tn i in to d (l.;«r cent

loss ofbTi^ volume that a person can sustain when the

refle^po n,^j,.ta..r~T^ n.^rnTt» thp rrflrTn the

amount cf htr.nH ln.;< J-.in-OfCUr-withflUV-WMng
dearth to about tvvo '’V^pg-XhaL-u-hl''^ impassible in their

absence.”

Greater Effect of the in Maintainine

Ilgure 2S-t. Effect of hemorrhage on cardiac output and
arterial pressure.

Ar/eriaf Pressure Than in Afa/nfa/ni'ng Output. Re-

ferrmg again to figure one seerthat the arterial

pressure is maintained at or near normal levels in the
hemorrhaging person longer than is the cardiac output.

The reason for this is that the sympathetic reflexes are

geared more for maintenance of arterial pressure than
(5r maintenance of outpu t They mctcase-tiie artcnal

pressure mnin 1u.hv inrr^pgtnfT the total peripheral re-

««hirb br»a r,n hpnffipinl efToet on c.-^rdtf^e QUtpUti

but the s^pathetic constriction of the veins is impor*

tant'to Keep venous return and cardiac output from
falling too much.

Especially interesting is the secjond plateau in the

arterial pressure curve of Figure 28-1. This results from
activation of the pi>r.tr.-jl 8y<tMTLjgM.q> ischemic

respsose, which causes extreme stimulation of the sym-
pathetic nervous system, as discussed in Chapter 21.

the sLand" of the-svrmpathctic reflcxcsm their

attempt to keep tha artenal pressure ir^ falling too

l0Wj__

TVofccfitm ofCoronary and Cerebraf Blood Flow
by the Reflexes. A special value of the maintenance of
normal artenal pressure even in the face of dwreasing
cardiac output is protection of blo^ flow throii fTh the

edronary and cerebral circulatory systems. 5_vmp.ithctic
stimulation docs not cau.»c ’^icnihcant constriction of
cither ^thc

lent, w hich prevents moderate decreases in artenal
pressure from si gnificaatlY-alTecting their blood flows.

Thcrefore, blood flow through the heart and brain is

maintained essentially at nonmjUcicla as long as the
nrtfH.it pmssnrp tWv nprfaU bclow rn rt,

despite thcjact thoUiJ^^o'^m many other areas of

because of vaHisp-T^"

—

NONPROCRESStVEAND PROGRESSIVE
HEMORRHAGIC SHOCK

formed in dogs to demonstrate the effects of diffc
deuces of hemorrhage on the subsequent cours
artcnal pressure. The dogs were bled rapidly until L
artenal pressures fell to different levels. Those i

»bo>e pressures fell immediately to no lower lhari^ Ilg (Group. I. II. and III) all cvcnlually recove
the recovery occurred rapidly if the '
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risure 28-2. Course oF aneridi pressure In dogs aher different

degrees of acute hemorrhage Laeh curve represents the average
results from six dogs

slightly fGroup 1) but occurred slowly if it fell almost to

the 45 mtti Hg level (Group III) On the other hand,

when the arterial pressure fell below 45 mm Hg (Groups

IV, V, and VI), all the dogs died, though many of them
hovered between life and death for many hours before

the circulatory system began to deteriorate

This experiment demonstrates that the circulatory

system can recover as long as the degree of hemorrhage
is no greater than a certain entical amount However,

crossing this critical amount by even a few milliliters of

blood loss makes the eventual difference between life

and death Thus, hemorrhage beyond a certain critical

level causes shock to become progressii'C. That is. (he

shock Itselfcausa still more shock, the condition becom-

ing a VICIOUS circle that leads eventually to complete

deterioration of the circulation and to death

Nonprognsslve Shock—
CempensAted Shock

If ehock IS not severe enough to cause its own pro-

gression. the person eventually recovers Therefore,

shock of this lesser degree can be called nonprogressti'e

shock It 18 also frequently called compensated shock,

meaning that the gyrapalhetic reRexes and other factors

have compensated enough to prevent detenoration of
the circulation

The factors that cause a person to recover from mod-
erate degrees of shock are the negative feedback control

mecKaciisros of the circulaUaa that attacw^t to catinv
cardiac output and arterial pressure to normal levels.

These include

1 The baroreeeptor reflexes, which elicit powerful
sympathetic stimulation of the circulation,

2 The central nervous system ischemic response, which
elicits even more powerful sympathetic stimulation
throughout the body but is not activated until the
arterial pressure falls below 60 mm Hg;
3 Reverse stress-relaxation of the circulatory system,

which causes the blood vessels to conUacl down around
the diminished blood volume sO that the blood volume
that IS available will more adequately fill the nrcula-
liorf

M Formation of angiotensin, which constricts the pe-
npberal arteries and causes increased conservation of
water and salt by the kidneys, both of which help
prevent progression of the shock.

5 Formation of vasopressin (anttdiuretie hormone),
which constricts the peripheral arteries and veins and
also /greatly increases water retention by the kidneys,
(w Compensation mechanisms that return the blood

volume 6acA toward normal, including absorption of
large quantities of fluid from the intestinal tract, ab-

sorption of fluid from the interstitial spaces of the body,

canservation of.w.nter and saltJat-JJio-kidncig. and

increasS~thirst and increased apnetitfi fnr salt.yhic

tnalce the person drink watcr^irnd eat salty foods il sbli

The sympathctic“reflexes provide immediate help t

ward bringing about recovenij for li«i_bt«nne him

maliy activated wilhin 'JiT^econds after hemorfbag

The angiotensin and vasopressin mechanisms, a^

as the reverse stress-relaxation that causes contrprtii

of the blood vessels and venous reservoirs around ll

blood, all require 10 tn)nutcg-to.an-hour to occur con

pletely, but, nevertheless, these aid greatly in inerfasit

the arterial nressi^Tr increasing thejnean system

filling nressure afiS' theri^y infrpjising the rtW™ '

blood to Ihb heart Unally, the readjustment ofblw

volume byatSSr^tion of fluid from the interstitial epa«

and from the intestinal tract, as well as the ingcstw

and absorption of additional quantities of fluid anJ^l

may require from I to 48 hours, but eventually rec®'«

takes place provided the shock docs not become
enough to enter the progressive stage.

rnJ^ress/ve Shock - The Vicious Ortle of

OtrrilovASculAr DeterioraHon

Once shock has become acverc enough, the Btrui^“”

of the circulatory sj-stem themselves begin to delin'

rate, and venous types of positive feedback develop

can cause a vicious circle of progressively decre^ir

cardiac output Figure 26-3 illustrates some ef

diflerent types of positive feedback that further dCPf**

the cardiac output in shock. These ate the follown'B'

Cardiac Depression. When the arterial

falls low enough, coronary blood flow decreases ww
that required for adequate nutrition of the myoeofd>ttf

Itself This obviously weakens the heart and
decreases the cardiac output still more. As a c°“
quence, the artena) pressure falls still furfiier, and U

coronary blood flow decreases m^. making the w*'

still weaker Thu«. a posim p cycle has

oped whereby the shock becomes irtore and.more
Figure 28^ illlTstrotcs carding output cuives ‘F?'

experiments in dogs, showing OTogiisssivc detenor^ho

of the heart at d\0Ceceo.t tvSee the on^J

'

shock A dog was bled uruil the arterial pressure i«‘*

30 mm Hg, and the pressure was held at this lei'®*

further bleeding For rctransfusion of blood as reqtf'*^

Note that there was little deterioration of the h®®

dunng the first two hours, but by four hours the "M
had deteriorated about 40 per cent; then, rapidly,

the last hour of the experiment the heart deterior® i

almost pnmplpti»lv ~ ""

Thus7 one of the important features of progr^^''

shock, whether it be homfipyarpr in origin or cauS®"

any other way, is eventuarnrogressiTe deteriorati®^*'

the heart. IrrthgTffrTr'?tag5 of shock, this plaj^s

little role in the~condition-f>T pt-r^n. partly

deterioration oTlhe hê itself is not very severe

the first hour o'f soDf^shocK out ^inly~beCau«®
heart has treme^6U3 'fO&erve thaTmakes it

capable of pilmplUg-dyil to 41)0^ cent more blood t*"

18 required by the body for adequate nutrition.

in the very latest stages of shock, deterioration e
.

heart is probably the most important factor n*

further progression of the sh^k.
ghoc

various circulatory reflexes cause intense activity
^



28 OrcuUtofy Shock and Physiology of Its Treatment U 329

figure 2S-3. Different ^pes of

feedback that can lead to progres-
sion of shock.

DECREASED CARDIAC OUTPUT

sympathetic nervous systemJThis, as discussed previ-

ously, helps finlav flept-ocgT^n nf AUtput and
especially heTh^’ orevent decreased arterial pressure

However, there corner rnn^ '^'hirh ff'^inrshaia blood

flow to the vnci^Tnftfnf rr.w»ar i taa]f«;i jgprcsses the Center

that it become*, progcessuiialy Ips^ fictive and finally

totally inactive. For m^taneg. pnniplete circulatory ar-

rest to the brain cause's ,
during tne first lour to eight

minutes, the most intense of all sympathetic discharges,

resulting m a typical CNS ischemic re^onse, but by the

end of 10 to IS minutes the vasomotor center becomes

so depressed that no evidence of svmathctic discharge

at all can be demonstrated. Fo^tunately^^Q^gb. the

vasomotor center does not usually fatlin thn carl^ stages

of shock—only in the late stages

Thromb^is o( ihe lllinute Vessels—Sludged
Blood. Recently, several research workers have shown
that thrombosis occurring in many of the minute vessels

in the circulatory avstpm c.m be_one of the causes of

shock progression. That is, blp^ flow through, many
tissues hivfimpg PVtrpfptvTy aliitr^nah. but tlSSUe.metabo-

lism
‘i'^

^immintq of acid. cither

carbonic acid or lactic acid, fontiniiP to rmptiupto the

local blood ves-Tols and to increase greatly the^^nsjjlity of

the blood, TMo nrid
,

Hotcnoration pcHlucts

from theischemiZilssues, causes blood aggluUrmtion or

actual blo^d-Clata. tlius leading to minute plugsjn,the

small vessels. F-vpn if the vessels do notiic£(UUC.$I^ged,

the efirir in pjch Other makes
it more Hifi^iiVfnr v.lpp/^ to tTnw through thcjiuciByas-

culatpr?, triyint* rise tn thc-term hIr>aJ.

Increased Capillary Permeability. After many
Tioura of capillary hypoxia the permeability of the cap-

illaries gradually increases and large quantities of fluid

begin to transude into the tissues. This furtiicr decreases

the blood volume, with resultant further decrease in

cardiac output, thus making the shock still more severe.

Fortunately, capillary i>>pc iMn ..dnrs nnt rniiMi in-

creased capillary permeability until ^prv latt- stages

of extremely prolonpd shock. Therefore, this factor

plays-a-signifieant-reloTn few, instances ofsn^.
Release of Toxins by Ischemic Tissues. Through,

out (he history of research in the /reld of shock, it has
been suggested time and again that shock causes tissues

to release toxic substances like histamine, serotonin,

tissue enzymes, and so forth that then cause ftirther

deterioration of the circulatory system. Quantitative

studies have especially proved the signiflcancc of at

least one toxin, endotoxin, in some types of shock.

Endotoxin. Endotoxin is a toxin released from the

bodies of dead gr.im-negati\£_ba£li:Ba-Hv the intestines.

and it tfen causes exUnsive va'scular^l^ation. greatly

RIGHT ATRIAL PRESSURE frnmHfl)

figure 2&-4. function curve* o( ihe heut 4l OJferem ilmcv
aher hemorrhagic shock begins. fThese curves are eaitapoUied
lo the hurrun heart from cUu obulned In dog eaperlmencs try
Or J W CroMelt)

’
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increased cellular metabolism despite the inadequate

nutntion of the cells, and cardiac depression Though
this toxin can play a major role in some types of sho^>
especially septic shock discussed later m the chapter, il

still IS not clear how much endotoxin is released during

hemorrhagic shock and whether or not it is an especially

important factor m the progression of this type ofshock
pAnffrn1iy<»H f^plliitnr DMrrinriitinn. As shOCk

comes very severe, many signs of generalized cellular

deterioration occur throughout the body. Qne oyan
especially affected is the In-er, pnmanly because^U'c
lack of enough nutr^ntaTo support the normally high

rate of metabolism in Uxci cells, hut also partly b^ause
ot the extreme vascular exposure ofjhejjver cells to

any toxic or other~B6hgr!ffal m^aboiic lartoraTh’shock

Among the different effects that are known to occur ai<

-^i-^ctive transport of sodium and potassium through

the cell membrane is greatly diminished As a result.

aodiurn and chloride accumulate in the fells and^potas*

ttiim IS lost (com the cells. In addition (^e'celU becin to

swell.

2 Mitochondrial activity m the liver cells, as well M
m many other tissues of the body, becomes severely

depressed

3 L^osomea begin to split in widespread tissue areas,

with intracellular release of hydrolases that cause fur-

ther intracellular deterioration

4 Cellular metabolism of nutnents such as glucose

eventually becomes greatly depressed it}^ the last stages

oLsHock The ^activities of Mme hormones are depressed

nrtton nf itiBiilm
Obviously, all these effects contribute to further de-

terioration of many different organs of the body, includ-

ing especially (1) the liier. with depression of its many
metabolic and detoxification functions, (Zrthe lungs.

^-erietnn.andwith cventuai development pf miimnnnry-?

poor ability to oxygenate the blood , and OHhe heart,

thereby funher depnssing the contractility ofthe heart
Tissue Necrosis in Severe Shock-r’BffecTof Psi-

tern of Vascu/ar Blood Flaw in Different Organs.
Not all cells of the body are equally damaged by shock
because some tissues have better blood supplies (hsn
others For in'^tanco. the cells adiacent to the arterial

ends of capillan^re^ive better nutrition than the cells

adjacenOo the veno^ ends of the same capillaries

Therefore, one would expect more nutntive deficiency
around the venous ends of capillaries than elsewhere
This IS precisely the effect that Crowell has found m
studying tissue areas in many paits ol the body For
instance. Figure 28-5 illustrates necrosis in the center
of a liver lobule

,
the jwrtton nf the Inhitle that is last to

be^batned bv the blood as it passes through thTliver
sinusoids

'Slimiar punctate lesions occur inJieacLmuscIe, though
here a\definite repetitive pattern surh a« /ipoirc in^the
liver cannot demonstrated Nevertheless, the cardiac
lesions probably play an important role in leading to

the final irrov'ersible stare of fhoek. fletPrinT^flv^le*

sTonsalso occur in thr kidnevs. especially m the kidney
tubules, leading to Jadnev failure and subsequent
uremic dea th several days later An3 detendratmn of

lungs often leads to respiratory distress and death
. .

' da^-s later—called thfi tiing syndrome.
Mcidosis iiTbhock. of tKe TneiniJiiii-

letita thflt nmir.lrmhonltflt tissue can lcad-to.Acidoi«
E^ecially important is the poor delivery of oxygen to

Figure 20-5. Necrosis ofthe central ponton of a liver lobule

severe shock. (Courtesy of Dr Jack CfOweB

)

the tissues, which greatly diminishes oxidative melsb

olism of the foodstuffs When thisoceiira. theccllspbtala

their energy bv the anaerfihir.nmrpsq nf rlvcolvsis that

leads toTremendmis guantihe. of rrea±t Inrlie MXd 18

blood In nddition, the poor bloiyLflow through the

fissues prevents noiroal removal of carbonJioiide. the

carbon dioxide reacts locally m the cells with water to

form very high roneentrations ofintraeellular carbon!:

acid, this in turn rejj^ with the various'llssoe buffer*

to form still other intracellular acidic substances

Thus, another detenorative effect of shock Is both

generalized and local tissue acidosis, leading to sbH

further progression of the shock itself.

fc And the Vicious Oide of
Tmuresslve Shock

All the factors just discussed that can lead to f“^®J
progression of shock are types ofpositive feedbae): Twl

13. each Increase In the degree of shock causes a further

increase in the shock.

However, positive feedback does not always necessar-

ily lead to a vicious circle. rvr nkt a vicious

^circle develops depends on the intensity of the

feedback , in niiji£iieg»eaorshock. thenegative feedback

!rvinpathetic reflexck. the~strcss-rClaX'

atiqn mechanism of the blood reservoirs, the absorption

of ftuid Into the lylnod fmmThe'interstitial^spaces,

others—can easily overcome thenositive-fecdhack influ-

ences and can therefore cause'Tecovery. In severe De-

grees of shock, however, the positive feedback mecha-

nisms become more and more powerful, thus leading «
such rapid detenoration of the circulation that the

negative feedback systems cannot return the cardiac

output to normal
ITius, considering once again the principles ofposibw

feedback and vicious circles as discussed in Chapter J,

! can readily understand why there is a erdilicsi

cardiac output level above which a person in sh®^

recovers and below which the person enters a viciou*

artle of circulatory detenorotion
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figure 28-6. Failure of transfusion to prevent death In krever

sible shock.

IRRIVERSIBLE SHOCK
After shock has progressed to a certain stage, trans-

fusion or any other type of therapy becomes incapable

of saving the life of the person. Therefore, the person is

then said to be in the irreoersi6/e stage of shock Ironi-

cally, even in this irreversible stage, therapy can on

occasion still return the arterial pressure and even the

cardiac output to normal for short periods of time, but

the circulatory system nevertheless continues to dete-

riorate and death ensues in another few minutes to few

hours.

Figure 2S-6 urfdii filiriwirirfint trans-

the Cflrdiji ft ^ell as the artenal pregsmcl to

return tn numigl. Output soon

begins tn fall nirain . and subsequent transfusions have

loss and less effect. Thus, something has changed in the

overall funetian of the cyrculatory system thaL may not

necessarily affect irnmediafe ability of the_hcart to

pump' blood hiit*5ver a long p^iod of time does depress

this ability and resSu in death Now the question

remains: What factor br
'

Tactavrlead to the eventual

total deterioration orcirculatory functioaf

The answer to this question seems to be, simply, that

beyond a certain point so much tissue damage has

occurred, so many dn-structive enzymes have been rc-

leased*intd*lhe body fluids, so rouch_^'''^"^‘^h.Ts de\el-

oped, and so many other destructive, fartnra ar? noy
progress that even a nonn^ cardiac output—cannot

reverse the continuing deterioration Therefor^

vere shock a~ stage is eventually rtached bevond_Tvhicn

the person is destined to ate evciy'thou g.n ^gbrous

therapy i^n still T-ptnm the cardiac output tojicrmaTror

shorC periods n^me
DenlPtion »f f^lulnr High Energy Phosphate

Heservea m ir^pvorsihle tihock. The high cner^
phosphate reserves in the tissues of the bodv^ip^ally
in the liver and in the heart, arc greatly diminished m
severe degrees ot shoclc. Essentially alT the creatinine

phosphate is dcgradcd,,anti almost all the ATI’ hasten
degraded to ADP^A-MP^or-adonasinc.
adenosine that is donved from degradation of the Air
diffuses out of the f^sjnto the circuintirg blood and is

converted intn nrfr anti, a snhstfince that cannot re-

enter the cells to rocongtitute the adenosine phosphate

s>slcm. Unfortunately, new 'ndcnoslng~can; bg'synthe-

sized at the rntcT'or only aboar d per cent an hour,

stores of the cells are difticull to replenish. Therefore,

one of ihe most important cnd-resulta of dctenoralian

m shock, and one that is perhaps the most sigiuficant

ofall^n the development of the finaLstate ofirreversi-

btlii}^ IS this cellular aepletionTof-the high energy
compounds.

T)<;tcri^atiQn of tho Heart as a Principal Cause
of Jrreversibilitv. It is clear that deterioration can
occur in many different organ systems in shock and that

the degeneration m any of these systems could become
so fipvero thaHt would eventually be incompatible with

c^tftinued life. However, in most instances it is nrobablv

delirlofation of the heart itself that makes tho shock
irreversibl e. The reason for believing this is the follow-

ing: Modern therapy is very effective in producing ade-

quate venous return. Admmistration ofblood and other

substitution fluids can almost always provide adequate

inflow pressure to the heart even'*in the" most' severe

degrees of shock. But, rtill, in the ]ate stages of shock,

the heart fails To pump this inflowing blood. Th^forc.

the tipgrt irrhf tintii ^-enk link in^the system.'

On thtfolhcr hand, if one does not use all forms of

available therapy, a person can die of shock because of

peripheral abnormalities such as continued loss of fluid

into the tissues, pooling of blood in greatly distended

blood vessels, respiratory failure, acidosis, and so forth.

Unfortunately, in such instances, the patient dies of

shock that is still reversible if adequate therapy is

provided.

Shock and In Ireevenlbllltv

Though poor blood flow leads to tissue deterioration

because of deficiency of many different nutrients, defi-

ciency ofoxygen almost certainly Is the roost important

For instance, m a large senes of dogs, Crowell measured

the accumulated deficit of oxygen usage of animals (a)

in mild shock, (b) in moderate shock, and (c) m very

severe shock In some animals, this deficit accumulated

slowly, whereas in others it accumulated very rapidly.

But m each t^up of animals, when the average accu-

nxvppfi Hp^it I-P.^ched 12Q miiliiTterBofoxygcn

per kilogram of body ma^. 50 per cent of the animals

died irgfiTTilpss of how long it took to lycumulate this

amount qfoxygen deficit

Therefore, it seems to be clear that the one most

important nutrient ncccysarv to prevent cellular deto-

noration and death dunng shock is oxygen.

HYPOVOLEMIC SHOCK CAUSED BY
PLASMA LOSS

Loss of plasma from the circulatory system, even
without the loss of whole blood, can .sometimes be severe

enough to reduce the total blood volume markedly, in

this way causing l>pical hypovolemic shock similar in

almost .i ll dotniN to that caused by hemorrhage. Severe
plaAint loss occurs in tticToIlowing conditions;

l^dmcsttnal oh<tntclinn j« n uced
pl^ma volume. The resulting distention of the intestine

causes fluid to leak from the intestinal capillancs into

the intestinal walls and intestinal lumen. This loss of
fluid might rcsult^irom

.
elevated capillary pressure

cauK-d by innea^ resistance in the strtuhed veins
over the surface orihc mtcstine, or ri'mighl Ee'cau«’d
by direct damage to the capillaries themselves. Never-
theless, the lost fluid has a very high content of protein,
thereby reducing the total plasm.! protem as well as the
plasma volume.
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2 Often, m patient$ who havs,s£Lea-iuien3 or other

denuding conditions of the skin)' so much plasma isjost

through tile cnp>os,ed areas that the plasma.

v

olume
becomes markedly reduced^

i'hc njTJOVolcmic shMk that results from plasma loss

has almost the same characten^ics asjhe shock caused

by hemorrhage," eiwpt fnr'onp nrld^tional-complicaling

factor— hlo^ vTticoMtv \ccreflses {fr^atly i»g ^«-rpsult

of pTasma^ioss. and this further gyacerbates the slug-

gishness of blood flow.

*^Ix>ss of fluid from all fluid compartrocnls of the

body IS called dehydration: this, too, can reduce the
blo^ volume and cause hypovolemic shock very similar

to that resulting from hemorrhage Some of the causes

of this tjTie of shock are tal e»ces*iivc sweating. tb> fluid

loss in severe diarrhea or vomiting: (c) exce^jow of

fluid hv n?phrplvt>idp^8. id) inadequate intake of fluid
and elertralvtps.^nd (e) destruction of the adrenal

cortices, with consequent fellore of the kidneys to rcab-

sorb'sodium, chloride, and water because of the absence

of the hormone nlBostcrone

HrPOVOUMfC SHOCK
CAUSED BY TRAUMA

One of the mo*t common causes of circulatory shock
is trauma to the body Often the shack resutts simply
from htmorrhagp fTiinfd-t».tficjjauma. but it can olso

~*^ir r*'**" for contusion of the

body can often raytlltn»ie<_ etillwntly to

allow pvwsive l<w< nf ninsmo tlSSUeS ThiS
results m greatly reduced plasma volume with resultant

hypovolemic shock -Shos. whether or not hemorrhage
occurs when a person is sever^lxuaumatized, the blo^
volume can still be markedly redueady-

fSbc pain associated with serious trauma can be an
SMitional aggravating factor in traumaiit shock. ^
pain 8omc tim<a.stft>nely Inhibit* the ypeomotor t*ntr.r^

tncrVhy i ncreasing the vascular capacitance jnd reduc-

ing the venous return. Vanous attempts haw also been
made to implicate toxic factors released .by the trauma-
tiled liMueS as the causes of shock following
trauma Howevcfi'eross-lransfusion expenments have
failed to show any such toxic element.

in summary, traumatic shock seems to result mainly
from hMwvolemia, though there may also be a moderate
degree of ^nrnmttnnt .npttmgpntr shngk caused by the
pain " —

^NEUROGENIC SHOCK—INCREASED
-Vascuur CAPACITV

v-Occasionatly shock results without nnv loss of blood

volume whatever Instead, the fascutar capacity in-

crenses so much that even the normaLamQuot'ITf hlwot

becorng}jncapnbjejf adequatelyJilling thejornilatoiy
system. One of the major causes of ibis is /oss of
wtomofec-tone throughout the body especlallyTcausing
miusive dilation of the veins, andtSe resulting condition

— IS then known as neurryre/iic sAocii.

' The relationship of vascular capacity to blood volume
. discus.sed in Chapter 1^. where it was pointed out

m blot^^o?time*m/t/cfs the mean systemic filling pres-
sure, vshicti m turn reduces Uie venous return to the

heart niTnini<!>it,>l vg^nng rofitm fgiiig/xt by vasci '

di latation is often called “venous pooling" of hlood

Causes of Neurogenic Shock. Some of (he diffemt

facto^ that can cause IpRs of vasomotor tone includr

iuDcep general anesthesia often depresses the vasa-

motor center enough to cause vasomotor collapse, witi
]

resulting neurogenic shock.

2 fSpinat anesthesia, especially whoa this extends si

thrway up the spinal cord, blocks the sympathclu

outflow from the nervous system and is a common catiw

of Murogenic shock.

3 Brain damage is often a cause of vasomotor collap^

Many patients who have had brain concussion or cot
i

tusianofthc basal regions of the brain develop profound
j

neurogenic shock. Also, even though short periods iS '

medullary ischemia cause extreme vasomotor activity,

prolonged ischemia can cause inoctwation of the v&s)-

motor neurons and can cause development of sovert

neurogenic shock

4 Depressed t'oicomo/or center frequently occurs during

fever, after excesstvefJcisa.iiC_sIeep, qr-iiunetabolic

disturbances This often leads to fainting, in whi^ tJif

peripheral blood vessels become greatly dilated As i

result, blood pools, and the cardiac output falls dravn-

cally Such a person held in an untight-position will P>

into the progressive stage of slfcck end can die as t

result Fortunately, on fainting, a person usually falh

to a horizontal position so that almost normal c^rduje

output Ordinarilvjp-ensues nlmnst tmmpdiatoly.

a^onTcDltapse that results from "emotional" falnlinS

usually IS not caused by vasomotor failure but
by strong emotional excitation of the parasympsthrtit

nerves to the heart and of the vasodilator neri’es t® tht

skeletal muscles, thereby slowing the heart and feda«'

ing the artenal pres-sure. Therefore, the fainting
results from an emotional raliMi tiosot'g

gal syqfpyTo'ciilWreatifltfr it from (he other_tyP«a «'

fainUBg^hirh rg'^nlt jrntfi rl.mlwiahcri sympathetic BC-

tivity throughout the body or from other cau^w oi

reduced cardiac output

ANAPHYLACTIC SHOCK
"Anaphylaxis" is an allci^c condition in which the

cardiac output and arterial pressure often fall drasti-

cally. This was discussed in Chapter 6. It results pn*

manly from an antigen-antibody reaction that fo*c*

place all through the body immediately after an aol'Scn

to which the person is sensitive has entered the circu

latory system. Such a reoction is detrimental to the

circulatory system in several important ways. First. «

the antigen-antibody reaction takes place in direct con-

tact with the vascular walls or cardiac musculature,

damage to these tissues presumably can result dirccw-

Second, cells damaged anywhere in the body by the

antigen-antibody reaction release several hi^ly to*'*

substances into the blood Among these is hislamm* or

Ais(amtne-/ihe substance, released mainly from th®

culating basophils and the mast cells outside the cap'*-

lanes The histamine m turn causes (1) an increS^

vascular capacity because of venous dilatation. <21

tation of the artenoles with resultant greatly reduf*o

arterial pressure, and (31 greatly increased capi"^*7

permeability with rapid loss of fluid into the

spaces. Unfortunately, all the precise relationship* **
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the above factors in anaphylaxis have not been deter-

mined, but the sum total is a great reduction in venous
return and often such serious shock that the person dies

within minutes.

Intravenous injection of large amounts of histamine

causes “histamine shock,” which has characteristics al-

most identical with those of anaphylactic shock, though
usually less severe

SEPTIC SHOCK

The condition that was formerly known by the popular
name of “blood poisoning** is now called septic shock by
most clinicians . This simply means widely aissemmated
infection in many are.is of the body, with the infection

being borne through the hlnod from one tissue to another
and causing eyten^ive damage Actually, there are many
different vafietiea prsentic shock because of the many
different types nf hacterfa l infection that can cause it

anH also becai^^p nTTWinn in fine parr fif the body will

produce different effects from thnsy> hv i nfectiftn

elsewhere in the body.

Septic shock is extremely important to the clinician

because it is this type ofjbock-that, mots frcqueptlv
than any other kind of sKoek besides cardiogenic shock,

causes patient death in the modern hospital Some of

the typical causes of septic shock include
d<'?eritonitis caused by spread of infection from the

uterus and fallopian tubes, frequently resulting from

instrumental abortion
*

'^2. Peritonitis r^ulting frorn rupture oCthe gut. some-

times caused by mteatinal diSMse and sometimes by
wounds.

3. Generalized infection resulting from spread of a

simple skin infection such as streptococcal or staphylo-

cocal infection.,

V^neralized gangrenous infection resulting specifi-

cally from gas gangrene bacilli, spreading first through

the tissues^'erris^ves 'anOnally by way_flLllie_blood

to the interiial organs, especially to the liver

5. Infection spreading into the blood from the kidney

or urinary tr^, often caused by colon bacilli

Special Features of Septic Shock. Because of the

multiple types of septic shock, it is difficult to categorize

this condition. However, some features often seen in

septic shock are the following:

1. High fever.
2. MSked vasodilatation throughout the body, espe-

cially in the infected tissues

3. High cardiac output in perhaps half of the paUents,

by high metabolirrat'e and vasodilatation elsewhere in

the body resulting from hartenal toxin stimulation of

cellular metabolism and from the high body tempera-

ture. '—
Sr^ludging of the blood, presumably caused by red

cell agglutination in response to degeneraUng tissues

5. Development of raicroclots m widespreioareas of

the body, a condition called dtsseminaled mlmmscular
coa^ulatinn_&}oK; ihya causes the clotting^factom to be
used lip so that hemorrhages occur intp-many-ESues,

In the early stages of septic shock the palie^ usually

does not have signs ofci ^ftrlf’tnrv /-allapse but, instead,

only signs of the bactenal infection itadf. However, as
the infection becomes more^vere, the circulalory_5Saa

tern usually hp.CQinP3..in.vo[vrrf fithej-directly or as a
secondary result of toxins from the bactpri.-3,-anH there

finally comes a point at which deterioration, of. the cir-

culation becomes proeresswe in. thcsame-inayllhat pro-
gression oecurs in all other types of shock. Therefore, the

end stages of septic shock are not greatly different from
the end stages of hemorrhagic shock, even though the

ii^^iatfng factor»-are markedly different in the two
condilions.

Endotoxin Shock. A special type of septic shock is

known as endotoxin shock. It frequently occurs when a
large segment of the gut becomes straninilated andjoses
most of itsjilond supply. The gut rapidly becomes gan-
^renniis . and the bacteria in the gut multiply rapidly.

Most of these bacteria are so-called “gram-negative”

bacteria, mainly colon bacilli, that contain a toxin called

endotoxin Another condition that also frequently causes

colon bacilli septicemia is extension of urinary tract

infections into the blood.

On entering the circulation endotoxin causes an effect

very similar to that ofanaphylaxis
,
sometimes resulting

m severe_shock Indeed, the cause of thTs shock is

p^siSiy an ana^vlactic reaction caused by the endo-

toxinjtsalf. Howfever, endotoxin has direct effects on the

circulation as well, including^!) toxic depression of the

hea|t.and (2).vaBcjiIaEdIlaiatun

''‘j^iyere shock also occurs during the course of diseases

caused by other gram-negative bacterial infeeitons, such
as dvseqierv . ti^larpmia . brucellosis, and typhoid fpver.

It IS likely that this shock results at least partially from
endotoxin released from the gram negative bactena
causing these conditions

EFFECTS OF SHOCK ON THE BODY

Decreased Metabolism in Hypovolemic Shock.
The decreased cardiac output in hypovolemic shock

reduces the amount of oxygen and other nutrients avail-

able to the different tissues, and this in turn reduces

the level of metabolism that can be maintained by the
different cells of the body. Usually a person can continue

to live for onlv-a few hours iTthe cardiac output falls to

low as Jfl ru»r-ff»nKnf normal

Muscular Weakness. One of the earliest symptoms
of shock IS -tifiverp miitjfular weakness which is also

ipid tatiEP

patients attempt to use their muscles. This.obYiOUsIy
results -from the diminished suddIv of nutrients—espe-
cially oxvecn—to the muscles.

Body Temperature. Because of the depressed metab.-

olism in shock, the amount of hp.it. liberated m the body
»jeduced-(except in septic shock in which the infection

may cause an opposite effect). Aa-a result, the body
temperature trods to decrease if the body is exposed to

even ciighfi..E» coi(j.

Mental Function. In the early stages of shock the
person is usually congous, thoughj' signs of mental
haziness may be noted.-» As^sthe shock progresses, the
person falls into a state ofstuDo^and in the last stages
ofshock even the subconscious m^tal functions, includ-
ing vasomotor control and respiration, fail.

-A person who recovers from shock usually exhibits no
permanent impatrmPTit oflmontaf funclinrn However,

^6dlcwing.comp_icte circulatory arres t, in whirh the blood
flow IS completejy^t off from_the brain for more than
five minutes, the brajn does often sulTcr severe perma-
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ncnt impairment. cause of which is discussed in a
separate section on circulatory arrest later.in the chap-

ter.

Reduced Renal Function. The very low blood flow

during shock greatly diminishes urine output or even

causes cessation of output, because glomerular pressure

foils below the cntical value required for filtration of

fluid into Bowman's capsule, as explained in Chapters

at and 35 Also, the kidney has_suc>i_a_high_rate of

metabolism ajid_requirfia.suchljarge_amimnts of nu-

tncnls thal the reduced blood flow often causes tubular

neerpas. which means death of the tu^iar epithelial

cells, with subsequent sloughing and blockage of the

tubules, causing total nl timrlmn nt thej^pwttvp
nephrons This is often a serious aftciefTeet of shock that

has occurred during a major surgical oneration: the

patient sometimes survives the shock associated with

the surgical procedure and then dies a week oj so later

of uremia

^nJmiOLOCY OF treatmei^ in

SHOCK

REPLACEMINT THiMPY

Blood and Plasma Transfusion. If a person is m
shock caused by hemorrhage, the best possible therapy

IS usually transfuxibn-of^'holc blood. If the.ahock is

caused b^lflsjmajq^s. the best therapy isjulnunistra-

tiotTSfaiasina: when.dchydt2i\\on is the_«ause.^dmin-
istratlon ^ the aanropnate electrolytic solution can
corrc^ha.ahock

Unfortunately, whole blood is not always available,
ufb fl« ntutof ppnditipna However, plasma
can usually substitute adequately for whole blood be-

cause It increases the blood volume and restores normal

*“^rit, butthe human being can usually stand a decrease

in hemal^tt to about onc-third normoLbcforc fierious

cons^uence* result if the cardiac output is adequate
Therefore, in acute conditions it is -reafionahle-to uxe
plasma In place of whole blood for treatment of hemor-
rhagic and fiwst 'other types of hvpavotemif shock

SometTmn plasma also is unavailable In these in-

stances, various plasma $ubstilulea have been developed
thatjierfomi almo^FTVHfuv »bc «am<. h’^nriyr.flwm.

functions^s pfosma One of these is the follow'ing:

Dex^un solution os a Plasma Substitute. The
principal requirement of a truly effective plasma sub-
stitute IS that It remain m the circulatory system—that
is, T>ftt ibrniijT^ the canillarv pores into the ti«aue
spaces But, in addition

BtwTmust, contain appwmnate electrolytes to prevent
dcrancctnehlTf the extrnfrllular Uuid_<.lf.rirnlyt.M^ on
ndnuni4iralIdn*ro remain in the circulation the plasma
substitute must contain some substance that has a large
enough molecular size to exert colloid osmotic pressure/
One of the most satisfa^ry su^tanccs that has been

developed thus far for this purpose is dextnm, o large
nolyaaecharide polymer of glucose Certain bacteria se-

.
' dcxtmn IS manufocturad-by.-a-ba^rial

j ' Uuce procedure. By varying the growth condit^mof
le bacteria, the mnlecular weieht of the dcxtnin can

be controlled to the desired value. DcxiroBsjifappropri-
ate molecular size do not pass through the capiUary

pores and, therefore, can replace plasma proteini

colloid osmotic agents.

“fortunately, lew toxic reactions have been obseP'

when using dextran to provide colloid osmotic prcssUi

ther^ore.'ralutions of this substance have proved 1°

'

^satisfactory substitute for plasma in much fluid *

placement therapy

Sif^TMENT or SHOCK WITH
SyMR4r//05f/AI£T/C A/VD 5MfP/ir//Ot)77C

DRUGS

A sympathomimetic drug mimics sympathetic sti°’

lation Thdse drugs include norepinephrine, epin^P

nne. and a large number of long-acting drugs that

the same effects as epinephrine and norepinephrine

sympatholytic drug, on the other hand, blockaihaart"

..^Sarmal sympathetic stimuli on the circulatory sysl^'

Both sympathomimetic and sympatholytic dnigs
been used In treating diiTerent types of shock, incluci"

hemorrhagic shock However, there is no proof

cither plays a very beneficial role in this type of sh*
The 83nnpathomimetic drugs usually have little ber'®

because the circulatory reflexes are usually aWe®
maximally activated m severe hypovolemic shock

are already fusing m^ked endofrenous secretioi^

norepiiyphnne and epinSphrine On iHe other hand, “

proponfnta of the use of sympatholytic drugs h*

'claimed that these drugs increase blood flow thro'*l

the tissues and thereby prevent nutritional dami>S

Unfortunately, these drugs also usually cause paral/^

of the vasculature, resulting in increased pooling

blood in the venous system, which reduces the caiv'

output and necatesjwch if pot all of the direct effc<!>

the drugs f!i"Tn‘CfcIaing locai olood ilow7Vci a cot"*

nation of transfusion plus sympathotyltc drugs probik"

is beneficial in the'irednnerit-of-roanjmguepts v^’J'

shock; the transfusion Alls tKeex^nded vascular ^

and prevents the pooling, while the sympatholytic

allows rapid blood flow to the tissues.

OTHER THERAPY

Treatment by the Head-Down Positon. W’hen

pressure falls too low in most types of shock, especi,®*

hemorrhagic and neurogenic shock, placing the pati®

with the head as much as a foot lower than the feet"

help tremendously m promoting venous return

thereby increasing cardiac output 'nierefore, this is

first essential in the treatment of many types of sh^'

Oxygen Therapy. Since the major deleterious el*®

of most types of shock is too little delivery of oxygef*

the tissues, giving the patient oxygen to breathe cal' ’

of benefit in some instances. However, this frequel'*

IS of for less value than one might expect because "

problem usually is not inadequate oxygenation of **

blood in the lungs, but inadequate transport ofthebl®*

after it is oxygenated
Treatment with Glucocorticoid#. Glucocortid*'*

are frequently givcq“to patients in severe Bh«k *'

several reasons: (I) expenments have shown ctnpine^l

that glucocorticoids frequently increase the strength.'

the heart in the lat^stages of shock; <21 glucocorticO''

stahifize the lysosomal membranes anJ'provcnt
of lysosomal enzymes into the cytoplasm of the cs‘‘
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cocorticaids might also aid in the metabolism of glucose

by the severely damaged cells.

Treatment of Neurogenic Shock. In neurogenic

shock, sympathomimetic drugs actually reverse the

basic cause of the shock itself by increasing the vaso-

motor tone throughout the body, but even m this con-

dition these drugs may not be required, for, as long as

the patient is in the horizontal or hcad-doiin position.

adequate venous return to the heart usually occurs and
maintains a eu/ncient cardiac output to prevent pro-

gressive shock.

Treatment of Anaphylactic Shock. Unfortunately,

anaphylactic shock occurs so rapidly that one often

cannot Institute any therapy before death ensues, but if

therapy can be instituted the condition can often be

ameliorated or almost completely reversed by rapid

me other s>m-
the basic cause

of the anaphylaxis, but it docs cause vasoconstnction.

which opposes the vasodilatation caused by histamine

m anaphylaxis. Al^^f one suspects that analphylaxis

might occur in VTiaticnt, tis severity cun usually be

reduced by nrclimlnarv adminivtration of glucocorti-

coids, which attenuap the' allelic reaction responsible

for the an5^ylaxis~or prelnrilHary fidmintstratioo of

antihbttaminftrs . which rvdOce th^etTccts of the hista-

mine released during anaphylaxis However, in both

these instances the therapy must be given he/bre ana-

phylaxis takes place, for which reason they are usually

of little value In therapy of anaphylaxis

Pain-Relieving Drugs in Traumatic Shock. The
use of pain-relicvmg drugs, such as morphine, has been

found clinically to reduce the seventy of most traumatic

shock, supposedly by removing the neurogenic element

of the shock.

pathomimetic drug. This docs not correct

CIRCULATORY ARREST

A condition closely allied to circulatory shock is cir-

culatory stop*

This occura fiyaJcnttv on the surgicaLopei^mg Uble
as a resutV^ cardiac arrfst or of lenlncular fibrillation.

Ventncular fibnilation can usually~be jtopped by

strong plprtroBhnclf of tho hea rt, the basic pnnciplcs of

which were 'descnbed-in Chapter 14.

Cardiac arrest usually results from too little oxygen
in the nnogitiptu- p^«;pnu«^ pnxturc or from a depressant

tfTect of the A normal Cardiac rh>thm
can usually be restored byrenjoving the anesthetic-and

then applying cardiopulmonary resuscitation procedures

for Q few minufZs while supplying die paUent’s lungs

with adequate quantities of ventilatory oxygen

£ff£cr OF atlCULATORY ARRFSTOS THE
BRAIS

A special problem in circulatory arrest is to prevent

detrimental effecta m the hrnin ''f ih**
^*”*^*^

liTgeneral, four to tive^minutes of circulatory arrest

causes permanent hram damage in over half .the pa-

tiente, and firr-iilatS^ arrest for as long as 1Q_

m

inutes

almost universally destroysjnflSL if ryoLalli ol tKgjncntal

powers.
'

For many years it has been taught that these detri-

mental effpcUfin the brain were caused by the i^igiral

ever, recent studies have shown that dogs_can almost

universally cianH ,ip minutes ofiTrculatory arrest

without permanent brain damage ifthe blood is removed
from the brain circulation prior to the arrest. On the
basis of thesT^and other studies, it is postulated that the
circulatoiy arrest causes vascular clots to develop
throughout the brain and that these cause permanent
or semipermanent ischemia of brain areas. Thia_aciord3

well v6itH the results in human beings who have under-
gonfe^long penods ol ^circutatorv arrest, for complete
destruction of large arcu in one side of the brain often

occurs while corresponding areas in the opposite side of
the brain, which should^lso be affected if hypoxia were
the caii^jiLlhfijiainage,_aro-iiot-«ffected- even in the
.ghfrhipct

^
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Muscle Blood Flow
During Exercise;

Cerebral, Splanchnic,

and Skin Blood
Flows

The bIcKx] flow in many special areas of the body, buch

as the lungs end the heart, has already been discussed

tn previous chapters, and the circulation In the kidney.

IR the uterus, and in the fetus will be discussed later in

the text In the present chapter the characteristics of

blood flow in some of the other important vascular areas,

such as the muscles, the brain, the splanchnic system,

and the skin, are presented

BLOOD aow THROUGH
SKELETAL MUSCLES AND ITS

REGULATION IN EXERCISE

Very strenuous exercise is the most stressful condition
tluit the normal circulatory system faces This is true
because the blood flow in muscles can increase more
than 20-fold (a greater increase than in any other tissue

of the bodyl and also because there 19 such a very large

ma«9 of skeletal muscle in the body The product of

these two factors is so great that the total muscle blood

flow' in the normal young adult can increase during
heavy exercise from the normal level of less than I liter

per minute to os great as 20 liters per minute, high
enough to increa'<e the cardiac output to as much as five

times normal and in the well-trained athlete to as much
as SIX to sesen times normal

KATt or BLOOD now
THROUCH THE MUSCLES

Ihinng rest, blood flow through skeletal muscle av-
orogen 3 to 4 ml per minute per 100 grams of muscle.
Howcicr, during extreme exercise this rate can increase
as much as 15- to 25-fold, rising to 50 to 80 ml per XOO

. of muscle
Intermittent Flow During Muscle Contraction,

ire 20-1 illustrates a study of blood flow changes in
calf muKlt>s of the human leg during strong

vihmic muscular exercise. Note that the flow increases
and decreases with each muscle contraction, decreasing

3J6

during the contraction phase and increasing betwee

contractions At the end of the rhythmic contraction;

the blood flow remains very high for a few second

longer but then gradually fades toward normal durin

the next few mmuteb
The cause of the decreased flow during muscle cor

traction is compression of the blood teasels by th

contracted muscle. During strong letanie controetioi

which causes sustomed compression of the blood vessel:

the blood flow can be almost totally stopped

Opening of Muscle Capillaries During ExercUi

During rest, only 20 to 25 per cent of the rnusd

capillanes are open But during strenuous exercise s

the capillaries open up, which can be demonstrated b

studying histologic specimens removed from muscle

during exercise This opening up of dormant capitUni

allows most of the increased blood flow. It also dimir

ishes the distance that oxygen and other nutrients mu'

diffuse from the capillaries to the muscle fibers sr

contributes a much increased surface area throug

which nutnentB can diffuse from the blood

figutc 29—1. UfecB of mosefe werthe on blood flow In tf*

calf of 4 leg during strong rhythmic contr*criorv The Wood So*

was much less during contticBon than between contr»Cflo«

{fic»n Bareroh and Domhorsr/ rtiysld^ /0O402. IM9J
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CONTROL OF BLOOD FLOW
THROUGH THE SKELETAL MUSCLES

Local Regulation^ The tremendous increase in mus-
cle blood flow that occurs during skeletal muscle activity

is caused primarily by local eftects m the muscles acting

directly on the arterioles to cause vasodilatation.

This local increase in blood flow during muscle con-

traction is probably caused by several different factors

all operating at the same time. One of the most impor-

tant ofthese is reduction ofoxygen in the muscle tissues.

That is, during muscle activity the muscle utilizes oity-

gen very rapidly, thereby decreasing the oxygen concen-

tration m the tissue fluids This in turn causes vasodil-

atation either because the vessel walls cannot maintain

contraction in the absence of oxygen or because oxygen

deficiency causes release of vasodilator substances The
vasodilator substance that has been suggested most
widely in recent years has been adenosine, but recent

experiments have shown that adenosine cannot cause

long-sustained vasodilation in skeletal muscle Further-

more, even after the muscle blood vessels hai'e become
insensitive to the vasodilator effects of adenosine, these

same vessels will dilate fully in response to muscle

activity.

Other vasodilator substances released during muscle

contraction include potassium ions, acetylcholine, aden-

osine triphosphate, lactic acid, and carbon dioxide. Un-
fortunately, we still do not know quantitatively how
great a role each of these plays in increasing muscle

blood flow dunng muscle activity; this subject was dis-

cussed in more detail in Chapter 20
Nervous Control of Muscle Blood Flow, b addition

to the local tissue regulatory mechanism, the skeletal

muscles are also provided with sympathetic vasocon-

strictor nerves and, in some species of animals, sympa-
thetic vasodilator nerves as well

Sympathetic Vasoconstrictor Nerves. The s^pa-
theUc vasoconstrictor nerve fibers secrete norepineph-

rine and when maximally stimulated can decrease blood

flow through the muscles to perhaps one-half to one-

fourth normal. This represents rather poor vasoconstric-

tion in comparison with that caused by sympathetic

nerves in some other areas of the body m which blood

flow can be almost completely blocked Yet even this

degree of vasoconstriction is of physiological importance

in circulatory shock and dunng other periods of stress

when It is desirable to reduce blood ftow through the

many muscles of the body
In addition to the norepinephrine secreted at the

sympathetic vasoconstrictor nerve endings, the adrenal

medullae secrete large amounts of additional norepi-

nephnne and epinephrine into the circulating blo^
dunng strenuous exercise. The circulating norcpmeph-

nne acts on the muscle vessels to cause a vasoconstrictor

effect similar to that caused by direct sympathetic nerve

stimulation. The epinephrine, on the other hand, has a

vasodilator effect because epinephnne excites the beta

receptors of the vessels, which are vasodilator receptors,

m contrast to the alpha vasoconstnctor receptors excited

by the norepinephnne. These receptors are discussed m
Chapter 57.

Sympathetic Vasodilator Fibers. In the cat aim
some other lower animals there are also sympathetic

vasodilator fibers that secrete acetylcholine—this hor-

mone, in turn, causing the vasodilatation. However,

such fibers have not jet been proved to occur tn be
human being. Instead, as noted previously, circulating

epmephrine from the adrenal medullae acting at beta
receptors m the muscle arterioles causes vas^ilation,
and this may subserve the same function as the vaso-
dilator system of the lower animals

In the cat, maximal stimulation of the sympathetic
vasodilator fibers to the skeletal muscles can increase
blood flow by 400 per cent. These fibers are activated by
a special nervous pathway beginning in the cerebral
cortex, in close association with the motor areas for

control of muscular activity, and passing downward
through the hypothalamus and brain stem to the spinal
cord When the motor cortex initiates muscle activity,

It simultaneously excites the vasodilator fibers to the
active muscles, and vasodilatation occurs immediately,

several seconds before the local vasodilatory effects can
take place as a result of the muscle activity itself Thus,
it seems that this vasodilator system has the important
/unction of tnitiating extra blood flow through the mus-
cles at the onset of muscular activity. However, the
vasodilator fibers are probably of little or no importance
in maintaining increased blood flow during prolonged
muscular activity, for both in lower animals and in

human beings the final degree of vasodilatation that

occurs dunng exercise is not discemibly different when
the muscle is normally innervated with sympathetics or

denervated.

CIRCULATORY READJUSTMENTS
DURING EXERCISE

Three major effects occur during exercise that are
essential for the circulatory system to supply the tre-

mendous blood flow required by the muscles. These
effects are ( 1 ) mass discharge of the sympathetic nervous
system throughout the body with consequent stimula-

tory effects on the circulation, (2) increase in cardiac

output, and (3) increase in artenal pressure.

Mass Sympathetic Discharge. At the onset of cx-

erase, signals are transimtted not only from the brain
to the muscle to cause muscle contraction but also from
the higher levels of the brain into the vasomotor center

to initiate mass sympathetic discharge Simultaneously,
the parasympathetic signals to the heart are greatly

attenuated. Therefore, two major circulatory effects re-

sult First, the heart is stimulated to greatly increased

heart rate and pumping strength as a result of the
sympathetic drive to the heart, as well as release of the

heart from the normal parasympathetic inhibition. Sec-

ond, all the blood vessels of the peripheral circulation

are strongly contracted except the vessels in the active

mu^les, which are strongly vasodilated by the local

vasodilator effects in the muscles themselves. Thus, the
heart is stimulated to supply the increased blood flow

required by the muscles, and blood flow through most
nonmuscular areas of the body is temporarily reduced,
thereby temporarily “lending” their blood supply to the
muscles. This effect accounts for as much as two liters

of extra blood flow to the muscles, which is exceedingly
important when one thinks of the wild animal running
for its life, because even a fractional increase m running
speed may make the difference between life and death.
However, two of the organ arculalory sj stems, the
coronary and cerebral systems, are spared this lasKon-
strutor effect because both these circulatory areas have
very poor vasoconstrictor innervation—fortunately so
because both the heart and the brain are as essential to
exercise as arc the skeletal muscles themselves.
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A Muscle Reflex That Stimulates the Sympathetic
yer\'ous System. Aside from the sympathetic stimu-

lation caused by direct signals from the brain, reflex

signals from the contracting muscles are also believed

to pass up the spinal cord to the vasomotor center and
to excite the sympathetic nerves These signals have
been postulated to be initiated by metabolic end-prod-

ucts acting on small sensory nerve endings m the muscle

tissue

Increase in Cardiac Output. The increase m cardiac

output that occurs during exercise results mainly from

the intense, locally induced vasodilatation in active

muscles As was explained in Chapter 23 in relation to

the basic theory of cardiac output regulation, local

vasodilatation increases the venous return ofblood back

to the heart The heart in turn pumps this extra return-

ing blood and sends it immediately back to the muscles
through the arteries Thus, it is mainly the muscles
themselves that detetreune the gmoiint of increase tn

cardiac output—up to the limit of the heart’s ability to

respond

However, another factor that greatly helps cause the

large increase in venous return is the strong sympathetic

shmulolion of Ihe ceins. This stimulation greatly in-

creases the mean systemic filling pressure, sometimes
to as high as 30 mm Hg (four times normal), and is

therefore important m increasing venous return

Mechanisms by UTifch the Heart Increases Its

Output. One of the principal mechanisms by which the

heart increases its output during exercise is the Frank-
Starling mechanism, which was discussed in Chapter
13 Via this mechanism, when increased quantities of

blood flow from the veins into the heart and dilate its

chambers, the heart muscle contracts with increased

force, thus also pumping an increased volume of blood

with each heart beat However, in addition to this basic

intrinsic cardiac mechanism, the heart is also strongly

stimulated by the sympathetic nervous system, and the

normal parasympathetic inhibition is reduced or elimi-

nated The net cITects are greatly increased heart rate

(occasionally to as high as 200 ^ats per minute) and
almost doubling of the cardiac muscle strength of con-

traction These two elTects combine to make the heart
capable of pumping at least 100 per cent more blood

than would be true based on the Frank-Stariing mech-
anism alone

Increase in Arterial Pressure—Importance of In-

creased Sympathetic Activity. The mass ^rmpathetlc
discharge throughout the body during exercise and the
resultant vasoconstriction of most of the blood vessels

besides those in the active muscles almost always in-

crease the artenal pressure dunng cxerase. This in-

crease can be as little as 20 or as great as 80 mm Mg,
depending on the conditions under which the exercise is

performed When a person performs exercise under very
tense conditions but uses only a few muscles, the sym-
pathetic response occurs everywhere in the body but
vasodilatation occurs m only a few muscles. Therefore,
the net effect is mainly one of vasoconstriction, often
increasing the mean artenal pressure to as high as 180
mm Hg Such a condition occurs in a person standing
on a ladder and nailing with a hammer on the ceiling

The tenseness of the situation is obvious, and yet

,
jnt of muscle vasodilatation is relatively slight,

n the other hand, when a person performs whole-
iy exercise, such as running or swimming, the In-

crease in artenal pressure is often only 20 to 40 mm

Hg. The lack of a tremendous rise in pressure resulu

from the extreme vasodilatation occurring in large

oiasses of muscle.

In rare instances, persons are found in whom the

sympathetic nervous system is absent, either congeni-

tolly or because of surreal removal. When such a person

exercises, instead of the arterial pressure rising the

pressure actually falls—sometimes to as low as one-bsll

normal, and the cardiac output rises only about one

third os much as it does normally. Therefore, one can

readily understand the major importance of increased

sympathetic activity during exercise.

Importance of the Arterial Pressure Rise During

Exercise. In the well-trained athlete the muscle blood

flow can increase at least 20'fold Though most of this

increase results from vasodilatation In the active mus-

cles, the increase in arterial pressure also plays an

important rote If one remembers that an increase in

pressure not only forces extra blood Uirough the muscle

because of the increased pressure itself but also dilates

the blood vessels, it can be seen that as little as a 20 to

40 mm Hg rise in pressure can at times actually double

peripheral blood flow

It IS especially important to note that in animals or

human beings who do not have a sympathetic nervous

system, the fall in artenal pressure that occurs dunni;

exercise has a strong negating effect on the rise m
cardiac output that normally occurs. In such instances,

the cardiac output can almost never be Increased mors

than twofold, instead of the four- to sevenfold that can

occur when the arterial pressure nses above nomal
The Cardiovascular System as (he Limiting Fac-

tor in Heavy Exercise. T^e capability of an athlete ta

enhance cardiac output and consequently to deliver

increased quantities of oxygen and other nutrients to

his or her tissues is the mayor factor that determines

the degree of prolonged heavy exercise that the athlete

can sustain For instance, the speed of a roarathoB

runner is almost directly proportional to the ability to

enhance cardiac output. Therefore, the ability of the

circulatory system to adapt to exercise is equally as

important as the muscles themselves in setting the limit

for the performance of muscle work.

THE CEREBRAL CIRCULATION

NORMAL RArc OF CEREBRAL BLOOD fLOW

The normal blood flow through the brain tissue of the

adult averages 50 to 55 ml per 100 grams of brain per

minute For the entire brain of the average adult, this

IS approximately 750 ml per minute, or 16 per cent of

the total resting cardiac output

RtCUlATJON OF CEREBRAL BLOOD FLOW

As in most other vascular areas of the body, cerebral

blood flow 18 highly related to the metabolism of the

cerebral tissue. At least three different metabolic

have been shown to have potent effects on cerebral blood

flow. These are carbon dioxide concentration, hydrogen

ion concentration, and oxygen •concentration. An in-

crease in either the carbon dioxide or the hydrogen ion

concenlration increases cerebral blood flow, whereas 8

deefease in oxygen concentration increases the Row.
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1 Regulation of Cerebral Blood Flow in Response
I to Excess Carbon Dioxide or Hydrogen Ion Con*
centration. An increase in carbon dioxide concentration

I in the arterial blood perfusing the bram greatly m-
i creases cerebral blood flow. This is illustrated in Figure
1 29-2, which shows that doubling the arterial Pco, by
• breathing carbon dioxide also approximately doubles
1 the blood flow.

: Carbon dioxide increases cerebral blood flow by com-
I bming with water in the body fluids to form carbonic
I acid, with subsequent dissociation to form hydrogen

ions. The h>drogcn ions then cause vasodilatation of the
cerebral vessels—the dilatation being almost directly

I proportional to the increase in hydrogen ion concentra-
: tion

I Any other substance that increases the acidity of the
I brain tissue, and therefore also increases the hydrogen

ion concentration, increases blood (low as well Such
: substances include lactic acid, pyruvic acid, or any other

; acidic material formed during the course of metabolism
: Importance ofthe Carbon Dioxide and Hydrogen
t Control of Cerebral Blood Flow. Increased hydrogen

ion concentration greatly depresses neuronal activity

I Therefore, it is fortunate that an increase in hydrogen
' ion concentration causes an increase in the bio^ flow.

: which in turn carries both carbon dioxide and other

I acidic substances away from the brain tissues Loss of

s the carbon dioxide removes carbonic acid from the tis-

I
sues, and this, along with the removal of other acids.

. reduces the hydrogen ion cenccntratien back toward

I
normal. Thus, this mechanism helps mamum a con-

i slant hydrogen ion concentration in the cerebral fluids

j
and therefore also maintains a normal level of neuronal

; activity,

Oxygen Deficiency as a Regulator of Cerebral

)
Blood Flow. Except during periods of intense bram

j
activity, the utilization of oxygen by the brain tissue

, remains within very narrow limits—within a few per
. cent of 3.5 ml of oxygen per 100 grams of brain tissue

{
per minute. If the blwd flow to the brain ever becomes
insufficient to supply this needed amount of oxygen, the

. oxygen deficiency mechanism for vasodilatation, which
was discussed m Chapter 20 and which functions in

essentially all tissues of the body, immediately causes

vasodilatation, returning the blood flow and transport
of oxygen to the cerebral tissues to near normal Thus,
this local blood flow regulatory mechanism is much the

same as that existing m the coronary and skeletal

muscle circulations and in many other circulatory areas
of the body
Experiments have shown that a decrease in cerebral

tissue Po, below approximately 30 mm Hg (normal value
13 35 to 40 mm Hg) will begin to increase cerebral blood

flow. This is very fortuitous because brain function

becomes deranged at not much lower values of POj,

especially so at Po, levels below 20 mm Hg. Even coma
can result at these low levels. Thus, the oxygen mech-
anism for local regulation of cerebral blood flow is a
very important protective response against diminished
cerebral neuronal activity and, therefore, against de-

rangement of mental capability.

Measurement of Cerebral Blood Flow and Effect

of Cerebral Activity on the Flow. A method has
recently been developed to record blood flow in as many
as 256 isolated segments of the human cerebral cortex

simultaneously. A radioactive substance, usually radio-

active xenon, is injected into the carotid artery; then

the radioactivity of the cortex as the radioactive sub-

stance passes through the brain tissue is recorded. Two
hundred and flfty-six small radioactive scintillation de-

tectors are focused on the same number of separate parts

of the ortex; the rateofdecay of the radioactivity after

it once appears in each tissue segment is a direct

measure of the rate of blood flow through the segment.

Using this technique, it has become dear that the

blood flow m each individual segment of the brain

changes within seconds in response to changes m local

neuronal activity. For instance, simply clasping the

hand causes an immediate increase in blood flow in the

motor cortex of the opposite side of the brain. Reading
a book increases the blood flow in multiple areas of the

bram, especially m the occipital cortex and in the

language areas of the temporal cortex This measuring
procedure can also be used to localize the origin of

epileptic attacks, f^or the blood flow increases acutely

and markedly (as much as sevenfold!) m the focal point

of (he attack at Us very onset

Illustrating the effect of local neuronal activity on
cerebral blood flow. Figure 29-3 shows an increase in

occipital blood flow recorded in a cat when intense light

was shone into its eyes for a period of 0 5 minute.

Autoregulation of Cerebral Blood Flow NVhen the

Arterial Pressure Is Changed. Cerebral blood flow is

autoregulated extremely well between the pressure lim-

its of 60 and 140 mm Hg That is, the arterial pressure

can be decreased acutely to as low as 60 mm Hg or

increased to as high as 140 nun Hg without a significant

change in cerebral blood flow. In persons who have
hypertension, this autoregulatoiy range shifts to even
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higher pressure levels, up to as high as 180 to 200 mrf>

Hg. T^is efTect is illustrated in Figure 29-4, which
shows cerebral blood flows measured both in normal

human beings and in h>T)crten3ive patients Note th®

extreme constancy of cerebral blood flow between the

limits of 60 and 180 mm Hg mean artcnal pressure. Oft

the other hand, if the arterial pre'isure does fall beloi*'

60 mm Hg, cerebral blood flow then becomes severely

compromise, and if the pressure rises above the upper

limit of autoregulation, the blood flow rises rapidly and
can cause severe overstretch of the cerebral blood ves-

sels, sometimes resulting in senous brain edema
Role of the Sympathetic Nervous System in Re^*

ulating Cerebral Blood Flow. The cerebral circulatory

system has a strong sympathetic innervation that passed

upward from the superior cervical sympathetic ganglia

along with the cerebral arteries This innervalKwi sup-

plies both the large superficial arteries and the small

arteries that penetrate into the substance of the braid
However, neither transection of these sympathetic
nerves nor stimulation of them normally causes signif-

icant change in the cerebral blood flow Therefore, it

was long stated that the sympathetic nerves play cssed-

tiaily no nla in regulating cerebral blood flow.

However, recent experiments have shown that sym-
pathetic stimulation can, under some conditions, cod-
strict the cerebral arteries markedly The reason that

this usually does not occur is that the local blood flo'*'

autoregulatory mechanism is so powerful that it nor-

mally compensates almost entirely for the effects of tb®
sympathetic stimulation Yet, m those conditions in

which the autoregulatory mechanism fails to comped-
sate enough, then sympathetic control of cerebral blood
(low becomes quite important For instance, when the
arterial pressure rises to a very high level dunng stren-

uous exercise and dunng other states of excessive cir-

culatory activity, the sympathetic nervous system cod-
stnets the large and mtermediate-siscd arteries and
prevents the very high pressure from ever reaching the
smaller blood vessels Expenments have shown that this

IS important in preventing the occurrence of a vascular
hemorrhage into the brain—that is. for preventing the
occurrence of cerebral stroke

Also, sympathetic reflexes are believed to cause vas-
ospasm in the intermediate and large arteries in some
instances of brain damage, such as after a cerebrdi

stroke has occurred or in patients with a subdursl

hematoma or brain tumor

BrAin EdemA

One of the most serious complications of abnonsa
cerebral hemodynamics is the development of brsii

edema Because the brain is encased in a solid vault

the accumulation of edema fluid compresses the bloc

vessels, with eventual depression of blood flow aw

destruction of brain tissue

The usual cause of brain edema is either great);

increased capillary pressure or damage to the capillar

endothelium. One cause of excessively high capillar;

pressure is a sudden increase m the cerebral bloo

pressure to levels too high for the autoregulatory meth

anism to cope with However, the most common caus

IS brain concussion, m which the brain tissues am
copilianes are traumatized and capillary fluid leeks Infa

the traumatized tissues Once brain edema be^a. i

often initiates a vicious cycle because of the followm,

positive feedback The edema compresses the vascula

ture This in turn decreases the blood flow and cause

brain ischemia The ischemia causes arteriolar dilats

tion with increased capillary pressure. The increase

capillary pressure then causes more edema fluid, so tha

the edema becomes progressively worse Once this vi

Clous cycle has begun, heroic measures must be used (

prevent total destruction of the brain One such measur

IS to infuse intravenously a concentrated osmotic sub

stance, such as a very concentrated mannitol solutior

This pulls fluid by osmosis from the brain tissue aw

breaks up the vicious cycle Another procedure is i

remove fluid quickly from the lateral ventneUs of thi

brain via ventricular puncture, thereby relieving th

intracerebral pressure

THE SPLANCHNIC CIRCULAnON

A large share of the cardiac output flows through Ihi

vessels of the intestines and through the spleen, finall)

coursing into the portal venous system and then througl

the liver, as illustrated in Figure 29-5 This is calW

the portal circu/afoiy system, and it, plus the arterii

blood flow into the liver, is called the splanchnic circa

(ation

^ 6 50 too tSO

1 UEAII ARTERiAI. BLOOO RflESSlSlE (mmHgl

29^. RrUtiomhip Of mean arterisi pressure to cerebral

-lood flow In rwrrneienst/e. hypotensKe. and hypertensive pei-

sons. (Modified from lASsen: Phyilol iPI83. 1959)

BLOOD now THROUGH THE LIVER

About 1100 ml of portal blood enter the liver eacl

minute This flows through the hepatic sinuses in clo«

contact with the cords of liver parenchymal cells. Tber

it enters the central venules of the liver lobules and from

there flows into the vena cava
In addition to the portal blood flow, approximate!)

350 ml of blood flow into the liver each minute Ihrougb

the hepatic artery, making a total hepatic flow of abou'

1450 ird per minute, or an average of 29 per cent of the

total cardiac output. The hepatic artenal blood flow^
addition to supplying about one quarter of the blood

flowing through the liver amuses along with the portal

blood, also supplies nutntion to the connective tissue

and especially to the walls of the bile ducts Therefore,

leas of hepatic arterial flow can be lethal becau.se this

oAen causes necrosis of the basic liver structures.
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VefW cav4

Control of liver Blood Flow. Three quarters of the

blood flow through the liver is derived from the portal

blood flow into the liver, this flow is controlled by the

various factors Uiat determine flow through the gas-

trointestinal tract and spleen—factors that will be dis-

cussed in subsequent sections of this chapter

The additional one quarter of the blood flow through
the liver is derived from the hepatic arteries, many
research workers believe that its flow rate is determined

primarily by local metabolic factors in the liver itself

For instance, a decrease in oxygen in the hepatic blood

causes an increcise in hepatic arterial blood flow How-

,

ever, other experiments have shown that a decrease in

portal blood flow into the liver is compensated by in-

crease in hepatic artery flow, thus maintaining total

hepatic flow at a very constant level This is important

because of the many metabolic functions that need to

continue at constant rates regardless of what happens
to portal blood flow.

Keservoir Function of the Liver. Because the liver

IS an expandable and compressible organ, large quan-
tities of blood can be stored m its blood vessels Its

normal blood volume, including both that in the hepatic

I veins and hepatic sinuses, is 460 ml, or almost 10 per

t cent of the total blood volume However, when high

I pressure in the right atnum causes back pressure in the

* hver, the liver expands, and as much as 1 liter of extra
blood occasionally is thereby stored in the hepatic veins

! and sinuses. This occurs especially m cardiac failure

1
with penpheral congestion, which was discussed in

* Chapter 26.
: Thus, in effect, the liver is a large, expandable, venous

organ capable of acting as a valuable blood reservoir in

/
times of excess blood volume and capable of supplying

f
extra blood in times of diminished blood volume

( Control of Blood Storage in the Liver by the

i Sympathetic Ner\-ous System. The storage portions

}
of the liver, particularly the large veins and much less

so the sinusoids, are vasoconstricted by sympathetic
stimulation. Therefore, in times of circulatory stress

when the sympathetic nervous system is discharging
strongly, a lai^e portion of blood stored in the liver is

expelled into the general circulation within one to four
minutes. In the normal human being this can probably
amount to as much as 300 ml of blood. Thus, the liver

is one of the most important sources of blood to All the
other portions of the circulation in times of need, espe-

cially during heavy exercise or after severe hemorrhage.
Permeability of the Hepatic Sinuses. The hepatic

sinuses arc lined with an endothelium similar to that of
the capillaries, but its permeability is extreme in com-
parison with that of usual capillaries—so much so that
even the proteins of the blood diffuse into the extravas-

cular spaces of the liver almost as easily as fluids.

Fortunately, the pressure in the sinuses is only 6 to 8
mm Hg so that most of the proteins that diffuse out of

the sinuses also diffuse back in. Yet, the remainder
passes into the liver lymphatics, so that liver lymph
normally contains almost as great a protein concentra-

tion as that of the plasma itself. Also, the lymph from
the liver accounts for one half to two thirds of the total

body lymph flow

TTus extreme permeability of the liver sinuses brings

the fluids of the hepatic blood into extremely close

contact with the liver parenchymal cells, thus facilitat-

ing rapid exchange of nutrient matenals between the

blood and the liver cells

The Blood-Cleansing Function of the Liver. Blood
flowing through the intestinal capilianes picks up many
bacteria from the intestines Indeed, a sample of blood

from the portal system almost always grows colon bacilli

when cultured, whereas growth of colon bacilli from
blood in the systemic circulation is extremely rare

Special high-speed motion pictures of the action ofKupf-

fer cells, the large phagocytic reticuloendothelial cells

that line the hepatic sinuses, have demonstrated that

these cells can cleanse blood extremely efficiently as it

passes through the sinuses; when a bacterium comes
into momentary contact with a Kupffer cell, m less than
0 01 second the bacterium passes inward through the

wall of the Kupffer cell to become permanently lodged

therein until it is digested Probably not over 1 per cent

of the bacteria entering the portal blood from the intes-

tines succeeds m passing through the liver into the

s}-stemic circulation

Measurement of Blood Flow Through the Liver

in Man. Several indirect methods for measuring blood

flow through the liver, similar to those used for meas-
uring blood flow through the heart and brain, have been
developed The most important of these is the following

One of the many substances remov ed from the blood by
the Uver is the dye indocyanine green To measure the

liver blood flow, this dye is infused into a vein at a
continuous rate until its concentration becomes steady

in the circulating blood Then a sample of blood is

removed from a peripheral vein while at the same time
another sample of blood is removed from a catheter

previously placed into the hepatic vein under fluoro-

scopic control. Because the liver removes much of the
dye as the blood passes through it, there is a concentra-
tion diflerence between the systemic blood and the liver

venous blood. Also, because the concentration in the
systemic blood is constant, the rate of removal of the
dye by the liver is equal to the rate of injection of dye
Consequently, the liver blood flow can be calculated
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using the Pick equation for flow that was eiptained fW
measurement of cardiac output m Chapter 23. That is:

. . , „ Rate of infusion of dye
Lwer blood flow = —— 3-=

Concentration difference

BLOOD now THROUCH
THE tfmSnSAL VESSELS

About four fifths of the portal blood flow originates «n

the intestines and stomach labout 850 ml per minute),

and the remaining one fifth originates in the spleen apd
pancreas. Over two thirds of the intestinal flow is to the

mucosa to supply the energy needed for forming the

intestinal secretions and for absorbing the digested food

Control of Gastrointestinal Blood Flow. Blood flow

in the gastrointestinal tract is controlled in almost
exactly the same way as in most other areas of the body
mamly by local Tegulatary moebamsm^ Turtbetmese,
blood flow to the mucosa and submucosa, where the

glands are located and where absorption occurs, is con-

trolled separately from blood flow to the musculature.
WTicn glandular secretion increases, so docs mucosal
and submucosal blood flow—sometimes as much as

eightfold! Likewise, when motor activity of the gut

increases, blood flow m the muscle layers increases

However the precise mechanisms by which altera-

tions tn gastrointestinal activity alter the blood flow are

not completely understood It is known that decreased
availability of oxygen to the gut increases local blood
flow in the same way that this occurs elsewhere in the

bod) ; therefore local regulation of blood flow in the gut
might occur almost entirely secondarily to changes m
metabolic rate On the other hand, it is also known that
various peptide hormones are released from the mucosa
of the intestinal tract during the digestive process and
that some of these also cause mucosal va^ilatation.
The best known of these hormones are vosoacdoe mtes-
linal peptide. gasCnn, seeretin, endeholecytlokinin Also,

U has been claimed that some or all of the gastrointes-

tinal glands form two Amins, the substances kallidin

and hradyAinm, at the same time that they release their

secretions These kmins are powerful vasodilators and
have been postulated to cause much of the mucosal
vasodilatation However, critical experiments have not
yet proved this mechanism
Nen-oan Controi of GaslroinfestinaJ Blood Flo*''-

Stimulation of the parasympathetic nerves to the stom-

ach ond foitcr colon increases local Wood flow at the

same time that it increases glandular secretion. How-
ever, thU increased flow probably results secondarily

from the increased glandular activity and not as a direct

cfTect of the nervous stimulation

Sympathetic stimulation, in contrast, has a direct

effect on essentially all the gastrointestinal tract by
causing intense vasoconstriction of the arterioles with

greatly decreased blood flow However, after a few min-
utes of this vasoconstriction, the flow returns almost to

normal via a mechanism called “autoregulatory escape”
That IS, the local metabolic VB!,adilator mechanisms that

^ elicited by ischemia become prepiatcnt over the

vasoconstriction and. therefore, redilate th®
thus causing return of the necessary nutrient

ilood flow to the gastrointestinal glands and muscle.

A major value of sympLilhetic vasoconstriction in the

gut is that it allows the shutting off of splanchnic blood

flow for short periods of time during heavy exertiae

when increased flow is needed by the skeletal muscle

and heart.

Sympathetic stimulation causes especially strong va

BoconstncliDn of the intestinal and mesentenc tcinj

Furthermore, this vasoeonstnction does not “escape*

Instead, it decreases the volume of these veins and

thereby displaces large amounts of blood into other parts

of the orculation In hemorrhagic shock or other states

of low blood volume, this mechanism can provide prob-

ably 200 to 300 milliliters of extra blood to sustain the

general circulation

rORTAL VENOUS PRESSURE

The liver offers a moderate amount of resistance to

blood flow from the portal system to the vena cava. As

a result, the pressure in the portal vein averages 8 to

10 mm Hg, which is considerably higher than the alirost

zero pressure in the vena cava Becai^ of this hi^
portal venous pressure, the pressures in the intestinal

venules and capillaries have a much greater tendency

to become abnormally high than is true elsewhere in

the body
Blockage of the Portal System—“Cirrhosis" of

the Liver. Frequently, extreme amounts of fibrous tis

sue develop within the liver structure, destroying many
of the parenchymal cells and eventually contracting

around the blood vessels, thereby greatly impeding the

flow of portal blood through the liver. This disease

process is known os cirrhosis of the liter. It resulti most

frequently from alcoholism, but it can also follow inges-

tion of poisons such as carbon tetrachloride, vims dis

eases such as infectious hepatitis, or infectious processes

in the bile ducts.

The portal system is also occasionally blocked by a

large dot developing in the portal vein or in its majo:’

branches

When the portal aystem is suddenly blocked, the

return of blood from the intestines and spleen to the

systemic circulation is tremendously impeded, the cap-

illary pressure rising as much os 15 to 20 mm Hg, and

the patient often dies within a few hours because of

excessive loss of fluid from the capillaries into the

lumina and walls of the intestines.
Development of Collateral Circulation from the

Portal Venous System to the Systemic Veins. When
portal blood flow is blocked slowly rather than suddenly,

such as occurs in slowly developing cirrhosis ofthe liver,

large collateral vessels develop between the portal veins

cmd the systemic veins The most important of these are

collaterals from the splenic to the esophageal veins;

these collaterals frequently become so large that they

protrude deeply into the lumen of the esophagus and

are then called esophageal varicosiiies The esophogeai

mucosa overlying these vancosilies eventually becomes

eroded; and m many if not most of these patients, the

erosion Anally penetrates all the way into the varicosi^

and causes the person to bleed severely, often to bleed

to death
Ascites as a liesult of Portal Obstruction. Ascites

is free fluid in the peritoneal cavity. It results fro™

exudation of fluid cither from the surface of the Uver or

from the surfaces of the gut and its mesentery. Ascites

usually will develop only in case outflow of blood fro®

the liver into the inferior vena cava is blocked Th'*

causes extremely high pressure in the liver sinusoids.
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which m turn causes fluid to weep from the surfaces of

the )i\er. The weeping fluid is almost pure plasma,
containing tremendous quantities of protein The pro-

tein, because it causes a high colloid osmotic pressure
in the abdominal fluid, then pulls by osmosis additional

fluid from the surfaces of the gut and mesentery
On the other hand, obstruction of the portal vein,

without directly involving the liver, rarely causes as-

cites. If obstruction occurs acutely, the person is likely

to die of shock within hours because of fluid loss into

the gut; if it occurs slowly, collateral vessels can usually
develop enough to prevent either the intestinal loss of

fluid or the development of ascites

THE SPLENIC CIRCULATION

The Spleen as a Reservoir. The capsule of the spleen

in many lower animals contains large amounts of

smooth muscle, and sympathetic stimulation will cause
intense contraction of the spleen Con,versely. sympa-
thetic inhibition results in considerable splenic expan-

sion with consequent storage of blood
In humans, the splenic capsule is nonmuscular, hut

even so, dilatation of vessels within the spleen can still

cause the spleen to store several hundred milliliters of

blood at times, and then, under the influence of sympa-
thetic stimulation, constriction of the vessels will ex-

' press much of this blood into the general circulation

Unfortunately, these effects are poorly understood, how-
ever, the spleen is so small, only 150 to 200 ml in

' volume, that this reservoir function in humans is of

' relatively little importance
As illustrated in Figure 29-6, two areas exist in the

' spleen for the storage of blood; the venous sinuses and
I the pulp. Small vessels flow directly into the venous

sinuses, and when the spleen distends, the venous sin-

[ uses swell, thus storing blood
! In the splenic pulp, the capillaries are very permeable,
so that much of the blood passes first into the pulp and
then oozes through this before entering the venous

I sinuses. As the spleen enlarges, many cells become
1 stored m the pulp. Therefore, the net quantity of red

1 blood cells in the general circulation decreases slightly

I when the spleen eSarges The spleen probably can store
' enough cells that splenic contraction can probably cause

the hematocrit of the systemic blood to increase in

^ flguce 29-a. The fijnctional siructuies of the spleea {ModiRed

i from Bloom and Fawcett A Textbook of Histology JOth ed.

J Philadelphia. W. B. Saunders Company. 1975)

humans as much as 1 to 2 per cent and as much as 3 to

4 per cent in some lower animals

This ability of the spleen to store and release blood is

important, at least m lower animals, m times of stress

such as during strenuous exercise, for the circulatory

system then needs an increased volume of blood so that
rapid return of blood to the heart can be maintained At
the same time, the blood that flows through the muscles
needs to carry larger quantities of oxygen than nor-

mally. Therefore, the increased hematocnl of the circu-

lating blood resulting from splenic contraction is also

an aid during these penods of stress

The Blood-Cleansing Function of the Spleen

—

Removal of Old Cells. Blood passing through the

splenic pulp before it enters the sinuses undergoes
thorough squeezing Therefore, it is to be expected that

fragile red blood cells would not withstand the trauma.
For this reason, many of the red blood cells destroyed
in the body have their final demise in the spleen After

the cells rupture, the released hemoglobin and the cell

stroma are ingested by the reticuloendothelial cells of

the spleen.

Retieuloendothelial Cells of the Spleen. The pulp
of the spleen contains many large phagocytic reticuloen-

dothelial cells, and the venous sinuses are lined with
similar cells These cells act as a cleansing system for

the blood, similar to that m the venous sinuses of the
liver When the blood is invaded by infectious agents,

the reticuloendothelial cells of the spleen rapidly remove
debris, bacteria, parasites, etc Also, in many infectious

processes the spleen enlarges in the same manner that

lymph glands enlarge and then performs its cleansing

function even more adequately

Much of the spleen is filled with white pulp, which is

in reality a large quantity of lymphocytes and plasma
cells. These function m exactly the same way in the
spleen as in the lymph glands to cause either humoral
or lymphocytic immunity against toxins, bacteria, and
so forth, as desenbed m Chapter 6.

Hie Spleen as a Hemopoietic Organ. During fetal

life, the splenic pulp produces blood cells m exactly the
same manner that the red bone marrow m the adult

produces cells. As the normal fetus approaches birth,

the spleen normally loses this ability to produce cells,

but, m some diseases, the spleen continues to produce
cells even alter birth. For instance, in the disease ery-

thoblastosis fetalis, which results from excessive destruc-

tion of red blood cells by abnormal antibodies in the

plasma, as discussed m Chapter 4, the fetus must pro-

duce ten or more times as many red blood cells as
normally As a result, the hemopoietic function of the

spleen persists even after birth.

CIRCULATION IN THE SKIN

PHYSIOLOGIC ANATOMY
OF THE CUTANEOUS CIRCULATION

Circulation through the skin subserves two major
functions: first, nutnlion of the skin tissues and, second,
conduction of heat from the internal structures of the
body to the skin so that the heat can be removed from
the body. To perform these two functions the circulatory
apparatus of the skin is charactenzed by tw© major
types of ves^sels, diagrammed m Figure 29-7: (1) the
usual nutritive arteries, capillanes, and veins and (2)
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vascular structures concerned with heating the skin,

consisting pnncipally of (a) an extensive subcutaneous

venous plexus, which holds large quantities of blood that

can heat the surface of the skin, and (b» in some skm
areas, ortcnoivnous anastomoses, which are large vas-

cular commumcalions directly between the arteries and
the venous plexuses The walls of these anastomoses
have strong muscular coats innervated by sympathetic

vasoconstrictor nerve libers that secrete norepmophrine.
When constricted, they reduce the flew of Wood into the

venous plexuses to almost nothing, or when maximally
dilated, they allow extremely rapid flow of warm blood

Into the plexu'es The arteriovenous anastomoses are

found pnncipally in the volar surfaces of the hands and
feet, tho lips, the nose, and the ears, which are areas of

the body most often exposed to maximal cooling In the

other areas of the skin where arteriovenous anastomoses

do not occur, large arterioles and capillaries serve a
similar role m providing blood flow, though not as much,
into the venous plexus

Hate of Blood Flow Through the Skin. The rale of

blood flow through the skin is among the most vnnable
of any part of the body, because the flow required to

regulate body temperature changes markedly in re-

sponse to, first, the rate of metabolic activity of the

b^y. and, second, the temperature of the surroundings.

This will be discussed m detail in Chapter 72 The blo^
flow required for nutrition is slight, so that this plays

almost no role in controlling normal skin blood flow At
ordinary skin temperatures, the amount of blood flowing
through the skin vessels to provide heat regulation is

about ten times as much as that needed to supply the
nutritive needs of the tissues But, when the skm is

exposed to extreme cold, the blood flow may then become
so slight that nutrition begins to suffer—even to the

extent, for instance, that the flngcmaiU grow consider-

ably more slowly m arctic climates than in temperate
climates

Under ordinary cool conditions the blood flow to the
skm IS about 0 25 liter sq meter of body surface area, or
s total of about 400 ml per minute m the average adult
.This can decrease to as little as 50 ml per minute in

V .‘re cold. and. when the akin is heated until maximal
'

^ilutation has resulted, the blood flow can be as
' uch as 2 to 3 liters per minute, thus illustrating both

, the extreme variability of skm blood flow and the great

drain on cardiac output that can occur under hot con-

ditions Indeed, many persons with borderline cardiac

failure develop severe failure in hot weather because r'

the extra load on the heart and then revert from failui

in cool weather

RECUIATION or BLOOD FLOW
IN THE SKIS

Nervous Control of Cutaneous Blood Flow. Sine

most of the blood flow through the skin is to centre

body temperature, and since this function in turn i

regulated by the nervous system, the blood flow throug

the skin is principally regulated by nervous mechanisit

rather than by local regulation, which is opposite to tli

regulation m most parts of the body
Temperature Control Center of the Jlypotbah

mas. Located m the preoptic region of the anteric

hypothalamus is a small center that is capable of cor

troBmg body temperature Heating this area cauM

vasodilation of essentially all the skin vessels of tli

body and also causes sweating. Cooling of Uie centi

causes vasoconstriction and cessation of sweating I

addition, temperature receptors in the skin also hel

control the skm blood flow by causing reflex nen

signals to the skin blood vessels by way of the spim

cord or all the ivay up to the hypothalamus and the

back to the vessels The detailed function of this coptn

system will be discussed in Chapter 72 in relation (

body temperature The important point in the preser

discussion IS that the hypothalamus controls bV»d flo'

in the skin in response to changes in body temperatui

by two mechanisms (1] o vasoconstrictor meehamsi

and (2) a vasodilator mechanism.
The Vasoconstrictor Mechanism. The sW

throughout the body is supplied with sympothetic vi

soconstnetor fibers that secrete norepinephrine at Uwi

endings This constrictor system is extremely powerfi

m the feet, hands, lips, nose, and can, which are t/

areas most frequently exposed to severe cold and whic

are also the areas where large numbers of arteriovenoii

anastomoses are found At nonnal body temperature tfc

sympathetic vasoconstrictor nerves keep these anflst<

moses almost totally closed, but when the body become

overly heated the number of sympathetic impulses 1

greatly reduced bo that the anastomoses dilate and allo'

large quantities of worm blood to flow into the vcnoi

plexuses, thereby promoting loss of heat from the bodj

In the remainder of the body—^at is, over the su:

faces of the arms, legs, and body trunk—almost r

artenov enous anastomoses are present, but neverthelcf

vasoconstnetor control of the nutritive vessels can sti

effect major decreases in blood flow by constricting tn

local artcnoles When the body becomes overheated, o

the other hand, the sympathetic vasoconstrictor impu

scs cease, and the blood flow to the skin vessels increase

about twofold

Extreme Sensitivity of the Skin Blood Vessels 1

Circulating Norepinephrine and Epinephrine. >

addition to the dirert sympathetic vasoconstrictor eucj

in the skin, the skin blood vessels are also extrcmcl

sensitive to circulating norepinephrine and cpinephno'

Therefore, even m areas of the skin that might hav

lost their sympathetic innervation, any mass dischorg

of ^e sympathetic nervous system will still cause if

tense skm vasoconstriction, ^metimcs the Bensitivi|

of the skin to circulating norepinephrine and epinepj

nne is so great Ihot the vasoconstriction can ncluSa
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damage the skin. This response will be discussed in

more detail later in the chapter in relation to Raynaud's
disease.

The Vasodilator Mechanism. When the body tem-
perature becomes excessive and sweating begins to oc-

cur, the blood flow through the skin of the forearms and
trunk increases an additional severalfold, which occurs

as a result of so-called “active” vasodilatation of the

vessels. However, the basic mechanism by which this

active dilation occurs is not completely known. This

additional increase in blood flow docs not occur except

in the presence of sweating, and it docs not occur in

lower animals that do not have sweat glands Therefore,

it has been postulated that the sympathetic fibers that

secrete acetylcholine to activate ^e sweat glands cause
a secondary vasodilatation as follows. The increased
activity of the sweat glands is postulated to cause these

glands to release an enzyme called kallikrein, which in

turn splits the polypeptide bradykinin from globulin in

the interstitial fluids. Bradykinin m turn is a powerful

vasodilator substance that could account for the greatly

increased blood flow when sweating begins to occur In

opposition to this theory, however, is the fact that

inhibition of the bradykinin mechanism does not com-
pletely block the increased blood flow associated with

sweating. Therefore, other vasodilator peptides have
also been suggested as the cause of the vasodilation.

Effect of Cold on the Skin Circulation. When
cold is applied directly to the skin, the skin vessels

constrict more and more down to a temperature ofabout
15 * C, at which point they reach their maximum degree

of constriction. This constriction results primarily from
increased sensitivity of the vessels to nerve stimulation,

but it probably also results at least partly from a reflex

that passes to the cord and then back to the vessels At
temperatures below 15* C the vessels begin to dilate

This dilation is caused by a direct local effect of the cold

on the vessels themselves—probably paralysis of the

contractile mechanism of the vessel wall or block of the

nerve impulses coming to the vessels In any event, at

temperatures approaching 0* C the skin blood flow is

sometimes considerably above normal This vasodilata-

tion in severe degrees of cold plays a purposeful role in

preventing freezing of the exposed po^ons of the body,

particularly the hands and ears
Metabolic Regulation of Blood Flow in the Skin.

Though metabolic regulation of blood flow usually plays

only a small role in skin blood flow control, it does have
an effect in those few instances in which skin blood flow

becomes greatly decreased. For instance, if a person sits

on the buttocks for 30 minutes or more and then stands,

intense reddening of the affected skin wll be noted

That is, the blood flow to the skin area has now increased

to a marked extent, which is a typical reactive hyperemia

response resulting from diminished availability of nu-

trients to the tissues during the penod of compression-

^us, the local metabolic regulatory mechanism present
in essentially all other tissues of the body is also present
in the skin and can be called into play when needed to

prevent nutritional damage to the tissues.

Shift of Blood from the Skin to the Remainder of
the Circulation in Times of Circulatory Stress. The
skin venous plexuses of the entire body, including those

of the hands, feet, arms, legs, and trunk, are all strongly

supplied wiA sympathetic vasoconstrictor innervation.

In times of circulatory stress, such as during exercise,

following severe hemorrhage, or even in states of anxi-

ety, sympathetic stimulation of these venous plexuses

can force large quantities of blood, estimated to be as
much as 5 to 10 per cent of the total blood volume, into

the internal vessels Thus, the subcutaneous veins of
the skin act as an important blood reservoir, often
providing blood to serve other circulatory functions

when needed.

COLOR Of THE SKIN
IN RELATION TO SKIN TEMPERATURE

Much of the skin color is due to the color of the blood
in the skm capillaries and veins. Therefore, when the
skin IS hot and arterial blood is flowing rapidly through
these vessels, the skin is usually red. On the other hand,
when the skin is cold and the blood is flowing extremely
slowly, most of the oxygen is removed for nutritive

purposes before the blood can leave the capillaries.

Consequently, the capillaries and veins then contain

large amounts of dark, deoxygenated blood that gives

the skm a bluish hue.

Another cutaneous vascular effect that often aflfects

skin color is severe constriction of the cutaneous vessels,

as occurs when the sympathetic nervous system is

strongly stimulated dunng circulatory shock. This ex-

presses most of the blood out of the skm into other parts

of the circulation. When this occurs the skin takes on
the color of the subcutaneous connective tissue, which
is composed principally of collagen fibers and has a
whitish hue. Thus, in conditions in which the cutaneous

vessels become greatly constricted, the skm has an
ashen white pallor.

PHYSIOLOGY OF VASCULAR /

DISEASES OF THE LIMBS

RAYNAUD'S DISEASE

The local vasoconstrictor reflex that occurs normally

dunng exposure to cold becomes especially marked*^ in

the limbs of some persons, particularly in many women
who live m cold climates. This effect, called Raynaud's
disease, occurs most frequently in the hands, though
occasionally also in the feet ^en the hands become
even slightly cooled, they are likely to exhibit extreme
vascular spasm—so much so that the hands do not
receive sufficient flow of blood even for maintaining
adequate nutrition. The tissues then develop ischemic

pain in exactly the same manner that the heart develops

pam in angina pectoris and as other tissues develop
pain dunng ischemia. After the ischemia persists for

several mmutes, hyperemia often supervenes, causing
dilatation of all the vessels of the hands so that the final

stage is sometimes inCe/isc reddening of the hands. This
effect IS probably caused by the same factors that cause
reactive hyperemia following temporary vascular occlu-

sion in most other tissues, as discussed in Chapter 20.

Strangely enough, the pain becomes even more severe
at this moment, probably because of mobilization of the
abnormal metabolic products that cause pain.

Though Raynaud's disease in its early stages is merely
a physiologic entity that passes through the phases of
bl^dnng of the skin, pain, and reddening of the skm,
in some patients it progresses over a period of years
until the vessels become continuously constricted. In
severe cases the blood flow can become decreased so
much that the Angers become gangrenous.
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Sympathectomy for Raynaud’s Disease. To treat

Raynaud’s disease the sympathetic reflex is often

blocked. This is done beat by cutting the preganglionic

fibers in the sympathetic chain at T-2 and T*3, which
interrupts the sympathetic nerve impulses from the

spinal cord to the hand The postganglionic fibers to the

hand originate mainly in the stellate ganglion, but the

stellate ganglion is not removed, for removal of post-

ganglionic sympathetic fibers allows the blood vessels

to Income excessively sensitised to circulating norepi-

nephrine and epinephrine. If this happens, the hands
will still exhibit Raynaud’s syndrome every time the

adrenal glands are excited This phenomenon of sensi-

tization will be discussed in Chapter 57 in connection

with the vanous reactions of the sympathetic nervous

system

PERIPHERAL ARTERIOSCLEROSIS

Arteriosclerosis, which causes intra-arterial plaques

to develop, has already been discussed m connection

with the coronary arteries This same process can occur
throughout the arterial tree and not only in the coro-

naries Therefore, in old age many of the peripheral

arteries will often have their intimal surfaces almost
completely covered with Iipid deposits or calcified

plaques

Progressive obliteration of the peripheral arterial tree

by arteriosclerosis results in all the symptoms that one
would expect It causes pain m the muscles during
activity and also in other tissues because of ischemia,

and it js likely to cause gangrene and ulceration of the
skin because of poor blood supply

A special difference between arteriosclerotic periph-

eral vascular disease and Raynaud's disease is that
sympathectomy is not nearly so effective for treatment.
This IS true probably because the farmer is caused by
obstruction of the large arteries rather than the small
artenes, and the small arteries, which are affected most
by the sympathetica, probably remain maximally vaso-
dilated m severe artenosclerosis whether the sympa-
thetica are removed or not.
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Capillary Dynamics,
and Exchange of
Fluid Between the
Blood and Interstitial

fluid

In the capillaries the most purposeful function

of the circulation occurs, namely, interchange of

nutrients and cellular excreta between the tissues

and the circulating blood About 10 billion capil*

lanes, which have a total surface area of probably

600 to 700 square meters, provide this function

Indeed, it is rare that any single functional cell of

the body is more than 20 to 30 microns away from

a capillary.

The purpose of this chapter is to discuss the

transfer of substances between the blood and in-

terstitial fluid and especially to discuss the factors

that affect the transfer of fluid volume itself be-

tween the circulating blood and the interstitial

fluids

STRUCTURE OF THl CAPILIARY SYSTEM

The microcirculation of each organ is spenfirally or-

ganized to serve that organ's own special needs. How-
ever. in general, each nutrient artery entering an organ
branches six to eight times before the arteries become
small enough to be called “arterioles,’' which have di-

ameters of generally less than 40 microns. Then the
artenoles themselves branch two to five limes, reaching
diameters of about 9 microns at their ends where they
supply blood to the capillaries

Figure 30-J illustrates the structure of a representa-
tive capillary bed as seen in the mesentery, illustrating

that blood enters the capillanes through an artenole
and loaves b> way of a i-enule Blood from the artenole
passes into a senes of metartenoles, which are called by
some physiologists terminal arterioles and which have a
structure midway between that of artenoles and capil-

laries Afier leaving the metarteriole, the blood enters
the capillaries, some of which arc large and are called
preferential channels and others of which are small and
ore true capillaries After passing through the capillanes
the blood enters the venule and returns to the general
arculation

figure 30-1. Stnicture ol die mesenteric caplllsiy bed |

ZvteiUch Factors Regulatifig Blood Ttessare New Yorti, J

Maty. |f, FoundartOfi. 1950)

The artenoles are highly muscular, and their ib

lers can change manyfold, as was discussed in Chi

18 The metartenoles fthe terminal arterioles) d(

have a continuous muscular coat, but smooth m'

fibers encircle the vessel at intermediate point

illustrated m Figure 30-1 by the large black dots t>

aides of the metartenole.
At the point where the true capillaries originate

the metaiterioles a smooth muscle fiber usually enn

the capillory This la called the precapiUory spn'"

This sphincter can open and close the entrance U

capillary

The venules are considerably larger than the a

lolcs and have a much weaker muscular coat Yi

must be remembered that the pressure in

la much less than that in the arterioles so that

venules can still contract considerably. .

This typical arrangement of the capillary bed u

found in all parts of the body; however, some sm

arrangement is found, beginning with arterioles, ]

ing through metartenoles and capillaries, and retur

through venules. Most important of all. the meW
ioles {and the precapillary sphincters when they

exist) are in extremely close contact with the tis

that they serve. Therefore, the local conditions ®

tissues—the concentrations of nutrients, end prooui
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metabolism, hydrogen ions, and so forth—can cause
direct effects on these in controlling the local blood flow

in each minute tissue area.

Structure of the Capillary Wall. Figure 30-2
illustrates the ultramicroscopic structure of a typ*

ical capillary wall as found in most organs of the

body, especially in the muscles and connective

tissue. Note that the wall is composed of a unicel-

lular layer of endothelial cells and is surrounded

by a basement membrane on the outside The total

thickness of the wall is about 0.5 micron.

The diameter of the capillary is 4 to 9 microns,

barely large enough for red blood cells and other

blood cells to squeeze through.
“Pores" in the Capillary Membrane. Study-

ing Figure 30-2, one sees two minute passageways
connecting the interior of the capillary with the

exterior. One of these is the intercellular cleft,

which IS a thin slit that lies between adjacent

endothelial cells. The cells are held apart approx-

imately 6 to 7 nanometers (60 to 70 Angstroms)
by loose reticular fibrillae composed of proteogly-

cans, mainly hyaluronic acid These intercellular

^
clefts are located only at the edges of the endo-

thelial cells and therefore represent no more than
i one thousandth of the total surface area of the

1

capillary. Nevertheless, it is believed that most

water-soluble ions and molecules pass between the

interior and exterior of the capillary through these

slit-pores.

Also present in the endothelial cells are many
pinocytic vesicles. These form at one surface of the

cell and move to the opposite surface where they

discharge their contents, often carrying large mol-
* ecules and even solid particles through the capil-

lary membrane. Note also in Figure 30-2 that

some of these pinocytic vesicles occasionally coa-

lesce with each other and form a continuous chan-

nel through the endothelial membrane as illus-

trated by the so-called pinocytic channel sho%vn to

the right in the figure. However, it is still doubted

whether large amounts of substances pass through

^
the capillary membrane via such “pores” as this.

The “pores” m the capillaries of some organs have

special characteristics to meet the peculiar needs of the

organs Some of these are:

(1) In the brain, the junctions between the capillary

endothelial cells are mainly “tight" junctions that will

allow only very small molecules to pass into the brain

/issues. This is called the blood-brain barrier and will

be discussed further m Chapter 32.

(2) In the liver, exactly the opposite is true: the clefts

between the capillary endothelial cells are very wide
open so that almost all dissolved substances of the

plasma, including even the plasma proteins, can pass

from the blood into the liver tissues. The pores of the

intestinal membranes are midway between those of the

muscles and the liver

(3) In the glomerular tufts of the kidney, numerous
small oval windows called fenestrae penetrate directly

through the very middle of the endothelial cells, so that

tremendous amounts of substances can be filtered

through the glomeruli without having to pass through

the clefts between the endothelial cells.

FLOW OF BLOOD IN THE
CAPILLARIES—VASOMOTION

Blood usually does not flow continuously

through the capillaries Instead, it flows intermit-

tently, turning on and off every few seconds or

minutes. The cause of this intermittency is the

phenomenon called vasomotion, which means in-

termittent contraction of the metarterloles and
precapillary sphincters
Regulation of Vasomotion. The most important

factor found thus far to aiTect the degree of opening and
closing of the metartenoles and precapillary sphincters

IS the concentration of oxygen in the tissues. \Vhen the

oxygen concentration is very low, the intermittent pe-

riods of blood flow occur more often, and the duration of

each period of flow lasts for a longer time, thereby

allowing the blood to carry increased quantities of oxy-

gen (as well as other nutnents) to the tissues. It follows

also that the greater the use of oxygen by the tissue,

the greater will be the amount of blood that flows Thus,

by this intermittent opening and closing of the precap-

illary sphincters and metartenoles, the blood flow to the

tissue IS autoregulated This phenomenon, as ivell as

multiple other factors that control local blood flow, isas

discussed m Chapter 20.

AVERAGE FUNCTION
or THE CAPILIARY SYSTEM

Despite the fact that blood flow through each
capillary is intermittent, so many capillaries are

present in the tissues that their overall function

becomes averaged. That is, there is an average rate

ofblood flow through each tissue capillary bed, an
average capillary pressure within the capillaries,

an average rate of transfer of substances between
the blood of the capillaries and the surrounding
interstitial fluid. In the remainder of this chapter,
we will be concerned with these averages, though
one must remember that the average functions are
in reality the functions of literally billions of in-
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dividual capillaries, each operating mtermUtently

in response to the local conditions m the tissues.

EXCHANGE OF NUTRIENTS AND
OTHER SUBSTANCES BETWEEN THE
BLOOD AND INHRSTITIAL FLUID

DIFFUSION THROUGH
THt CAmiARY MlMBRANl

By far the most important means by which
substances are transferred between the plasma
and interstitial fluids is by diffusion Figure 30-3

illustrates this process, showing that as the blood

traverses the capillary, tremendous numbers of

water molecules and dissolved particles diffiise

back and forth through the capillary wall, provid-

ing continual mixing between the inlerstiUal

fimds and the plasma, as was explained m Chapter
9. DilTusion results from thermal motion of the

water molecules and the dissolved substances in

the fluid, the different particles moving first m one
direction, then another, moving randomly m every

direction.

Diffusion of Lipid-Soluble Substances
Through the Canillnry Membrane. If a sub-

stance IS lipid-soluble, it can diffuse directly

through the cell membranes of the capillary with-

out having to go through the pores Such sub-
stances include especially oxygen and carbon diox-

ide. Since these can permeate all areas of the

capillary membrane, their rates of transport
through the capillary membrane arc many tunes
the rates for most Itpid-insoluble substances such
as sodium ions, glucose, and so forth.

Diffusion of Water Molecules Through the
Capillary Membrane. After the lipid-soluble mol-
ecules, water molecules are the next most rapid to

diffuse through the capillary membrane Much of

end SloodcaBillary end

the water diffusion occurs directly through tl

endothelial cell wall, first into the intracellul

fluid of the endothelial cell and then out tl

membrane on the other side of the cell. In additio

still much more water diffuses through the “pore

in the capillary membrane, especially through ll

intercellular clefts

Diffusion of Water-Soluble, Lipld-Insolub

Substances Through the Capillary Membran
Many substances needed by the tissues are solub

in water but cannot pass through the lipid mei

branes of the endothelial cells; such substanc

include sodium ions, chloride ions, glucose, and:

forth These substances diffuse between theplasn

and interstitial fluids only through the capilla

pores

Despite the fact that not over 1/1000 of

surface area of the capillaries is represented 1

the intercellular junctions, the velocity offhenn

motion is so great that even this small area

sufficient to allow tremendous diffusion of wat

and water-soluble substances through these pon

To give one on idea of the extreme rapidity w
which subsiantfjs diffuse, the rate of mfu'ch fco!

molecules diffuse through the capillary membra
IS approximately 80 times as great as the rats

U'kich plasma itself flows linearly along the fop

lary That is. the water of the plasma Is exchsng

with the water of the interstitial fluids 80 tte

before the plasma can go the entire distan

through the capillary.

Effect of Molecular Size on
Through the Poros. The width of the capfi^

intercellular sUt-pores, 6 to 7 nanometers, is sw
20 times the diameter of the water molecule, '''hi

IS the smallest molecule that normally paas

through the capillary pores. On the other

the diameters of plasma protein molecules a

slightly greater than the width of the pores. 0th

substances, such as sodium ions, chlonde wf

g\ucose, and urea, have intermediate
Therefore, it is obvious that the permeability

the capillary pores for different substances w

vary according to their molecular diameters.

Table 30-1 gives the relative permeabilities

the capillary pores in muscle for substances coi

monly encountered by the capillary membra’’

Table 30-1 RELATIVE PERMEABlUTY OF MUSCU
CAPILIARY PORES TO DirFERENT-StZED MQLECUJ^

SubiAince MoleetiUr Weight

Waw
Naa
Ur«a
Glucose
Sucrose
Inulln

MyosteWn
Hennojiobfn
Afttumln

16
58 5

60
ISO
342

5.000
17.600
68000
69.000

MocIlBed from Pappenheimer
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I

illustrating, for instance, that the permeability for

I
glucose molecules is 0.6 times that for water mol-

,
ecules, whereas the permeability for albumin mol-

;
ecules is less than 1/10,000 that for water mole-

)
cules. Thus, the membrane is almost impermeable

. to albumin, which causes a significant concentra-
"

tion difference to develop between the albumin of

I
the plasma and that of the interstitial fluid, as
will become evident later in the chapter.

I

However, a word of caution must be issued at
this point: The capillaries in different tissues have

. extreme differences in their permeabilities. For

I

instance, the membrane of the liver capillary si-

,
nusoids is so permeable that even plasma proteins

. leak through the walls of these sinusoids almost
as easily as water and other substances. Also, the

f

permeability of the renal glomerular membrane
, for water and electrolytes is about 500 times the
’ permeability of the muscle capillaries, but the

I

glomerular and muscle permeabilities for protein

I

are about the same. When we study these different

j

organs later in this text, it will become clear why
some tissues require greater degrees of capillary

permeability than others—the liver, for instance,

,
to transfer tremendous amounts of nutrients be-

i

tween the blood and the liver parenchymal cells,

I
and the kidneys to allow filtration of large quan-

'

titles of fluid for the formation of urine.

. Effect of Concentration Difference on Net

I
Rate of Diffusion Through the Capillary Mem*
brane. As explained in Chapter 9, the “net” rate

of diffusion of a substance through any membrane

I
is proportional to the concentration difference be*

’ tween the two sides of the membrane. That is, the

I

greater the difference between the concentrations
of any given substance on the two sides of the

capillary membrane, the greater will be the net
’ movement of the substance through the mem-
'

brane. Thus, the concentration of oxygen in the

blood is normally greater than that in the inter*
’ stitial fluids. Therefore, large quantities of oxygen
* normally move from the blood toward the tissues.

Conversely, the concentration of carbon dioxide is

greater in the tissues than in the blood, which
obviously causes carbon dioxide to move into the

* blood and to be carried away from the tissues.
’ Fortunately, the rates of diffusion through the
’ capillary membranes of most nutritionally impor-

tant substances are so great that only slight con-

centration differences suffice to cause more than
i adequate transport between the plasma and intcr-

^

stitial fluid. For instance, the concentration of

t oxygen in the interstitial fluid immediately outside

[

the capillary is probably no more than 1 per cent

1

less than the concentration in the blood, and yet

this 1 per cent difference causes enough oxygen to

move trom. the blood into the interstitial spaces to

provide all the oxygen required for tissue metab-

j

olism.

Effect of Hydrostatic Pressure Difference

on Movement of Substances Through the

Capillary Membrane—Bulk Flow

When the hydrostatic pressure is different on the two
sides of the capillary membrane, far more water and
dissolved substances move through the membrane than
can be accounted for by increased diffusion alone. The
reason this occurs is that the water and other substances
actually /]ou> in bulk through the capillary pores when
a hydrostatic pressure difference occurs. This is the same
phenomenon that occurs in a blood vessel when a pres-

sure difference develops between the two ends of the
vessel, namely, flow of the blood in bulk along the axis

of the blood vessel from the high pressure area to the
low pressure area This means simply that the molecules
of the fluid move together rather than individually by
diffusion So also do fluid and its dissolved substances
flow through the capillary pores when a hydrostatic
pressure difference develops across the capillary mem-
brane. Therefore, this phenomenon is called bulk flow
of fluid through the membrane.

Effect of Osmotic Pressure Difference on
Movement of Substances Through the
Capillary Membrane—Bulk Flow Caused by
This Means Also

When a substance has a molecular weight too great
for It to move through the slit-pores of the capillary

membrane, it creates osmotic pressure at the point
where the movement of the molecule is impeded. This
pressure then acts exactly as does a hydrostatic pressure
difference across the pore to cause bulk flow through
the pore. The osmotic substance that normally is most
important m causing bulk flow through the capillary

membrane is the plasma proteins, as will be explained

later in the chapter.

THE INTERSTITIUM AND
THE INTERSTITIAL FLUID

Approximately one sixth of the body consists of
spaces between cells, which collectively are called

the interstitium. The fluid in these spaces is the
interstitial fluid.

The structure of the interstitium is illustrated

in Figure 30-4. It has two major types of solid

structures: (1) collagen flber bundles and (2) pro-
teoglycan fllaments. Figure 30—4 illustrates that
the collagen flber bundles extend long distances in

the interstitium. They are extremely strong and
therefore provide most of the tensional strength of
the tissues. The proteoglycan fllaments, on the
other hand, are extremely thin, coiled molecules
composed of about 98 per cent hyaluronic acid and
2 per cent protein. These molecules are so thin
that they can never be seen with a light microscope
and zure very difficult to demonstrate even with
the electron microscope. Nevertheless, they form a
mat of very fine reticular filaments aptly described
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HsuK 3D—4. Structure ot the Interstihum rroteogtycan fa^f

mencs fitl (he spaces betweert the collagen fiber bundles free

Ruid vesicles are seen and small amounts of free fluid trt the form

of rivulets

as a ‘'brush pile.” This brush pile of proteoglycan

filaments is everywhere in the interstitiuro. It fills

all the spaces between the collagen fibers, the

crannies between the cells, and almost all the other

minute spaces of the tissues.

"Tissue Gel" in the Intcrstitium. The fiuid m
the Interstltium is an ultrafiltrate of plasma de>

rived from the capillaries. In the interstltium this

fluid is mainly entrapped m the minute spaces

among the proteoglycan filaments This comblna*
Uon of the proteoglycan filaments and the fluid

entrapped within them has the characteristics of

a gel, and therefore is often called the tissue get.

Because of the large number of proteoglycan
filaments, fluid flows through the tissue gel only
very poorly. Instead, it mainly diffuses through
the gel; that is, it moves molecule by molecule
from one place to another by the process of kinetic
motion rather than by large numbers of molecules
moving together

In contrast to the severe impediment of flow

through the gel, diffusion through the gel occurs
about 95 to 99 per cent as rapidly as it does through
free fluid This diffusion allows rapid transport
through the interstltium not only of the water
molecules, but also electrolytes, nutrients, cellular
excreta, oxygen, carbon dioxide, and so forth
“Free” Fluid in the Interstltium. Though al-

most all the fluid in the interstltium is normaily
entrapped within the tissue gel, occasionally small
rivulets of "free'’ fluid and also small free fluid
vesicles are also present, which means fluid that is
free of the proteoglycan molecules and therefore
can flow freely When a dye is injected into the
circulating blood, it can often be seen to flow

V c.' the interstitium in small rivulets, usually

_ along the surfaces of collagen fibers or
'faces of cells However, the amount of ‘Tree”

> '1 present in normal tissues is very alight. On
the other hand, when the tissues develop edema.

it is the small pockets and rivulets offree fluid tfen

expand tremendously.

Relationship of the Free Fluid to the

Fluid. The free fluid and the gel fluid are confls

ually interchanging with each other by diffusion

At the surface between the free fluid and ths gd

there is a slight osmotic pressure different

Though this has never been measured accurolfij

the measurements that are available suggest thai

the osmotic pressure of the gel is about 2 mtfl

greater than that of the free fluid. This osrnoti

pressure is caused mainly by the Donnan equilil>

rium effect, which can be eiqilained as follows’

proteoglycan molecules have a strong negstivi

charge and therefore attract large number* o

positively charged ions, especially sodium

into the meshwork of filaments These sodium

are responsible for almost all the osmotic pre^svn

of the gel.

Because of the uncertainty of the quantitsh'*

value of the osmotic pressure of the gel and there-

fore the uncertainty of the hydrostatic pressO« of

the fluid between the gel filaments, in most oft"®

discussions of this chapter and the next we w'‘

speak mainly of the free fluid pressure rather tb®"

the intragel fluid pressure There are other ressons

for this as well; First, the fluid as it enter? the

intcrstitium from the capillary ts in the forn «

free fluid Second, as ft leaves the interstltium to

enter the lymphatic vessels the fluid is also Ih*

form of free fluid. Third, when acute edema devel-

ops, the free fluid portion of the tissue mainly

swells, and this is the most important
consideration relating to the interstitial fluids-

Nevertheless, as we quote pressures for the

fluid in the intcrstitium, the student should r®*

member that the pressures in the minute
of the gel reticulum probably average about 2

Hg more positive than the pressures of the ft®®

fluid.

DISTRIBUTION OF FLUID VOLUME
BETWEEN THE PLASMA AND
INTERSTITIAL FLUID

The pressure in the capillaries continuously

tends to force fluid and its dissolved substani^

through the capillary pores into the interstiu®,

spaces. But, in contrast, osmotic pressure cause

by the plasma proteins (called colloid osmotic p®®?’

sure) tends to cause fluid movement by osia“>

from the interstitial spaces into the blood;
‘J.*

mainly this osmotic pressure that prevents

ual loss of fluid volume from the blood into tfi

interstitial spaces. Yet, the process is much
complicated than this and includes the role of t

lymphatic system to return back to the circul?"®”

the small amounts of protein and fluid that do

continuously into the interstitial spaces.

follow'ing few paragraphs we will discuss all o* tn
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Copillory Plesmo colIoId\

pressure osmotic pressure \

(Pc) (TTp)

_i i_J
I I

Inlerstitiol Irtterstitlol fluid

fluid pressure colloid osmotic pressure

(Pif) ITTif)

figure 30-5. Forces operative at the capillary membrane teiKJ-

ng to move fluid either outward or Inward throu^ the mem-
jrane.

factors that play a significant role in the movement
jf fluid volume through the capillary membrane,
and in the following chapter we will discuss the
role of the lymphatic system in this.overa!l mech-
anism.

The Four Primary Forces That Determine
Fluid Movement Through the Capillary Mem-
brane. Figure 30-5 illustrates the four primary
forces that determine whether fluid will move out
of the blood into the interstitial fluid or in the
opposite direction; these are:

1. The capillary pressure (Pc), which tends to

move fluid outward through the capillary mem-
brane.

2. The interstitial fluid pressure (Pif), which
tends to move fluid inward through the capillary

membrane when Pif is positive but outward when
Pif is negative.

3 The plasma colloid osmotic pressure (Up),
which tends to cause osmosis of fluid inward
through the membrane.

4. The interstitial fluid colloid osmotic pressure
(IliO, which tends to cause osmosis of fluid outward
through the membrane.
The regulation of fluid volumes in the blood and

interstitial fluid is so important that each of these
factors is discussed in turn in the following sec-
tions.

CAPILIARY PRESSURE

Unfortunately, the exact capillary pressure is

not knov-m because it has been impossible to meas-
ure capillary pressure under absolutely normal
conditions. Yet two different methods have been
used to estimate the capillary pressure; (1) direct

cannulation of the capillaries, which has given an
average mean capillary pressure of about 25 mm
Ug, and (2) indirect functional measurement ofthe
capillary pressure, which has given a capillary
pressure averaging about 17 mm Hg. These meth-
ods are the following:

Cannulation Method for Measuring Capil-
lary Pressure. To measure pressure in a capillary
by cannulation. a microscopic glass pipet is thrust
directly into the capillary, and the pressure is

measured by an appropriate micromanomcler sys-
tem. Using this melh^, capillary pressures hav'c

been measured in capillaries of exposed tissues oi

lower animals and in large capillary loops of the

eponychium at the base of the fingernail in human
beings. These measurements have given pressures

of 30 to 40 mm Hg in the arterial ends of the

capillaries, 10 to 15 mm Hg in the venous ends,

and about 25 mm Hg in the middle.

Isogravimetric and Isovoiumctric Methods
for Indirectly Measuring Mean Capillary Pres-
sure. Figure 30-6 illustrates an isogravimetric

method for estimating capillary pressure. This

figure shows a section of gut held by one arm of a

gravimetric balance. Blood is perfused through the

gut. When the arterial pressure is decreased, the

resulting decrease in capillary pressure allows the

osmotic pressure of the plasma proteins to cause

absorption of fluid out of the gut wall and makes
the weight of the gut decrease. This immediately

causes displacement of the balance arm. However,
to prevent this weight decrease, the venous pres-

sure IS raised an amount sufficient to overcome
the eflect of decreasing the arterial pressure In

other words, the capillary pressure is kept constant

by raising the venous pressure.

In the lower part of the figure, the changes m
arterial and venous pressures that exactly nullify

all weight changes are illustrated. The arterial

and venous lines meet each other at a value of 17

mm Hg. Therefore, the capillary pressure must

have remained at this same level of 17 mm Hg
throughout these maneuvers, or otherwise filtra-

tion or absorption of fluid through the capillary

walls would have occurred Thus, m a roundabout

way, the “functional" capillary pressure is meas-

ured to be about 17 mm Hg.

presMte (expUincd m lh« irxi).
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The isoi^lurnelnc method for measuring capi**

lary pressure is essentially the same as the isogr^-

vimetric method, except that the volume of the

tissue is recorded rather than the weight. The
arterial and venous pressures are gradually

brought toward each other and are continually

adjusted so that the tis.sue neither gains nor los^s

volume. On extrapolating the arterial and venoUs

pressures, one again finds that the capillary pres-

sure estimated by this means is considerably low^r

than that measured by direct cannulation, again

averaging about 17 mm Hg.
Functional Capillary Pressure. Since the can-

nulation method does not give the same prcssui'e

measurement as the isogravimetric and isovolU*

metric methods, one must decide which of theee

measurements is probably the true functional cap-

illary pressure of the tissues. The isovolumetrtc

ani isogravimetric measurements art ptoViabltJ

much nearer to the normal values for capillary

pressure than are the micropipet measurements,
for several reasons.

First, the metarterioles and precapillary sphinc-

ters of the capillary system are normally closed

during a greater part of the vasomotion cycle than
they are open. When they are closed the pre.ssure

in the entire capillary system beyond the closure
should be almost exactly equal to the pressure at

the venous ends of the capillaries, about 10 mm
Hg. Therefore, if one considers a weighted average
of the pressures m all capillaries, one would expiKt

the funcltonal mean capillary pressure to be mucl'
nearer to the pressure in the venous ends of the
capillaries than to the pressure in the arterial

ends.

Second, the surface area ofthe venous capillaries

is several times as great as the surface area of the
arterial capillaries. Therefore, the mean pressure
in the venous capillaries, 10 mm Hg, plays far

more role m determining the /imctionaf capillary
pressure than does the mean arterial capilla<7
pressure, 35 mm Hg

Third, the venous capillaries are several times
as permeable as the arterial capillaries Therefore,
for determining fluid movement through the cap-
illarj’ membrane, the venous capillary pressures
arc much more important than the arterial capil-

lary pressures

Thus, there are many reasoms for believing (hot
the normal functional mean capillary pressure
about 17 mm Hg
What is the average functional pressure in the

arterial ends of the capillaries? This we do not
know, but It must be considerably below the 30 to

40 mm Hg mea.sured in the micropipet in opfn
- arterial capillaries, because even the arterial ends
' ' the capillaries are closed off most of the liiPe

7’ cause of metarteriole and precapillary sphincter
re We might e.stimate this pressure to t*

about 25 mm Hg, which is somewhat below the
pipet measurements and somewhat above the func-
tional mean capillary pressure.

tSTlRSmiAL FLUID PRESSURE—limACEL
PRESSURE AND FREE FLUID PRESSURE

The interstitial fluid pressure, like capilla

pressure, has been difficult to measure, priman

because the maximum width ofthe spaces betwei

the reticular fibers that make up the solid stm

ture of the interstitium is only 10 to 40 nanora

ters, much too small to cannulate for direct mea

urement of the pressure. Therefore, mo
frequently, indirect methods have been used f

measuring this pressure.

Prior to 1961, it had been believed universal

that the interstitial fluid pressure was alwa;

slightly greater than atmospheric pressure. Ho'

ever, on the basis of measurements made in oi

laboratory in 1961, we concluded that the intersl

tial fluid pressure is probably subatmosphene
TOceft. tVie Wiy

,
1 Vo T I

less than the pressure of the surrounding air. Sir

that time, a continuing controversy has exist

concerning whether or not the interstitial fit

pressure is truly less than the atmospheric leve

Also, the question must be asked: Is it t

pressure of the fluid inside the gel, the infra;!

pressure, that is important, or is it the pressure

the free fluid, the free fluid pressure, that is i'

portant? From the point of view of understand!!

tissue function, the answer is that both of thf

are important. However, from the point of view

the practice of medicine, it is the free fluid prewu

that determines whether or not the tissues will

nonedematous or edematous. Therefore, most i

tempts to measure the interstitial fluid pressu

have been concerned primarily with measum
the free fluid pressure, and that U what we w
be considering in the present chapter rather th

the inlragel pressure. As discussed earlier in t

chapter, measurements of the osmotic pressure

gel have indicated that the intragel fluid pressu

16 probably about 2 mm Hg more positive than t

free fluid pressure.

With this as background, let us now summan
some of the methods that have been used »

measuring the interstitial free fluid pressure.

Measurement of Interstitial Free Fluid

sure in Implanted Perforated Hollow Ca

aules. Figure 30-7 illustrates an indirect mew
for measuring interstitial fluid pressure whi

may be explained as follows- A small hollow pla^

capsule perforated by several hundred small bo!

18 implanted in the tissues, and the surgical woui

is allowed to heal for approximately one moot

At the end of that time, tissue will have grov

inward through the holes to line the inner surfa

of the sphere. Furthermore, the cavity is fifl'

with fluid that flows freely through the Pfrfoij

tions back and forth between the fluid in ti

interstitial spaces and the fluid in the cavit

‘nierefore, the pressure in the cavity should equ

the free fluid pressure in the interstitial fiu

spaces. A needle is inserted through the skin ai
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Skin Implanted capsuts Blood vcsKit

n^ure 30-7. The perfouted upsulc method for meASurlttg

incentldal fluid pressure.

through one of the perforations to the intenor of
the cavity, and the pressure is measured by use of
an appropriate manometer.

Interstitial free fluid pressure measured by this

method in normal loose subcutaneous tissue aver*
ages about -6 mm Hg That is, the pressure is

less than atmospheric pressure or, in other \^ord8.

is a semivacuum or a suction.

Recently, instead of using capsules with large

perforations as illustrated in Figure 30--6. we have
made these capsules of a porous plastic material
^at has pore sizes too small for tissues to grow
into the cavity of the capsule Using this new
procedure, the pressures that have been measured
have averaged -4 to -5 mm Hg.
The signiflcance of the negativity of interstitial

free fluid pressure is that it causes suction offluid
out ofthe capillaries, as we shall see in subsequent
sections of this chapter. The mechanism for devel-

opment of the negative interstitial fluid pressure
is discussed in the following chapter in relation to

interstitial fluid dynamics.
Measurement of Interstitial Free Fluid Pressure

in Fluid Spaces Developed Underneath the Skin.
Figure 30-8 illustrates another method that has been
used to measure the interstitial fluid pressure. A small
vacuum cup is placed over the skin, and the skin is

sucked up into the cup and glued in the cup, then the
Vacuum is removed. Gradually, over about 24 hours,
free fluid collects beneath the mound of skin, and its

pressure comes to equilibrium. A needle is then inserted
into the tissue so that its tip is within this free fluid.

To votuv'n

Figure 30-8. The equilibnum method for measuHrtg tntersQcul
fluid pressure.

and the pressure is recorded. Since the fluid is in free

communication with the fluidm the surrounding tissues,

the pressure measured here should equal the pressure
in the other interstitial spaces. The pressure measured
by this method in loose subcutaneous tissue is also

negative, averaging between - 2 and - 8 nun Hg.
Measurement of Interstitial Free Fluid Pressure

by Means of a Cotton Wick. A new method used
recently is to insert into a tissue a small Teflon tube
with about eight cotton fibers protruding from its end
The cotton fibers form a “wick” that makes excellent

contact with the tissue fluids and transmits interstitial

fluid pressure into the Teflon tube; the pressure can
then be measured from the tube by usual manometric
means Pressures measured by this techmque m loose

subcutaneous tissue have also been negative, usually

measunng about -2 mm Hg
Measurement of the Interstitial Fluid Pressure

by Means of Tissue Cannulas. A method that was
used for many years to “measure” interstitial fluid

pressure was to insert a needle mto the tissue, utject a
small bolus of fluid through the tip of the needle, and
then measure the pressure m the fluid bolus before it

was absorbed The result was always a pressure meas-
urement slightly greater than atmospheric pressure In

subcutaneous tissue, usually between -i-l and 4-4 mm
Hg However, this was a false measurement of pressure

because the preliminary injection of the bolus of fluid

caused local tissue edema
Recently, microscopic pipets have been placed mto

tissue spaces in attempts to measure the interstitial

fluid pressure. Earlier measurements in this way sug-

gested slightly positive pressures of + 1 to 4-2 mm Hg
in the connective tissue of the bat wing, but negative

pressures of - 1 to - 3 mm Hg have more recently also

been made using this same method Since the pipets are

30 to 50 tunes as large as the spaces between the

reticular fibrillae of the mterstitium, one wonders how
much the distortion of the tissues that is caused by the

method aflects the measurement

InterstIdAl Fluid Pressures

la Tightly IncAsed Tissues

Some tissues of the body are surrounded by tight

encasements, such as the cranial vault around the brain,

the strong fibrous capsule around the kidney, the fibrous

sheaths around the muscles, and the sclera around the

eye In most of these, regardless of the method used for

measurement, the interstitial fluid pressures are usually

positive However, even so, these interstitial fluid pres-

sures almost invanably are still less than the pressures

exerted on the outsides of the tissues by their encase-

ments For instance, the cerebrospinal fluid pressure

surrounding the brain averages about -i-lO mm Hg,

whereas the brain interstitial fluid pressure averages

about 4- 4 to -f 6 mm Hg. And in the kidneys the capsular

pressure surrounding the kidney averages about +13
mm Hg whereas the reported interstitial fluid pressures

have averaged about + 6 mm Hg.

Thus, if one remembers that the pressure exerted on

the skin is atmospheric pressure, which is considered to

be zero pressure, then one might formulate a general

rule that the normal interstitial fluid pressure is usually

several millimeters of mercury negativ c with respect to

the pressure that surrounds each tissue.
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Is the True IntersHtlAl Fluid Pressure In

Subcutaneous Tissue Subatmospheric?

The concept that the interstitial fluid pressure

is subatmospheric in many tissues of the body

began with clinical observations that could not be

explained by the previously held concept that in-

terstitial fluid pressure was always positive How-
ever, m addition to the clinical observations, many
diiTerent special experiments in both animals and
human beings have supported the concept that the

interstitial fluid pressure is usually negative in

both loose subcutaneous tissue and in most other

soil tissues that are not surrounded by high pres-

sure containments Some of the pertinent obser-

vations are the following;

(1) When a skin grali is placed on a concave

surface of the body, such as in an eye socket after

removal of the eye, before the skin becomes at-

tached to the subiying socket fluid tends to collect

underneath the graft. Also, the skin attempts to

shorten, which tries to pull it away from the

concavity Nevertheless, some negative force un-

derneath the skin causes absorption of the fluid

and usually will literally pull the skin back into

the concavity

(2) Less than 1 mm Hg of positive pressure is

required to iryect tremendous volumes of fluid into

very loose subcutaneous tissues, such as beneath
the lower eyelid, in the axillary apace, and in the
scrotum Amounts of fluid calculated to be more
than 100 times the amount of fluid normally in

the interstitial space, when ir\jected into these
areas, will cause no more than about 2 mm Hg of

positive pressure The importance of these obser-

vations IS that they show that such tissues do not
have strong fibers that can prevent the accumu-
lation of fluid Therefore, some other mechanism
must be available to prevent such fluid accumu-
lation.

(3> In most natural cavities of the body where
there is free fluid in dynamic equilibrium wath the
surrounding interstitial fluids, the pressure.s that
have been measured have been negative Some of
these are the following

Intrapleural space -8mmHg,
Joint synovial spaces -4 to -8 mm Hg, and
Epidural space -4 to -7 mm Hg

<4) The implanted capsule method for measuring
the interstitial fluid pressure can be used to record
dynamic changes m this pressure The changes
are approximately those that one would calculate
to occur when <a) the arterial pressure is increased
or decreased, (b) fluid is injected into the surround-
ing tissue spaces, or (c) a highly concentrated
colloid osmotic agent is injected into the blood to
hsorb fluid from the tissue spaces None of the

or methods for measuring interstitial fluid pres-
<j have shown this dynamic capability. There-

fore, we tend to trust the capsule measurements
much more than the other measurements of inter-

stitial fluid pressure. The capsule mcasurementi

are usually more negative than the measurements

made in other ways.

(5) The “cleaner” the implant of the capsules foj

measuring interstitial fluid pressure—that is, tb

less the fibrous reaction around the capsule—tht

more negative are the values recorded Thus, its

more normal the tissue, the more negative havt

been the measured values.

Therefore, in the remainder of this chapter anc

in the following two chapters, we will frequentlj

speak of the concept of negative interstitial fiun

pressures and will consider the pressure in Uh

loose subcutaneous connective tissue to be an sv

erage value of -5 3 mm Hg, a value typical foi

the capsule measurements. Yet, the student sboult

remember that some physiologists believe that al

tissues have strong enough connective tissue fiber

to maintain positive compression of the fluids ii

the interstitial spaces all the time.

TMSAfA COUOtD OSMOHC TRESSURI

Colloid Osmotic Pressure Caused by Pro

teins. The proteins are the only dissolv^ sob

stances of the plasma and interstitial fluid that d

not diffuse readily through the capillary mem
brane. Furthermore, when small quantities of pm"

tern do diffuse into the interstitial fluid, these are

soon removed from the interstitial spaces by waj

of the lymph vessels Therefore, the concentrsboo

of protein in the plasma averages about three

times as much as that in the interstitial fluid. < 3

gm/d! m the plasma versus 2 to 3 gm/dl in the

interstitial fluid.

In the discussion of osmotic pressure in Chapter

4, It was pointed out that only those substances

that fail to pass through the pores of a semipern^

able membrane exert osmotic pressure. Since the

proteins are the only dissolved constituents th^t

do not readily penetrate the pores of the capil*^^

membrane, it is the dissolved proteins of

plasma and interstitial fluids that are responsible

for the osmotic pressure at the capillary

brane To distinguish this osmotic pressure

that which occurs at the cel I membrane, it is callw

either colloid osmotic pressure or oncotic pressjire-

The term “colloid” osmotic pressure is derived fm®

the fact that a protein solution resembles a coi'C'*

dal solution despite the fact that it is actually ®

true solution. IThe osmotic pressure that

at the cell membrane is often called total osmon

pressure to distinguish it from the colloid

pressure because essentially all dissolved su

stances of the body fluids exert osmotic pressur

at the cell membrane.)
. ^

The Donnan Effect on <he Coffoid Osmotic ,

sure. The so-called Donnan effect causes the .

osmotic pressure of the plasma to be about 50 ^
greater than that caused by the proteins alone. l

results from the fact that the proteins are
pf

and to balance these negative ions a large number



JO CapUJiiy Dyntmlcs, Jutd Exc/uutge of fluid Between the Blood *nd lntetstltl*l fluid M3S7

ositivciy charged ions (cations), mainly sodium ions,

re held near to, but usually not bound to, the electro-

egative charges of the proteins. These extra cations,

[lerefore, increase the number of osmotically active

ubstances wherever the proteins occur, and they in-

reasc the osmotic pressure. Even more important, how-
ver (for mathematical reasons that cannot be explained
ere), the Donnan equilibrium effect becomes progres-

ively more significant the higher the concentration of

roteins. This means, as illustrated in Figure 30-9, that

be initial few grams of protein in each lOO ml ofplasma
r interstitial fluid has much less colloid osmotic eflect

ban do the next few grams.

Normal Values for Plasma Colloid Osmotic
Pressure. The colloid osmotic pressure of normal
luman plasma averages approximately 28 mm Hg;
.9 mm of this is caused by the dissolved protein,

ind 9 mm by the cations held in the plasma by
he Donnan effect of the proteins, as was just

liscussed.

Note particularly that the 28 mm Hg colloid

ismotic pressure that can develop at the capillary

nemhrane is only 17200 the total osmotic pressure

hat would develop at a cell membrane if norma!
nterstitial fluid were on one side of the cell mem-
brane and pure water on the other side. Thus, the

xlloid osmotic pressure of the plasma is actually

s weak osmotic force; but, even so, it plays an
ixceedingly important role in the maintenance of

normal blood and interstitial fluid volumes.
Effect ofthe Different Plasma Proteins on Colloid

Osmotic Pressure. The plasma proteins are a mature
5f proteins that contains albumin, with an average

molecular weight of 69,000, globulins, 140,000; and
fibrinogen, 400,000. Thus, 1 gram of globulin contains

only hdf as many molecules as 1 gram of albumin, and

1 gram of fibrinogen contains only one sixth as many
molecules aa 1 gram ofalbumin tit will be recalled from
the discussion of osmotic pressure in Chapter 4 that the

osmotic pressure is determined by the number of mole-

cules dissolved in a fluid rather than by the weight of

these molecules.) The average relative concentrations of

the different types of proteins in the plasma and their

respective colloid osmotic pressures are-

gm %
Albumin 4.5

Globulins 2.5

Fibrinogen 0.3

TOTAL 7.3

Up (.mm Hg)
21.8

60
OJ
28 0

Thus, about 75 per cent of the total colloid osmotic

pressure ofthe plasma results from the albumin fraction,

25 per cent from the globulins and almost none from

the fibrinogen. Therefore, from the i»int of view of

capillary dynamics, it is mainly albumin that is impor-

tant.

Figure 30-9 illustrates graphically the colloid osmotic

pressures exerted by different concentrations of albumin
and four different fractions of globulins.

f^TCXSTiJlAL FLUID COUOID
OSMOTIC PRISSURE

Though the size of the usual capillary pore is

smaller than the molecular sizes of the plasma

figure JO-9, frie osmotic piessure of five fractions of the

plasma proteins at different concentrations. Also, the dashed line

shows ^e osmotic pressure of normal plasma proteins, which

ate a mixture of the others. (Modified from Om Kiln Wschr.,

341079. 1956)

proteins, this is not true of all the pores. Therefore,

small amounts of plasma proteins do leak through
the pores into the interstitial spaces, and perhaps
additional amounts are transported by pinocytosis.

The total quantity of protein in the entire 12
liters of interstitial fluid of the body is slightly

greater than the total quantity of protein in the
plasma itself, but since this volume is four times
the volume of plasma the average protein concen-
tration of the interstitial fluid is only a little more
than one fourth that in plasma, or approximately

2 grams per cent. Referring to the diagram in

Figure 3(>-9 one finds that the average colloid

osmotic pressure for this concentration of proteins
in the interstitial fluids is approximately 6 mm
Hg.

EXCHANGE OF fLUID VOLUME THROUGH
THE CAPILLARY MEMBRANE

Now that the different factors affecting capillary
membrane dynamics have been discussed, it is
possible to put all these together to see how normal
capillaries function.

The capillary pressure at the arterial ends of
the capillaries is 15 to 25 mm Hg greater than at
the venous ends. Because of this difference fluid
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“filters” out of the capillaries at their arterial ends

and then is reabsorbed into the capillaries at their

venous ends. Thus, a small amount of fluid actually

“flows” through the tissues from the arterial endis

ofthe capillaries to the venous ends. The dynamics

of this flow are the following:

Analysis of the Forces Causing Filtration at

the Arterial End of the Capillary, The forces

operative at the arterial end of the capillary that

cause movement through the capillary membrane
are:

mmHg
Forces tending to move fluid

outward:
Capillary pressure 30.0

Negative interstitial free fluid

pressure 5 3
Interstitial fluid colloid osmotic

pressure 60
TOTAL OimVARD FORCE 41 3

Force tending to move fluid inward-
Plasma colloid osmotic pressure 28 0

TOTAL INWARD FORCE 28 0

Summation offorces:
Outward 41.3

Inward 280
NET OUTWARD TORCE 13.3

Thus, the summation of forces at the arterial end
of the capillary shows a net filtration pressure of
13.3 mm Hg, tending to move fluid in the outwai^
direction.

This 13.3 mm Hg filtration pressure causes, on
the average, about 0 5 per cent of the plasma to
filter out of the arterial end of the capillaries into
the interstitial spaces.

Analysis of Reabsorption at the Venous End
of the Capillary. The low pressure at the venous
end of the capillary changes the balance of forces

in favor of absorption as follows;

Force tending to move fluid inward:

mmHg

Plasma colloid osmotic pressure 28.0

TOTAL INWARD FORCE 28 0

Forces tending to move fluid outward:
Capillary pressure
Negative interstitial free fluid

100

pressure

Interstitial fluid colloid osmotic
6.3

pressure 60
TOTAL OUTWARD FORCE

Summation of forces:

21.3

^ Inward 28.0
Outward 21.3

NET INWARD FORCE 6.7

Thus, the force that causes fluid to move into tlu

capillary, 28 mm Hg, is greater than that opposic|

reabsorption, 21.3 mm Hg. The difference, 6.7 nun

Hg, is the reabsorption pressure. This reabsorptm

pressure is considerably less than the filtration

pressure, but remember that the venous capillariei

are more numerous and more permeable than tte

arterial capillaries so that less pressure is required

to cause the inward movement of fluid.

The reabsorption pressure causes about nine

tenths of the fluid that has filtered out of the

arterial ends of the capillaries to be reabsorbed st

the venous ends The other one tenth flows into

the lymph vessels, as is discussed in the following

chapter.

now of nulri Through
the Sp»ces

The 0 5 per cent of the plasma fluid that filters

out of the arterial ends of the capillaries flam

through the tissue spaces to the venous endsef

the capillaries where all but about one tenth ofit

18 reabsorbed (A much higher proportion than this

IS reabsorbed in the muscles where very little

protein leaks through the capillary membranes,

and much less is reabsorbed in the liver where

tremendous amounts of protein leak.)

Distinction Between Filtration ond Dliiu>

slon. It is especially important to distinguish be-

tween /r/lrotion and diffusion through the capillsty

membrane Diffusion occurs in both directions,

whereas filtration is the net movement of fluid out

of the capillaries at the arterial ends. The rate of

diffusion of water through all the capillary roea^

branes of the entire body is about 240,000

ml/minute, whereas the normal rate of filtration

at the arterial ends of all the capillaries is only w
ml/rainute, a difference ofabout 15,000*fold. Thus,

Ihe quantitative rate of diffusion of water an®

nutrients back and forth between the capiJIsnW

and the intecstitial spaces ia tremendous in com-

parison with the minute rate of “flow" of fluid

through the tissues.

WE 5TARUNG EQUIUBRIUM
rOR CAPILIARY EXCHANGE

E. H. Starling pointed out almost a century sgo

that under normal conditions a state

equilibrium exists at the capillary membraM
whereby the amount of fluid filtering outward

through the arterial capillaries equals

tity of fluid that is returned to the circulation w
reabsorption at the venous ends of the capilj^®®

This near-equilibrium is caused by near-equilibra’

tion of the mean forces tending to move flu

through the capillary membranes. If we
that ^e mean functional capillary pressure is i

mm "Hg, the normal mean dynamics of the .

lary are the following:



JO CipUUiy Dynjunics, JUid ExcAanje of fluid Between the Blood *nd IntendtJjd fluidB 359

mm Hg

Mean forces lending to mocc fluid

outward:

Mean capillary pressure 17.0

Negative interstitial free fluid

pressure 5.3

Interstitial fluid colloid osmotic

pressure 6.0

TOTAL OUTWARD FORCE 28UJ

Mean force tending to move fluid

inward:

Plasma colloid osmotic pressure 28.0

TOTAL INWARD FXIRCE 28.0

Summofiofi of mean forces:

Outward 28.3

Inward 28 0

NET OUTWARD FORCE 0.3

Thus, wc find a ncar-equilibrium but neverthe-

less a slight imbalance of forces, 0.3 mm Hg, that
causes slightly more filtration of fluid into the
interstitial spaces than reabsorption. This slight

. excess of flltration Is called the net filtration, and

j

it is balanced by fluid return to tho circulation

through the lymphatics. Tho normal rate of net

I

flltration in the entire body is about 2 ml/min.

,

This figure also represents the average rate of fluid

. flow into the lymphatics each minute.
The Filtration CocfHcIcnt. In the above ex*

!
ample an average net imbalance of forces at the

,

capillary membranes of 0.3 mm Hg causes a net

,

rate of fluid flltration in the entire body of 2
’ ml/minute. Expressing this per millimeter of mer-

^
cury, one flntb a net flltration rate of 6.67 ml
fluid/min/mm Hg for the entire body. This expres-

1
sion is the filtration coefficient.

The filtration coefficient can also be expressed
for different areas of the body in terms of the rate

of filtration/rain/mm Hg/lOO grams of tissue. On
,

this basis the flltration coefficient of the average
tissue is about 0.01 ml/min/mm Hg/100 grams of
tissue. However, because of extreme differences in

permeabilities of the capillary systems in different

tissues, this coefficient varies more than 100-fold

among the different tissues. It is very small in

both brain and muscle, moderately great in sub-
cutaneous tissue, large in the intestine, and ex-

treme in the liver and the glomerulus ofthe kidney
' where the pores are either numerous or wide open.
’ By the same token, the permeation of proteins
' through the capillary membranes varies greatly
* as well. The concentration of protein in the inter-
' stitial fluid ofmuscles is about 1.5 grams per cent,

I

in subcutaneous tissue 2 grams per cent, in intes-

I

tine 4 grams per cent, and in liver 6 grams per
' cent.

Ufect ofAbnormal Imbalance of forces
at the Capillary Afentbrane

If the mean capillary pressure rises above 17
mm Hg the net force tending to cause flltration of

fluid into the tissue spaces obviously rises. Thus a
20 mm Hg rise in mean capillary pressure causes

an increase in the net filtration pressure from 0.3

mm Hg to 20.3 mm Hg, which results in 68 times
as much net filtration of fluid into the interstitial

spaces as normally occurs, and this would require

also 68 times the normal flow of fluid into the

lymphatic system, an amount that is usually too

mudi for the lymphatics to carry away. As a result,

fluid begins to accumulate in the interstitial

spaces, and edema results.

Conversely, if the capillaiy pressure falls very

low, net reabsorption of fluid into the capillaries

occurs instead of net flltration, and the blood vol-

ume increases at the expense of the interstitial

fluid volume. The effects of these imbalances at

the capillary membrane are discussed in the fol-

lowing chapter m relation to the formation of

edema.
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The Lymphatic
System, Interstitial

Fluid Dynamics,
Edema, and
Puimonary Fluid

THE LYMPHATIC SYSTEM

The lymphatic system represents an accessory

route by which fluids can flow from the interstitial

spaces into the blood. And, most important of aU,

the lymphatics can carry proteins and large par*

ticulate matter away from the tissue spaces, nei-

ther of which can be removed by absorption di*

rectly into the blood capillary. We shall see that

this removal ofproteins from the interstitial spaws

is an absolutely essential function, without which

we would die within about 24 hours.

THE LYMPH CHANSEIS OF THE BODY

With the exception of a very few, tissues of the My
have lymphatic channels that drain excess fluid directly

from the interstitial spaces The exceptions include the

superficial portions of the skin, the central nervous

system, deeper portions of penpheral nerves, the endo-

mystum of muscles, and the bones. However, even these

tissues have minute interstitial channels called pre/)m-

phaticB through which interstitial fluid can flow; even-

tually this fluid flows into lymphatic vessels op in the

case of the brain, flows into the cerebrospinal fluid and

thence directly back into the blood.

Essentially all lymph from the lower part of Uw
body—even most of that from the legs—flows up the

thoracic duct and empties into the venous system at the

juncture of the left internal jugular vein and subclavian

vein, as illustrated in Figure 31-1. However, small

amounts of lymph from the lower part of the ^dy can

enter the veins in the inguinal region and perhaps also

at various points in the abdomen.
, , , a.

Lymph from the left side of the head, the left arm,

and parts of the chest region also enters the thor^c

duct before it empties into the veins. Lymph from the

nght side of the neck and head, from the ri^t am, and

from parts of the thorax enters the nght lympa duct.

which then empties into the venous system at the

juncture of the right subclavian vein and internal jug-

ular vein.

The Lymphatic Capillaries and Their Per-
meability. Most of the fluid flitering from the

arterial capillaries flows among the cells and is

Anally reabsorbed back into the venous ends of the

blood capillaries; but about one tenth of the fluid

enters the lymphatic capillaries instead and re-

turns U> the blood through the lymphatic system

rather than through the venous capillaries.

The minute quantity of fluid that returns to the

circulation by way of the lymphatics is extremely

important because substances of high molecular

weight such as proteins cannot be reabsorbed in*

to the venous capillaries, but they can enter the

lymphatic capillaries almost completely un-

impeded. The reason for this is a special structure

of the lymphatic capillaries, illustrated in Figure
31-2. This flgure shows the endothelial cells of the

capillary attached by anchoring filaments to the

connective tissue between the surrounding tissue

cells. At the junctions of adjacent endothelial cells

there are usually very loose connections between

the cells. Instead, the edge of one endothelial cell

usually overlaps the edge of the adjacent one in

such a way that the overlapping edge is free to

flap inward, thus forming a minute valve that

opens to the interior of the capillary. Interstitial

fluid, along with its suspended particles, can push
the valve open and flow directly into the capillary.

But this fluid cannot leave the capillary once it

has entered because any backflow will close the
flap valve. Thus, the lymphatics have valves at

the very tips of the terminal lymphatic capillaries

as well as valves along their larger vessels up to
the point where they empty into the blood circu-

lation.
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FORMATION OF LYMPH

Lymph is derived from interstitial fluid that

flows into the lymphatics. Therefore, lymph as it

first flows from each tissue has almost the same
composition as the interstitial fluid in the part of
the body from which the lymph flows.

The protein concentration in the interstitial fluid

averages about 2 grams per cent, and the protein

concentration of lymph flowing from most periph*

eral tissues is near this value. On the other hand,
lymph formed in the liver has a protein concentra-

tion as high as 6 grams per cent, and lymph formed
in the intestines has a protein concentration as
high as 3 to 4 grams per cent. Since about two
thirds of all lymph is derived from the liver and
intestines, the thoracic lymph, which is a mixture
of lymph from all areas of the body, usually has a
protein concentration of 3 to 5 grams per cent
The lymphatic system is also one of the major

routes for absorption of nutnents from the gas-

trointestinal tract, being responsible principally

for the absorption of fata, as will be discussed in

Chapter 65. Indeed, after a fatty meal, thoracic

duct lymph sometimes contains as much as 1 to 2
per cent fat.

Finally, even large particles, such as bacteria,

can push their way between the endothelial cells

of the lymphatic capillaries and in this way enter

the lymph. As the lymph passes through the lymph
nodes, these particles are removed and destroyed,

as was discussed in Chapter 6.

The Mechanism by Which Proteins Become
Concentrated in Interstitial Fluids. Fluid filter-

ing from the arterial ends of the capillaries in

peripheral tissues such as the subcutaneous tissue

usually has a protein concentration of about 0.2

per cent, though the average concentration of pro-

tein in the interstitial fluids is almost ten times
this value. The reason for this difference is that

only a small proportion of the protein that leaks

into the tissue spaces is reabsorbed at the venous
ends of the capillaries, even though most of the

filtered water and ions are reabsorbed In this way,

the proteins become concentrated in the intersU-

tial fluid before it flows into the lymphatics.

Additional Concentration of the Lymph in

Lymph Nodes. As lymph passes through the

lymph node, it is exposed to an extensive network
ofblood capillaries where large quantities ofwater
and small molecular weight solutes, but not pro-

tem, diffuse freely back and forth between the
blood and the nodal lymph. If the balance between
the hydrostatic and colloid osmotic forces across

the capillary membranes is not in equilibrium,

bulk flow of water and small solutes will ocrar

through the membrane in an attempt to bring

about equilibrium. Usually almost complete equi-

librium is established before the lymph leaves the
etferent side of the node. For this reason, the
protein concentration in the efferent lymph (lymph
leaving the node) may be quite different from its

concentration in the afferent lymph (lymph enter-
ing the node). The equilibrium concentration of
protein in the efferent lymph is usually about 4
grams per cent, which is greater than that in the
afferent Ismiph from most areas ofthe body. There-
fore, most lymph entering the lymph nodes is

concentrated as it passes through the nodes. On
the other hand, afferent lymph from the liver,

which has a very high concentration of protein, is

normally diluted as it passes through a node.

Because many research workers collect lymph
and use this as a measure of tissue fluid composi-
tion—and especially because most of the lymph is

collected after it has passed through lymph
nodes—it is important to recognize the difference

between afferent and efferent lymph.

TOTAL RATE OF LYMPH FLOW
Approximately 100 ml of lymph flow through

the thoracic duct of a resting man per hour, and
perhaps another 20 ml of lymph flow into the
circulation each hour through other channels,

making a total estimated lymph flow of perhaps
120 ml per hour. This is about 1/120,000 of the
calculated rate of fluid diffusion back and forth

through the capillary membranes, and it is one
tenth the rate of fluid filtrofion from the arterial

ends of the capillaries into the tissue spaces in the
entire body. These facts illustrate that the flow of

lymph is relatively small in comparison with the
total exchange of fluid between the plasma and
the interstitial fluid.

factors That Detennlne the Rate

ofLymph Flow

Interstitial Fluid Pressure. Elevation of inter-

stitial free fluid pressure above its normal level of
- 5.3 mm Hg increases the flow of interstitial fluid

into the lymphatic capillaries and consequently

also increases the rate of lymph flow. The increase

in flow becomes progressively greater as the inter-

stitial fluid pressure rises until this pressure

reaches a value slightly greater than 0 mm Hg; at

that point the flow rate reaches a maximum, but

by then it has risen to 10 to 50 times normal.

Therefore, any factor (besides obstruction of the

lymphatic system itself) that tends to increase

lymphatic pressure increases the rate of lymph
flow. Such factors include

Elevated capillary pressure.

Decreased plasma colloid osmotic pressure.

Increased interstitial fluid protein, and
Increased permeability of the capillaries.

The Lymphatic Pump. Valves exist in all

l^ph channels; typical valves arc illustrated in
Figure 31-3 in collecting lymphatics into which
the lymphatic capillaries empty. In the large lym-
phatics, valves exist every few millimeters, and in
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flguK 31-3. Stmcnire of lymphatic capHIarfes i-xl

a collecting lymphatic, showing also the lymphatk

valves-

the smaller lymphatics the valves are much closer

together than this.

Intrinsic Pumping by the Ly’mph Vessel
Motion pictures of exposed lymph vessels, both in

animals and human beings, show that when a
lymph vessel becomes stretched with fluid the

smooth muscle in the wall of the vessel automati-

cally contracts. Furthermore, each segment of the

lymph vessel between successive valves functions

as a separate automatic pump. That is, filling ofa
segment causes it to contract, and the fluid is

pumped through the downstream valve into the

following lymphatic segment. This Alls the subse-

quent segment and a few seconds later it too

contracts, the process continuing all along the

lymphatic until the fluid is finally emptied In a
large lymph vessel this lymphatic pump can gen-

erate pressures as high as 25 to SO mm Kg if the

outflow from the vessel becomes blocked.

Pumping Caused by External Compression
of the Lymphatics. In addition to the pumping
caused by intrinsic contraction of the lymph vessel

walls, any external factor that compresses the

lymph vessel can also cause pumping. In order of

their importance, such factors are

Contraction of muscles.

Movements of the parts of the body,
Arterial pulsations, and
Compression of the tissues by objects outside

the body.

Obviously, the lymphatic pump becomes very ac-
tive dunng exercise, often increasing lymph flow

as much as 10- to 30-foId On the other hand,
during periods of rest lymph flow is very sluggish.
The Lymphatic Capillary Pump. Many phys-

iologists believe tha.t the lymphatic capillary is

also capable of pumping lymph, in addition to the

.

* pump of the larger lymph vessels. As
< explained earlier in the chapter, the walls of
lymphatic capillaries are tightly adherent to
surrounding tissue cells by means of Aeir

anchoring filaments. Therefore, each time excess
fluid enters the tissue and causes the ^sue to

swell, the anchoring filaments pull the lymphatic

capillary open, and fluid floivs into the capill^

through the junctions between the endothelia]

cells. Then, when the tissue is compressed, Ihi

pressure inside the capillary increases and teodi

to push the fluid m two directions: first, backwari

through the openings between the endothelia]

cells, and, second, forward into the collecting lym

pAafic. However, since the edges ofthe endothelia]

cells normally overlap each other on the inside o:

the lymphatic capillary as illustrated in Figure

31-2, any backward flow through this openiof

closes the overlapping cell over the opening. Thus

the opening closes as if it were a one-way vclw

and very little fluid flows backward into the lis

sues. On the other hand, the lymph that travels I

forward into the collecting lymphatic will not

turn to the capillary after the compression cycle is
;

over because the many valves In the collecting

lymphatic block any backward flow.

Thus, any factor that causes compression of the

lymphatic capillaries probably causes them to

pump fluid m the same way that compression of

the larger lymphatics causes pumping.
Flow ofLymph into the Lymphatic Capilla^

Despite Negative Pressure in the Interstitial

Spaces. It has been difficult for many students of

physiology to understand how fluid can flow out of

the interstitial spaces into the lymphatic capillary

in the face of the negative pressure in the inter-

stitial spaces averaging -5 mm Hg, as was dis-

cussed in the previous chapter. However, a likely

way that this occurs is the following: Every time

a tissue is compressed, interstitial fluid pressure

in the local area of compression rises temporarily

to a positive value. This causes minute amounts

of fluid to move into the lymphatics and subse-

quently to be pumped away from the tissues. Then,

upon removal of the compression, the recoiling of

the elastic structures in the tissues, particularly

ofthe reticular structure of the tissue gel, creates

suction in the tissue spaces. TTius, except during

the momentary periods of compression, a negative

pressure could in this way be maintained in tlw

tissue spaces.

Summary of Factors That Determine Lymph
Flow. From the above ^scussion one can see that
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the two primary factors that determine lymph flow

are the interstitial fluid pressure and the activity

of the lymphatic pump. Therefore, one can state

that, roughly, the rate of lymph flow is determined

by the product of interstitial fluid pressure and the

activity ofthe lymphatic pump.
Maximum Limit to the Rate of Lymph Flow.

Figure 31-4 illustrates the relationship between
interstitial free fluid pressure (Pt) and the rate of

lymph flow. Note that at low interstitial fluid

pressures of -6 to —7 mm Hg the lymph flow is

very low. However, as the interstitial fluid pres*

sure rises, the flow increases more than 20 times.

Yet, once the pressure rises slightly greater than

0 mm Hg (atmospheric pressure), the flow reaches

a plateau beyond which it will not rise any more
even though the interstitial fluid pressure contin-

ues to rise.

There seem to be two major reasons why lymph
flow reaches a maximum limit; (1) Once the tissues

become edematous, the lymphatic capillaries also

become tremendously dilated. This causes the flap

valves between the endothelial cells of the capil-

laries to become separated from each other so that

they are no longer reliable; therefore, the lym-
phatic capillary pump begins to fail. (2) The inter-

stitial fluid pressure presses on the outside of the
larger lymph channels to cause them to collapse;

therefore, the input pressures at the tips of the
lymphatic capillaries are opposed by a compression
of the lymphatic walls of equal magnitude.
This maximum limit of lymph flow is of mqjor

significance because it demonstrates that most of
the compensation to prevent edema caused by
increased lymph flow occurs before the edema
actually appears. That is, this mechanism prevents

the development of edema before it occurs rather

fljare 3i^. RcUtiortthip between intentitUl fluid ptessure

And lymph flow. Note Hut 1^;:^ Row rcAches « rrwulmum as the
InterstitU ptessute rises slightly above atmospheric pressure (O
mm HgV (Courtesy of t>tv Harry Cibson and Aubtey Taylor |

than responding after edema is present. It is only
those persons whose abnormalities have gone be-
yond the limits of this lymphatic compensating
mechanism who actually develop edema.

CONTROL OF INTERSTITIAL FLUID
PROTEIN CONCENTRATION

RECUIATION OF ISTERSTimL FLUID
PROTEIN BY LYMPHATIC PUMPING

Since protein continually leaks from the capil-

laries into the interstitial fluid spaces, it must also

be removed continually, or otherwise the tissue

colloid osmotic pressure will become so high that
normal capillary dynamics can no longer continue.

Therefore, by far the most important of all the

lymphatic functions is the maintenance of low
protein concentration in the interstitial fluid. The
mechanism of this is the following:

As fluid leaks from the arterial ends of the

capillaries into the interstitial spaces, only small

quantities of protein accompany it, but then, as

fluid is reabsorbed at the venous ends of the cap-

illanes, most of the protein is left behind. Thus,

excess quantities of protein progressively accumu-
late in the interstitial fluid and this in turn tn-

creases the tissue colloid osmotic pressure. The
osmotic pressure then decreases reabsorption of

fluid by the blood capillaries, thereby promoting

increased tissue fluid volume and less negativity of
the interstitial fluid pressure The less negative

pressure then allows the lymphatic pump to pump
greater amounts of fluid into the lymphatic capil-

laries, and this fluid carries with it the excess

protein that has accumulated. It is this continual

washout of the protein that keeps the protein

concentration at a low level m the interstitial fluid.

To summarize, an increase in tissue fluid protein

increases the tissue fluid volume and therefore

also the rate of lymph flow, and this washes the

protein out of the tissue spaces, automatically

returning the protein concentration to its normal
low level.

The importance of this function of the lymphat-

ics cannot be stressed too strongly, for there is no
other route besides the lymphatics through which
excess proteins can return to (he circulatory system.

If it were not for this continual removal of proteins

from the tissues, the dynamics of fluid exchange
at the blood capillaries would become so abnormal
within only a few hours that life could no longer

continue. There is certainly no other function of

the lymphatics that can even approach this in

importance.

CONTROL OF INTERSTITIAL FLUID
PRESSURE

InterbUtial fluid pressure is conlrollvd at the

same time that the interstitial fluid protein con-
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centration is controlled. There are two aspects of

this that we need specifically to discuss:

First, part of the control of interstitial fluid

pressure results from increased lymph flow away
from the tissue when the interstitial fluid pressure

rises too high. This increased flow obviously de-

creases the interstitial fluid volume bock toward

normal and therefore also reduces the pressure

back toward normal as well. However, this mech-
anism for removal of excess fluid from the inter-

stitium is actually less important than the follow-

ing mechanism:
Second, an increase in the interstitial fluid pres-

sure causes an immediate imbalance of forces at

the capillary membrane, because increased inter-

stitial fluid pressure increases the tendency for

water and small solute molecules to move through

the capillary membrane from the interstitium into

the capillaries. Therefore, excess fluid is absorbed

into the capillaries until the forces across the

capillary membrane again come to equilibrium.

About -5 ram of the normal -5.3 mm Hg inter-

stitial fluid pressure is caused by this balance of

forces at the capillary membrane whereas only

about -03 mm. Hg is caused by the continual

drainage of fluid into the lymphatic vessels.

But) why is so much fluid absorbed directly into

the capillaries? The answer to this is that the

lymphatics continually remove protein from the

interstitium. In this way they maintain a rela-

tively low tissue protein concentration Therefore,

even though it is not the lymphatic removal of
fluid from the tissues that maintains most of the
negative interstitial fluid pressure, the lymphatic
removal of proteins is obsoiutefy essential in cous-

tng the negative interslituil fluid pressure. Thus,
once again we see the tremendous importance of

the lymphatic system for removing protein from
the interstitial spaces, but less importance of the

lymphatics for removing fluid That is, if the pro-

teins are continually removed so that the inlecati-

tial colloid osmotic pressure is kept at a low level,

any excess fluid in the tissue spaces then can easily

be removed by osmotic absorption directly into the

capillaries.

5fgnglc«tnce of ffegatfve fnterstftfof fluid

Pressure as a Means for Holding the Body
Tissues Together

In the past it has been assumed that the diiTerent
tissues of the body are held together entirely
connective tissue fibers. However, at many places
in the body, connective tissue fibers are absent.
This occurs particularly at points where tiroues
slide over each other. Yet, even at these places,
the tissues are held together by the negative in-

^

‘
’ fluid pressure, which is actually a partial

' m. When the tissues lose their negative pres-
v, fluid accumulates in the spaces, and the

’ known as edema occurs, which is dis-

. cussed later in the chapter.

fltur* 31-5, rtiyilcd model of the cUsue* cofumjcted of

»

mbbet Im^. a perforated lube to shnuUte * ctpIIUry. tulloofts

filled «d(h w4ter losimuljie cells. «nd cotton between the baliooes

to simutete incerceUuUi efemetus. Lett edenutous atite

nortedemsiom aute

Significance of the Normally “Dry” Stale of

Ihe Interstitial Spaces. The norma! tendency (of

the cnpillanes to absorb fluid from the interstitial

spaces and thereby to create a partial vaetfun

causes all the minute structures of the interstllwl

spaces to be compoeted. Figure 31-5 illustratM s

physical model of the tissues constructed to lHW'

irate this eflect. To the left, positive pressure is

present and excessive quantities of fluid are pie®'

ent in the ’’interstitial spaces " To the right, f'®?*

atjve pressure has been applied through the per*

forated tube, which simulalea a capillary, and th®

ti.<isue elements are pulled tightly together.

represents a “dry” state; that is, no excess fluid «

present besides that required simply to fill

crevices between the tissue elements.

IDtMA

Edema means the presence of excess interstitial

in the tissues. Refemng again to Figure 31-5. ore

that the left-hand portion of the figure represents the

edematous slate, while the nght-hflnd portion reP^
sents the noncdeinatous state.

, . ,

Obviously, any factor that increases the interstitial

fluid pressure high enough can cause excess Intcrstitia

fluid volume and thereby cause edema.

PRlSSURl-VOLUMt CURVl
or THE nmnsTmAL fluid spaces

Ft^to 31-6 illustrates the average relationship

tween pressure and volume in the interstitial i‘W

spaces in the human body as extrapolated from

urementa in the dog. The shape of the curve was
mined in the following manner A dog’s leg was remf^^

from its body and then perfused with concentra^

dextran solution having a colloid osmotic pressure

twice that of normal plasma. This high colloid

force inside the capillaries caused absorption of n
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(mtnHg]

Figure 31>4. Preuure-volume curve of (he IntenOCUI spaces.

(Extrapolated to the human being from daca obtained In dogs.)

from the interstitial spaces and caused the weight of the
leg to decrease. Measurement of this change m weight
provided a means for measuring the decrease in inter*

stitial duid volume. Simultaneously, the tree fluid pres*

sure m the interstitial fluid spaces was measured using
the implanted capsule method described in the preceding

chapter. Later in the experiment, fluid having no colloid

osmotic pressure was perfused through the limb, and
this Caused tremendous quantities of fluid to leak out of
the capillaries into the interstitial spaces, thereby in*

creasing the interstitial fluid volume. The curve of
Figure 31-6 represents the average results obtained in

experiments of this type.

The Slight Interstitial Fluid Volume Change in
the Negative Pressure Range. One of the most signif-

icant features ofthe curve in Figure 31-6 is that so long
as the interstitial fluid pressure remains in the negative
range there is little change in interstitial fluid volume
despite marked change in pressure. Therefore, detecta*
ble edema will not occur so long as the interstitial &ee
fluid pressure remains negative. Indeed, in several
hundred measurements of interstitial free fluid pressure
made in experimental animals, no edema has ever been
recorded m the presence of negative interstitial pres-
sure.

Tremendous Increase in Interstitial Fluid Volume
When the Interstitial Free Fluid Pressure Becomes
Positive. Note in Figure 31-6 that just as soon as the
mterstitial free fluid pressure rises to equal atmo^heric
pressure (rero pressure), the slope of the pressure-vol-
ume curve suddenly changes and the volume increases
pr^pitously. An additional increase in interstitial free
fluid pressure of only 1 to 3 mm Hg now causes the
interstitial fluid volume to increase several hundred per
cent Finally, at the very top of the figure, the skin
bepns to be stretched so that the volume now increases
much less rapidly.

Tissue Space Compliance in Different Pressure
Ranges. Another way to express the pressure-volume

characteristics of the interstitial fluid spaces is in terms
of compliance, which is defined as the change in volume
for a given change in pressure. In the negative pressure
range, the compliance of the interstitial spaces is slight,

about 400 ml/mm Hg for the entire human body (as

extrapolated from measurements in dogs). But, just as
soon as the interstitial free fluid pressure rises into the
positive range, this compliance increases tremendously,
rising to about 10,000 ml/mm Hg. Thus, the compliance
increases approximately 25-fold between the negative
pressure range and the positive pressure range.

POSmVE FSTERSmiAL FLUID PRESSURE
AS THE PHYSICAL BASIS FOR EDEMA

After studying the pressure-volume curve of Figure

31-6, one can readily see that whenever the interstitial

free fluid pressure nses above the surrounding atmos-

pheric pressure, the tissue spaces begin to swell. There-

fore. physical cause of edema is positive pressure

(that IS, supra-atmosphenc pressure) in the interstitial

fluid spaces.

Degree of Edema in Relation to the Degree of

Positive Pressure. The solid curve of Figure 31-7 is

the same pressure-volume curve as that shown in Figure

31-6, but an edema scale has been added to the figure.

One-plus edema means edema that is barely detectable,

and 4* edema means edema in which the limbs are

swollen to diameters 1.5 to 2 times nonnaL

Note m Figure 31-7 that edema usually is not detect-

able in tissues until the interstitial fluid volume has

risen to about 30 per cent above normal. And note also

that the mterstitial fluid volume increases to several

hundred per cent above normal m senously edematous

tissues.

Stretch of the Tissue Spaces in Chronic Edema.
If^ema persists even for a few hours, and especially if

INTERSTITIAL "FREE* FLUID PRESSURE
(mrnHg)

ngure 31-7. ReUdonshlp of edemx to the premue-volume
curve of the IntentiOal spaces. The dashed curves show the eff

of prolonged edema on the pressure-volume curve.
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it persists, for weeks, months, or years, the tissue spaces

gradually become stretched As a result, the pressure-

volame curve changes from the solid curve In Figure

31-7 to the progressively higher dashed curves. In otter

words, in chronic edema the tissue “bag" expands, which

increases the ease with which the tissues can develop

severe edema. Even a I to 2 mm Hg pressure rise above

atmospheric pressure can cause 4+ edema once the

tissue spaces have been stretched for many days This

phenomenon of stretch of the tissues is called delayed

compliance or slress’releaalion of the tissue spaces

The Phenomenon of “Pitting” Edema, If one

presses a finger on the skin over an edematous area and
then suddenly removes the finger, a small depression

called a "pit" remains. Gradually, within 5 to 30 seconds,

the pit disappears The cause of pitting is that edema
fluid has been translocated away from the area beneath

the pressure point The fluid simply flows through the

tissue spaces to other tissue areas Then, when the finger

IS removed, 5 to 30 seconds is required for the fluid to

flow back into the area from which it had been displaced

Nonpitting Edema. Occasionally, the fluid m seri-

ously ^ematous tissues cannot be mobiltied to other

areas by pressure. The usual cause of this is coagulation

of the protein, especially the fibnnogen, m the tissues

For instance, in an infected or traumatized area, large

quantities of fluid can collect, but coagulation of Uie

protein entraps the fluid in the form of a gel and
Ihereforo prevents the fluid from being expulsed by
pressure. Also, swelling of tissue cells, which occurs

when cells are traumatized, diseased, or fait to receive

adequate nutrition, can also cause nonpitting edema
This type of edema is frequently also called brawny
edema.

THE COJVOrrOfAW “EDEMA SAFETY
FAaOR“

Safety Factor Caused by (he Normal Negative
Interstitial Free Fluid Pressure. One can readily see

from Figures 31-6 and 31-7 that the intersUlial fluid

pressure must rise from the normol value of -5 3 to

above 0 mm Hg before edema begins to appear Thus,
there IS a safety factor of 5 3 mm Hg caused by the
normal negative interstitial free fluid pressure tefore
edema appears.

Safety Factor Caused by Flow of Lymph from the
Tissues. Another safety factor that helps to prevent
edema is increased lymph flow When the interstitial

free fluid pressure rises above the normal value of -5 3
mm Hg, lymph flow increases greatly, which removes a
greater portion of the extra fluid entering the interstitial

spaces And this obviously helps to prevent the devel-
opment of edema
One can estimate that maximally increased lymph

flow gives approximately a 7 mm Hg safety factor, for
the extra lymph flow can carry away from the tissues
approximately the extra amount of fluid that is formed
by ft 7 mm llg excess in capillary pressure
Safety Factor Caused by Washout of Protein from

the Interstitial Spaces. In addition to removal of fluid
volume from the interstitial fluid spares, increased
'lymph flow also washes out most of the proteins from

Interstitial fluid spares, decreasing the colloid os-

^
‘c pressure of the interstitial fluid from the normal

j|ueof6mm tigdownto about 1 mm Hg TOs provides
another 5 mm llg safety factor.

Total Safety Factor and Its Significance. Now.k
us add all the above safety factors;

' mm Hi

Negative interetitial fluid pressure 53

Lymphatic flow 7 0

Lymphatic washout of proteins ^
TOTAI, 17J

Thus we find that a total safety factor of about 17

mm Hg is present to prevent edema. This nieanj

that the capillary pressure must rise about 17 ma
Hg above its normal value of 17 mm Hg—that is,

ateve 34 mm Hg—before edema begins to appear

Or the plasma colloid osmotic pressure must fall

from the normal level of 28 mm Hg to below 11

mm Hg before edema begins to appear. This ex-

plains why the normal human being does not

become edematous until severe abnormalities oc-

cur in the circulatory system.

EDEMA RESULTINC FROM
ABSORMAl CAPIUARY DYNAMICS

From the discussion of capillary and interstitial fluii

dynaimce In the preceding and present chapters, d h

already evident that several different abnormalitiw in

these dynamics can increase the tissue pressure wd «
turn cause extracellular fluid edema. The diflerenl

causes of extracellular fluid edema are*

Increased Capillary Pressure as a Cbum
Edema. Figure 31-8A shows the effect of Incfsssw

mean capillary pressure on the dynamica of fluid ex

change at the capillary membrane. In this example, we

mean capillary pressure is 41 mm Hg instead of

usual normal 17 mm Hg Consequently, enough Kwo

flows into the tissue spaces to raise the interstitial nua

pressure to +8 ram Hg This is far above the stmos*

phene pressure of 0 mm Hg. and therefore causes prt>-

gressive enlargement of the tissue spaces, with tremen

dous expansion of the extracellular fluid volume
Causes ofIncreased Capillary Pressure. Incre_8f*“

capillary pressure can result from any clinical condihon

that causes either venous obstruction or arienolar oua-

talion. Large venous blood clots frequently cause

areas of venous obstruction, which block the reti^ 6‘

blood to the heart and promote edema in the tissue

normally drained by the obstructed veins.
. .

More frequently, however, capillary pressure i*

creased by obstruction of venous return due to

failure, for, when the heart no longer pumps blood co

of the veins with ease, blood dams up in the venou

system The capillary pressure rises, and
disc edema" occurs. The dynamics of this type of

are complicated, however, and were discussed in oeU

m Chapter 26
Decreased Plasma Proteins as a Cause ®f?

Figure 31-8B illustrates the abnormal dynamics tna

occur at the capillary membrane when the plasma P

tein concentration falls to an abnormally low value i

major effect is a markedly lowered colloid osmotic pi^

eure of the plasma. Consequently, the capillary P*^. -

far overbalances the colloid osmotic pressure,

fluid to collect in the tissue spaces, and the

free fluid pressure rises As long as the pressure

excessively elevated, the tissue spaces continually

large, with the edema becoming progres-sively worse
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As is also the case with changes in capillary pressure,
le decrease in plasma colloid osmotic pressure must be
*trcme before edema begins to develop Since the nor-
lal safety factor is about 17 mm Hg, edema usually
cgins to appear in loose subcutaneous tissues when the
lasma colloid osmotic pressure falls below approxi-

U mm Hg.
^Conditions That Decrease the Plasma Protein
'Onceatration. Albumin is often lost from the plasma
n large quantities when the skin is exUnstvety burned
ncrtfore, one of the complications of seNcro bums is
‘Ot only severe edema in the tissues surrounding the
'Wied area but also edema throughout the body because
f Icwercd colloid osmotic pressure.
Often large quantities of protein, especially albumin,

•re lost through the kidneys into the unne in the disease
nown as nrphrosis. Sometimes as much as 20 grama of
Ibunun are lost each day, and the colloid osmotic

pressure of the plasma may tall to one-third normal or
even less. This results in severe edema, and the edema
Itself is likely to contribute to death by means that are
discussed later m the chapter.

Finally, persons who do not have sufficient protein in
their diets are unable to form adequate quantities of
plasma protein and, therefore, are likely to develop
protein deficiency edema, which is called nulnltonal
edema. This occurs frequently in famine areas, espe-
cially in some tnba! areas of Afnca.
Lymphatic Obstruction as a Cause of Edema.

Even under normal conditions a small amount of protein
leaks continually from the capillanes into the tissue
spaces, and the only route by which the protein can be
returned to the circulatory system is through the lym-
phatics. If the lymphatic drainage becomes blocked,

more and more protein collects in the local tissue spaces
until the concentration of the protein approaches the
concentration of protein in the plasma As shown m
Figure 31-fiC, the colloid osmotic pressure of the tissue

fluids may theoretically rise to as high os 2S mm Hg.
and, to balance this, fluid collects in the tissues until

the interstitial fluid pressure rises to a value equal to

the capillary pressure, about 17 mm Hg. Such elevated

tissue pressure rapidly expands the tissue spaces, with
resultant edema of the severest kind

Causes ofLymphatic Obstruction. One of the most
common causes of lymphatic obstruction is fifanasta—

that IS, infection by nematodes of the superfamily Filar*

lotdea The disease is widespread m the tropics, where
larvae (microfilariae) are transmitted to human hosts

by mosquitoes. The larvae pass out of the capillaries

into the interstitial fluid and then by way of the lymph
into the lymph nodes Subsequent inflammatory reac-

tions progressively obstruct the lymphatic channels of

these nodes with scar tissue Aflcr several years, the
lymphatic drainage from one of the penpher^ parts of

the body may become almost totally occluded. Thus, a
leg can swell to such a size that it might weigh as much
as all the remainder of the body Because of this extreme
degree of edema, the swollen condition is frequently

called etephanliasis. An interesting type of elephantiasis

occasionally occurs in the scrotum, which has been
known to enlarge so much that the person must carry

It in a wheelbarrow m order to move about.

Lymphatic obstruction also occurs following opera-

tions for removal of cancerous tissue Because the lymph
nodes draining a cancerous area of the body must be

removed m order to prevent possible spread of the

cancer, the return of lymph to the circulatory system

from that area will be blocked. Occasionally a radical

mastectomy for removal of a cancerous breast causes

the corresponding arm to swell to as much as twice its

normal sue. but usually the swelling rogrcsseit dunng
the following two to three months os new lymph chan-

nels develop.

Increased Pcnneability of the Capillaries as a

Cause of Edema. Figure 31-£D illustrates a capillary

whose membrane has bocome so permeable that even
protein molecules pass from the plasma into the inter*

slilial spaces wnth case. The protein content of the

plasma decreases while that of the interstitial spaces

increases. In the example of the fiifurc the tixi-ue pres-

sure mes to *7 mia Hg to baJaore the cha^gra u>

plasma and tissue colloid osmoUc pressure occasioned

by the leakage of protein. The tlcvalol ir.lersutial fn-c

fluid pressure in turn causes progreosive edema.

Cause of Increased Capillary PenurabiUiy. Cap*
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lUarica become excessively permeable when any factor

destroys the integrity of the capillary endothelium.

Bums are a frequent cause of increased permeability of

the capillaries because overheated capillaries become

friable, and their pores enlarge. Allergic reactions also

frequently cause the release of histamine or various

polypeptides that damage the capillary membranes and
cause increased permeability.

WSMA CAUSED BY
KiDSEYnmsnos or nuio

When the kidney fails to excrete adequate quantities

of unne, and the person continues to drink normal
amounts of water and ingest normal amounts of electro-

lytes. the total amount of extracellular fluid m the body
increases progressively. This fluid is absorbed from the

gut into the blood and elevates the capillary pressure

This in turn causes most of the fluid to pass into the

interstitial fluid spaces, elevating the interstitial fluid

pressure as well. Therefore, simple retention of fluid by
the kidneys can result in extensive edema

THE PRESENCE AND IMPORTANCE
or GEL IN THE INTERSTITIAL SPACES

Up to this point we have discussed interstitial

fluid as if it were entirely in a mobile, “free” state.

However, tn the normal interstitial spaces, the
interstitial fluid is entrapped in a^ef-mofm com-
prised of large proteogfyeon mofecufes (also called

mucopolysaecharides). These molecules generally

have molecular weights greater than one million,

are folded into odd shapes, and are entangled
among each other, which is what causes the gel-

like nature of the normal interstitial fluid, ^e
widths of the spaces between the molecules are
usually only 20 to 40 nanometers, which is so
small that water molecules and dissolved sub-
stances in the interstitial fluids connot flow with
ease through this gel-matrix. Therefore, the inter-

in noTToni \isisn«9. is relotiveW immo-
bilized.

Even though the fluid in the interstitial gel

cannot “flow" easily from one part of the inlersti-

tium to onothcr, the individual molecules still do
move by random kinetic motion as rapidly as ever
Furthermore, since most of these molecules have
diameters 20 or more times less than the sizes of
the spaces between the proteoglycan molecules,
they can still move by the process of diffusion
through the interstitium more than 95 per cent as
effectively as in free fluid. Therefore, nutrients can
diffuse from the capillaries to the cells almost
equally as well through the gel as thnm^ free
fluid.

Importance of the Gel-Matrix. There are sev-
1 important advantages of having a gel-matrix

,
the interstitium. Some of these are:

(1)

The proteoglycan molecules act as a “filler"

to hold the cells apart. This creates large enough
spaces for fluid and nutrients to diffuse from the

capillaries to those cells that ore located som

distance away from the capillaries.

(2) Since the fluid in the tissue spaces is maiol

Immobilized by the gel, this prevents fluid frot

flowing through the tissue spaces from the uppe

part of the body into the lower body. Otheivi«

all of the interstitial fluid (16 per cent of the tets

body weight) would flow within minutes into tb

tissue spaces of the legs and feet.

(3) The proteoglycan meshwork not only ironic

bilizes fluid but also immobilizes bacteria en

keeps them from spreading through the tissues.

Relation of Rdema Fluid to the Gel. V/be

excessive amounts of fluid begin to accumulate i

the interstitial spaces, the gel at first entraps thj

additional fluid as well, and the entire gel-mstri

of the interstitium swells. However, once the P
has swollen more than 30 to 60 per cent,

entanglements ofthe proteoglycan molecules

to break up, and then free fluid spaces develops

through the interstitium. As still more fluid a^v

mulates, the free fluid spaces become so large Ins

they coalesce to form large free fluid channels i

the tissues. Once this has occurred, fluid then flo'*

freely through the tissues, 10,000 to 250,000 time

as easily as in normal tissues.

Figure 31-9 illustrates the volume relationship

INTERSTITIAL FREE FLUID PRESSURE
(mmHg)

n^rc 31-9. Effect of Increasing Intersatial fluid

the volumes of total Interstitial fluid, gei fluid, and flee fluW.
^

that jlgrdflcant amounts of free fluid occur only when the 1C

sdUal free fluid pressure becomes positive. {Modified from^
ton. Granger, and Taylor- Physiol Rev, 51527, 1971

)
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between free interstitial fluid, gel fluid, and total

interstitial fluid in both the nonedematous and the
edematous states. Note that under normal condi-

tions, when the interstitial free fluid pressure is

in its normal negative pressure range, there is

almost imperceptible free fluid in the tissues. In-

stead, almost all of the fluid is in the gel phase
and it is also highly immobile. On the other hand,
as the interstitial free fluid pressure rises and as
the state of edema approaches, the gel swells some
30 to 50 per cent, ^er which it swells no more.
With still more increase in interstitial free fluid

pressure, all the additional edema fluid that ac-

cumulates is free fluid that is highly mobile
through the tissue spaces. It is this high degree of
mobility that causes the edema to be of the pitting
type, as was explained earlier in the chapter.
Relationship of Interstitial Fluid Gel to the Reg-

ulation of Interstitial Fluid Volume. Since approxi-
mately 16 per cent of the average tissue is composed of
interstitial fluid and normally almost all of it is m the
gel state, one can derive the following concept for the
regulation of interstitial fluid volume. The mechanism
previously described for creating a negative pressure in
the tissue spaces is actually a “drying mechanism that
always attempts to remove any free fluid that appears
in the tissues. Thus, normally, essentially all free fluid
is removed as rapidly as it is formed, leaving in the
normal tissues only the gel, which stiil constititues
about 16 per cent of the tissue volume.
The question remains, though, why does this drying

mechanism remove only a small amount of fluid from
the gel? The answer to this has two components: First,
the fine reticular filaments of the gel are composed of
hyaluronic acid molecules that are coiled like springs
and are compressed against each other. Therefore, the
elastic forces of these molecules prevent excessive
compression in the same way that cotton fibers in cloth
fabrics prevent compression beyond a certain point.
Second, the gel has a slight amount of osmotic pressure
caused by the Donnan equilibnum effect; that is, the
gel reticulum has negative electrostatic charges that
hold small, mobile, positive ions—mainly sodium ions

—

within the gel. These ions in turn cause osmosis ofwater
into the gel.

The quantity of mucopolysaccharides in the tissue gel
is sufficient to give an osmotic absorptive pressure in
the gel that is calculated to be about 2 mm Hg. The
elastic recoil of the hyaluronic acid “springs” gives
approximately another 4 nun Hg of recoil force, making
a total of about 6 mm Hg to resist dehydration caused
by the -6.3 mm Hg pressure in the free fluid of the
tissue spaces.

PULMONARY INTERSTITIAL
aUlD DYNAMICS

The dynamics of the pulmonary interstitial fluid
are essentially the same as those for fluid in the
peripheral tissues except for the following impor-
tant quantitative differences:

1.

The pulmonary capillary pressure is very low
in comparison with the systemic capillary pres-

sure, approximately 7 mm Hg in comparison with
17 mm Hg.

2. The interstitial free fluid pressure in the lung
mterstitium has been measured to be - 8 mm Hg
in comparison with -5 mm Hg in subcutaneous
tissue.

3. The pulmonary capillaries are relatively leaky
to protein molecules so that the protein concentra-
tion of lymph leaving the lungs is relatively high,
averaging about 4 grams per cent instead of 2
grams per cent in the peripheral tissues.

4. The rate of lymph flow from the lungs is also

very high, mainly because ofthe continuous pump-
ing motion of the lungs.

5. The interstitial spaces of the alveolar portions

of the lungs are very narrow, represented by the

minute spaces between the capillary endothelium
and the alveolar epithelium.

6. The alveolar epithelia are not strong enough
to resist very much positive pressure. They are

probably ruptured by any positive pressure in the

interstitial spaces greater than atmospheric pres-

sure (0 mm Hg), which allows dumping of fluid

from the interstitial spaces into the alveoli.

Now let us see how these quantitative difler-

ences affect pulmonary fluid dynamics.

Interrelationship Between Interstitial Fluid
Pressure and Other Pressures in the Lung.
Figure 31-10 illustrates a pulmonary capillary, o

pulmonary alveolus, and a lymphatic capillary

draining the interstitial space between the capil-

lary and the alveolus. Note the balance of forces

at the capillary membrane as follows:

mm Hg

Forces tending to cause movement
offluid outward from the capillaries

and into the pulmonary interstitium:

Capillary pressure 7
IntersUtial fluid colloid osmotic

pressure 14

Negative interstitial

fluid pressure 8

TOTAL OUTWARD FORCE 29

Forces tending to cause absorption offluid info the

capillaries:

Plasma colloid osmotic pressure 28

TOTAL INWARD FORCE 28

Note that the normal outward forces are slightly

greater than the inward forces. The net mean
filtration pressure at the pulmonary capillary

membrane can be calculated as follows:

mm Hp.

Total outward force +29
Total inward force —28

NET MEAN ULTHATION
PIUlSSUItE +

1
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PRESSURES CAUSING FLUID MOVEMENT

Coptllory Alveofus

Lymphatic pump

n^ure 31-10. HydrasUtIc and osmotic forces at ehecapOUiy

^leh) and aSsieolst nwmbrant (hsht) of the lvjo$s Wso shown tt a

lymphatic (center) that pumps Ruid from the puimooaiy InterstKW

spaces. (Modified from Cuytort. Taylor, and Cranger Dynamics

and Control of the Body fluids Philadelphia. W B Saunders

Company 1975)

This net fiitration pressure causes a slight con-

tinual flow of fluid from the pulmonary capillanes

Into the interstitial spaces, and, except for a small

amount that evaporates in the alveoli, this fluid is

pumped back to the circulation through the pul-

monary lymphatic system.

Fluid Exchange at the Pulmonary Alveolar
Membrane; The Mechanism for Keeping the
Alveoli “Dry," One of the most important prob-

lems in lung function is to understand why the

alveoli do not flil up svith fluid. One’s first impulse
is to say that the alveolar epithelium keeps fluid

from leaking out of the interstitial spaces into the
alveoli. However, this is not true, because there
are always a small number of fairly large openings
between the alveolar epithelial cells through
which even large protein molecules as well as laige
quantities of water and electrolytes can pass.

However, if one remembers that the pulmonary
capillanes and the pulmonary lymphatic system
normally maintain a negative pressure in the
interstitial spaces, then it is clear that whenever
extra fluid appears in the alveoli this will simply
be sucked mechanically into the lung interstitium

through the small holes between the alveolar epi-

thelial cells. Then the excess fluid is either sucked
into the pulmonary lymphatics or is absorbed into
the pulmonary capillaries. Thus, under normal
conditions the alveoli are kept in a "dry” state
except for a small amount of fluid that seeps from
the epithelium onto the lining surfaces of the
alveoli to keep them moist.

tDlMA

Pulmonary edema occurs in the same way that it

occurs elsewhere in the body. Any factor that causes the

pulmonary interstitial fluid pressure to rise from t

negative range into the positive range will cause sudd

filling of the pulmonary interstitial spaces and, in mi

severe coses, even the alveoli with large amounts of

fluid.

The usual causes of pulmonary edema are:

(1) Left heart failure or mitral valvular disease w;

consequent great increase in pulmonary capillary
in-

sure ni\d flowing of the interstitial spaces

(2) Damage to the pulmonary capillary membn
caused by breathing noxious substances such as chlor

gas or sulfur dioxide gas.

(3) Decrease in plasma colloid osmotic pressure &

low enough level that fluids transude from the bli

into the pulmonary interstitial spaces (occur* oi

rarely)

Pulitionnrj' “rnlcrstitial Fluid" Edema Vers

Pulmonary “Alveolar" Edema. The Interstitial 8:

volume of the lungs usually cannot increase more

about 50 per cent (representing less than lOO millUii

of fluid) before the alveolar epithelial mernbranes r

tureand fluid bc^ns to pour from the interstitial spa

into the alveoli. The cause of this is simply the >i

slight tensional strength of the pulmonary ahw
epithelium; that is, any positive pressure in the int

stitial fluid spaces seems to cause immediate niptim

this epithelium
Therefore, except In the mildest cases ofpuImcD;

edema, edema fluid always enters the alveoli; if l

edema becomes severe enough, it can cause death

suffocation, as has already been discussed in Clupt

26 and 27
The ‘'Pulmonary Edema Safety Factor" All l

factors that tend to prevent edema in the periphe

tissues also tend to prevent edema In the lungs T
is. before positive interstitial fluid pressure can eo

and cause edema all the following factors must

overcome: (1) the normal negativity of the interstil

fluid pressure of the lungs, (2) the lymphatic pump

of fluid out of the Interstitial spaces, and (3) the

creased osmosis of fluid into the pulmonary capilUi

caused by decreased protein in the interstitial fluid a!

the lymph flow increases

!n experiments in animals it has been found that i

pulmonary capillary pressure normally must ns? t

value at least equal to the plasma colloid osmotic pr

sure before significant pulmonary edema will oct

Thus, in the human being, who normally has a plas

colloid osmotic pressure of 28 mm Hg, one can pred

that the pulmonary capillary pressure must rise fr

the normal level of 1 mm Hg to over 28 mm Hg to csi

pulmonary edema, giving a safety factor against p

monary edema of about 21 mm Hg.
Safety Factor in Chronic Conditions. *

pulmonary capillary pressure remains elevated chro

caliy (for at least two weeks), the lungs become ei

more resistant to pulmonary edema because the lyn

vessels expand greatly, increasing their capability

carrying fluid away from the interstitial spaces as ini

as tenfold. Therefore, a patient with chronic nut

stenosis frequently has a pulmonary capillary

as great as 40 to 45 mm Hg without having signica

pulmonary edema.
Thus, m chronic pulmonary edema, the Mfety fac

against pulmonary edema can rise to as high ss 35

40 mm Hg, in comparison with a normal value of

mm Hg under acute conditions
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Rapidity of Death in Acute Pulmonary Edema.
When the pulmonary capillary pressure does rise even
slightly above the safety factor level, lethal pulmonary
edema can occur within hours, and within 20 to 30
minutes if it is as much as 25 to 30 mm Hg above the

safety factor level. Thus, m acute left heart failure, in

which the pulmonary capillary pressure occasionally

rises to as high as 50 mm Hg, death frequently ensues

m less than one-half hour from acute pulmonary edema.
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The Special Fluid

Systems of the

Body—
Cerebrospinal,

Ocular, Pleural,

Peticardial,

Peritoneal, and
Synovial

8«veral spe<ial Huid systems exist in the body, each

perfoming functions peculiar to itself. For instance, the

cerebrospinal fluid supports the brain in the cranial

vault, the intraocular fluid maintains distension of the

eyetsalls so that the optical dimensions of the eye remain
constant, and the potential spaces, such as the pleural

and pericardial spaces, provide lubricated chambers in

which the internal organs can move. AH these fluid

systems have characteristics that are similar to each
other and that are also similar to those of the interstitial

fluid system However, they are also sufficiently differ-

ent that they require spcaal consideration.

entire brain sioultaneously, causing no one portion ef

the brain to be momentanly contorted by the blovi.

Contrecoup. Wien a blow to the headis extremev

severe, it usually does not damage the brain on the eiw

of the bead where the blow is struck, but, instead ca

the opposite side This phenomenon is known as wn*

trecoup,” and the reason for this effect is the follw^

When the blow ia struck, the fluid on the struck side IJ

so incompressible that, as the skull moves, the flu'»

pushes the brain at the same time. However, on ^
opposite side, the sudden movement of the skull cau^

it to pull away from the brain momentarily, creating i«

THE CEREBROSPINAL FLUID SYSTEM

The entire cavity enclosing the brain and spinal cord

has a volume of approximately 1650 ml, and about 150
ml of this volume is occupi^ by cerebrospinal fluid.

Thu fluid, as shown in Figure 32-1, is found in the

ventricles of the brain, in the cisterns around the brain,
and in the subarachnoid space around both the brain
and the spinal cord. All ih^ chambers axe connected
with each other, and the pressure ofthe fluid is regulated
at a constant level

CUSHIOSISG FUNCTION
OF THE CEREBKOSriNAl FLUID

’lA major function of the cerebrospinal fluid is to tush-

,
’ the brain within its solid vault. Fortunately, the

and the cerebrospinal fluid have approximately
li same spcafie gravity, so that the brain simply floats

in the fluid Therefore, a blow on the head moves the

374

ngure 32-1. Pathwjy of cerebrospinal fluid

choroid plexuses In ihe lateral ventricles to the arachnow

protruding Info the dural sinuses
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a short instant a vacuum in the cranial vault at this

point Then, when the skull is no longer being acceler-

ated by the blow, the vacuum suddenly collapses and
the brain stnkes the inner surface of the skull. Because

of this cQect, the damage to the brain of a boxer usually

does not occur m the frontal regions but, instead, in the

occipital regions.

FORMATION, FLOW, AND ABSORPTION
OF CEREBROSPINAL FLUID

Cerebrospinal fluid is formed at a rate of approxi-

mately 500 ml each day, which is about three times as

much as the total volume of fluid in the entire cerebro-

spinal fluid system. Probably two thirds or more of this

fluid originates as a secretion from the choroid plexus

in each of the four vcntncles, mainly in the two lateral

ventricles. Additional amounts of fluid are secreted by
all the ependymal surfaces of the ventricles, and a small

amount comes from the brain itself through the peri-

vascular spaces that surround the blood vessels entering

the brain.

Figure 32-1 illustrates the main channel of fluid flow

from the choroid plexuses and then through the cerebro-

spinal fluid system. The fluid secreted in the lateral

ventricles passes through the foramina of Monro into

the third ventricle, then combines with that secreted in

the third ventricle, and Anally passes along the aqueduct

of Siloiua into the fourth ventricle where a small

amount of additional fluid is added It then passes out

of the fourth ventricle through three small openings,

two lateral foramina ofLuschka and a midline foramen

ofMagendie, entering the cisterna magna, a large fluid

space that lies behind the medulla and beneath the

cerebellum. The eistema magna is continuous with the

subarachnoid space that surrounds the entire brain and
spinal cord, and almost all the cerebrospinal fluid flows

upward through this space toward the cerebrum. But
before it can reach the cerebrum it roust first flow

through the small tentorial opening around the mesen-
cephalon where the flow is sometimes impeded From
the cerebral subarachnoid spaces, the fluid flows into
arachnoidal villi that project into the large sagittal

venous sinus and to a lesser extent into oUier venous
sinuses. Finally, the fluid empties into the venous blood
through the surfaces of these villi.

Secretion by the Choroid Plexus. The choroid
plexus, which is illustrated in Figure 32-2, is a cauli-

flower-hke growth of blood vessels covered by a thin
layer of epithelial cells. This plexus projects into (a) the
temporal horn of each lateral ventricle, (b) the posterior
portion of the third ventricle, and (c) the roof of the
fourth ventncle.

The secretion of fluid by the choroid plexus depends
mainly on active transport of sodium ions through the
epithelial cells that line the outsides of the plexus. Ibe
sodium ions in turn pull along large amounts ofchloride
tons as well because the positive charge of the sodium
ion attracts the chloride ion’s negative charge. Finally,
the two of these together increase the quantity of os-
motically active substances in the cerebrospinal fluid,

which then causes almost immediate osmosis of water
through the membrane, thus providing the fluid of the
secretion. Less important transport processes move
small amounts of glucose into the cerebrospinal fluid

and both potassium and bicarbonate ions out of the
cerebrospinal fluid into the capillaries. Therefore, the

figure 32-2. The choroid plexus (Modified from CUra Das
Neivensysiem des Menschen Barth

)

resulting characteristics of the cerebrospinal fluid be-

come approximately the following osmotic pressure,

approximately equal to that of plasma, sodium ton

concentration, also approximately equal to that of

plasma, chlonde, about 15 per cent greater than in

plasma, potassium, approximately 40 per cent less; and
glucose, about 30 per cent less.

Absorption of Cerebrospinal Fluid Through the
Arachnoidal Villi. The arachnoidal villi are micro-

scopic, finger-like projections of the arachnoidal mem-
brane through the walls of the venous sinuses. Large
conglomerates of these villi are usually found together

and form macroscopic structures called arachnoidal
granulations that can be seen protruding into the sin-

uses The endothelial cells covering the villi have been
shown by electron microscopy to have large vesicular

holes directly through the bodies of the cells. These are

large enough to allow relatively free flow of cerebrospi-

nal fluid, protein molecules, and even particles as large

as red blood cells into the venous blood.

The Perivascular Spaces and Cerebrospinal
Fluid. The blood vessels entering the substance of the

brain pass first along the surface of the bram and then

penetrate inward, carrying a layer of pta mater with
them, as shown in Figure 32-3. The pia is only loosely

adherent to the vessels, so that a space, the perivascular

space, exists between it and each vessel. Perivascular
spaces follow both the artenes and the veins into the
brain as far as the artenoles and venules but not to the
capillaries.

The Lymphatic Function of the Perivascular
Spaces. As is true elsewhere in the body, a small
amount of protein leaks out of the parenchymal capil-

laries into the interstitial spaces of the brain, and since

no true lymphatics are present in brain tissue, this

protein leaves the tissue mainly through the perivas-

cular spaces but partly also by direct diffusion throug
the pia mater into the subarachnoid spaces. On reachin

the subarachnoid spaces, the protein flows along with

the cerebrospinal fluid to be absorbed through ar-

achnoidal villi into the cerebral veins Therefore, the
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Flsure 32-3. Oratnage of the pertvascular spaces Into the

subarachnoid space (From Rar»son and CUrV- Artatorr^ of ebe

Nervous System. Phltactelphl*. W B Saunders Company, 19S9)

penvascular spaces, in eiTect, are a modifiod lymphatic

system for the brain

In addition to transporting fluid and proteins, the

perivascular spaces also transport extraneous particu-

late matter from the brain into the subarachnoid space
For instance, whenever infection occurs in the brain,

dead white blood cells are carried away through the
perivascular spaces

OEUBROSriNAL FlUfO PREiSURE

The normal pressure in the cerebrospinal fluid system
when one le lying in a horitontal position averages 130
mm water (10 mm Hgl, though this may be as tow as
70 mm water or as high as 180 mm water even In the
normal person These values are considerably more
positive than the -5 3 mm Hg pressure in the intersti-

tial spaces of the subcutaneous tissue

Regulation of Cerebrospinal Fluid Pressure. The
cerebrospinal fluid pressure is regulated almost entirely

by absorption of the fluid through the arachnoidal vilIi

The reason for this is that the rate of cerebrospinal fluid

formation is very constant, so that this is rarely a factor

in pressure control On the other hand, the vilh act as
valves that allow the fluid and its contents to flow
readily into the venous blood of the sinuses while not
allowing the blood to flow backward in the opposite
direction This valve action of the villi allows cerebro-
spinal fluid to flow into the blood when its pressure »s

1 5 mm Hg greater than the pressure of the blood m the
sinuses Then, as the cerebrospinal fluid pressure rises
still higher, the valves open very widely so that, under
normal conditions, the pressure almost never rises more
than a few millimeters Hg greater than the pressure in
the venous sinuses

On the other hand, in disease states the vitli some-
times become blocked by large particulate matter or by
fibrosis, which can cause very high cerebrospinal fluid
pressure, as we shall discuss later

Cerebrospinal Fluid Pressure in Pathologicol
Conditions of the Brain. Often a large 6rom tumor
elevates the cerebrospinal fluid pressure by decreasing

' the rate of absorption of fluid For instance, tf the tumor

I

above the tentonum and becomes so large that it
impresses the brain downward, the upward flow of

fluid through the tentonal opening may become blocked

and the absorption of fluid greatly curtailed Asarem
the cerebrospinal fluid pressure can rise to as high

:

600 mm -water (37 mm Hg) or more.

The pressure also rises considerably when hemorthat

or infection occurs in the cranial vault. In both of the

conditions, large numbers of cells suddenly appear;

the cerebrospinal fluid, and these can cause tcrfo-

blockage of the small channels for absorption throuj

the arachnoidal villi. This sometimes elevates them
brospinal fluid pressure to as high as 400 to 600 oi

water
Occasionally babies are bom with high cerebrospin

fluid pressure This is usually caused by abnormal

high resistance to fluid reabsorption through the arse

noidal villi, resulting either from too few arachnoid

villi or villi with abnormal absorptive properties H
is discussed later in connection with hydrxMphalus

Measurement of Cerebrospinal Fluid Pressor

The usual procedure for measunng cerebrospinal flu

pressure is the following: First, the subject lies eraci

horiiontally on his side so that the spinal fluid pressni

is equal to the pressure in the cranial vault. A spin

needle is then inserted into the lumbar spinal con

below the lower end of the cord and is connected to

glass tube The spinal fluid is allowed to rise in thett

ns high ns it will If it rises to a level J36 ram abo\e t

level of the needle, the pressure is said to be 136 is

water pressure or. dividing this by 136, which isti

specific gravity of mercury, about 10 mm Hg pressun

Effect of High Cerebrospinal Fluid Pressure <

the Optic Disc—Papilledema. Anatomically, the du

of the brain extends as a sheath around the optic ner

and then connects with the sclera of the eye When 6

pressure rises in the cerebrospinal fluid system, it v
nses in the optic nerve sheath. The retinal artery si

vein picrcc this sheath a few millimeters behind thee;

and then pass with the optic nerve into file eye ItK

The high pressure m the optic sheath impedes the of

of blood in the retinal vein, thereby also increasing t

retinal capillary pressure throughout the eye, whi

results m retinal edema The tissues of the opti't v
are much more distensible than those of the reiraicil

of the retina, so that the disc becomes far more ede®

tous than the remainder of the retina and swells tf

the cavity of the eye The swelling of the di^ ^lU'

can be observed with an opthalmoscope, is called pep

ledema, and neurologists can estimate the cerebros^

fluid pressure by assessing the extent to which the of-

disc protrudes into the eyeball.

O05772{/C77O/V TO THE ILOW
or CZKEBROSPINAL HUID

Hydrocephalus. ‘'Hydrocephalus” meaiu exce

water in the cranial vault This condition is hopin'*

divided into communicating hydrocephalus and

muntcaling hydrocephalus. In communicating nyfl

cephalus fluid flows readily from the ventricular sysU

into the subarachnoid space, while in noncommui^

mg hydrocephalus fluid flow out of one or more or

ventricles is blocked , ,

Usually the noncommunieating type of hydrocepW

is caused fay a block in the aqueduct of Sylvius M
as fluid is formed by the choroid plexuses in

lateral and the third ventricles, the volumes of tn

three ventricles increase greatly. This flattens the bra
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into a thin shell against the skull. In newborn babies

the increased pressure also causes the whole head to

swell because the skull bones still have not fused.

The communicating type of hydrocephalus is usually

caused by blockage of fluid flow in the subarachnoid

space around the basal regions of the brain or blockage

of the arachnoidal villi themselves. Fluid therefore col-

lects both inside the ventnclcs and on the outside of the

brain, causing the head to swell tremendously in infants

and usually damaging the brain severely as well.

The most effective therapy for hydrocephalus is sur-

gical institution of a silicone rubber tube shunt all the

way from one of the vcntncles to the peritoneal cavity,

where the fluid can then be absorbed through the peri-

toneum.

THE BLOOD-CEREBROSPINAL FLUID
AND BLOOD-BRAIN BARRIERS

It has already been pointed out that the constituents

of the cerebrospinal fluid are not exactly the same as

those of the extracellular fluid elsewhere in the body.

Furthermore, many large molecular substances hardly

pass at all from the blood Into the cerebrospinal fluid or

into the interstitial fluids of the brain even though these

same substances pass readily into the usual interstitial

fluids of the body. Therefore, it is said that barriers,

called the blood-cerebrospinal fluid barrier and the

&Iood-6ratn barrier, exist between the blood and the
cerebrospinal fluid and brain fluid, respectively. These
barriers exist in the choroid plexus and in essentially

all areas of the brain parenchyma except the hypothal-
amus, where substances diffuse with ease into the tissue

spaces. This ease of diffusion is very important because
the hypothalamus responds to many different changes
in the body fluids, such as changes in osmolality, glucose

concentration, and so forth; these responses provide the
signals for feedback regulation ofea^ of the factors.

In general, the blood-cerebrospmal fluid and blood-

brain barriers are highly permeable to water, carbon
dioxide, oxygen, and most hpid-soluble substances such
as alcohol and roost anesthetics; slightly permeable to

' the electrolytes, such as sodium, chlonde, and potas-

sium; and almost totally impermeable to plasma pro-
teins and many large organic molecules. Therefore, the
blood-cerebrospinal fluid and blood-brain barriers often

' make it impossible to achieve effective concentrations
I of either protein antibodies or some drugs m the cere-

brospinal fluid or parenchyma of the brain.

The cause of the low permeability of the blood-cere-

brospinal fluid and blood-bram banners la the manner
in which the endothelial cells of the capillaries arejoined
to each other They are joined by so-called tight junc-
tions That is, the membranes of the adjacent endothelial

cells are almost fused with each other rather than
having sht-pores between them, as is the case in most
other capillanes of the body.

Interstitial Fluid of the Brain. Research studies
have shown that the interstitial fluid m brain tissue is

about 12 per cent of the tissue weight, in contrast to 17
per cent elsewhere in the body. The cause of this differ-

ence is lack of collagen fibers between the cells.

Diffusion Between the Cerebrospinal Fluid and
the Brain Interstitial Fluid. The surfaces of the ven-
tnclcs are lined with a thin cuboidal epithelium called

the ependyma, and the cerebrospinal fluid on the outer

surfaces of the brain is separated frord the brain tissue

by a thin membrane called the pto mater. Both the

ependyma and the pia mater are extr^inely permeable

so that almost all substances that ent^r the cerebrospi-

nal fluid can also diffuse readily into the surface areas

of the brain interstitial fluid. Or, likewise, substances

in the interstitial fluid can diffuse m the other direction

as well. Therefore, many drugs that have no effect at

all on the brain when introduced into the blood stream

nevertheless can have very importaivt effects on the

brain when injected into the cerebrospinal fluid.

PltyslologlcAl Importance
of the Blood-Br^n Barrier, and
Importance of the Special Compofftfott

of the Cerebrospinal Fluid

The neurons of the brain require a very exactly

controlled environment, or else their function becomes

abnormal and so also does the function of the entire

brain The blood-brain barrier proW^ts the cerebral

tissue from detrimental substances in the blood, and the

trans{Mrt processes ofthe choroid plexuses and the brain

capillary endothelium help provide the appropriate fluid

environment for the brain

One of the most important results of this special brain

fluid control system is the low conceflli’ation of potas-

sium ions m the brain interstitial flind- Experiments

have shown that even when the circul^^ng blood pot^
slum rises to values almost two tunes nemal, the

potassium concentration in the cerebrospinal fluid still

remains at its normal low value. Tln>8, the barrier

system, along with its carrier-medial6“ transport of

potassium, not only maintains a low potassium concen-

’wa'vion'ouX tfiso'^eeps'Cms

allowing the neurons to generate vefV electnwl

potentials that do not change with th® vagaries of the

rest of the body
TTie blood-bram barrier also prevents such substances

as acetylcholine, norepinephnne, dopa>nine, and glycine

from entering the brain from the blood even though

their concentrations might become qmte high m the

circulating blood. This is exceedingly important, because

all these are very powerful synaptic transmitter sub-

stances and could have devastating effects on brain

function.

THE INTRAOCULAR FLUID

The eye is filled with intraocular fluid, which main-

tains sufficient pressure in the eyeball ^ keep it dis-

tended. Figure 32-4 illustrates that this fluid can be

divided into two portions, the aqueous humor, which lies

in front and to the sides of the lens, ond the vitreous

humor, which lies between the lens and the retina. The
aqueous humor is a freely flowing fluid, whereas the

vitreous humor, sometimes called the oitreous body, is

a gelatinous mass held together by a flue fibrillar net-

work composed primarily of large proteoglycan mole-

cules. Substances can diffuse slowly m the vitreous

humor, but there is little flow of fluid.

Aqueous humor is continually being formed and reab-

sorbed. The balance between formation und reabsoiption

of aqueous humor regulates the total »'olume and
sure of the intraocular fluid.
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0.«,u«» 3l-4« FofwvaWorxwd Raw q( fluid In the eye

FORMATION OFAQUEOUS HUMOR
BY THE CILIARY BODY

Aqueous humor is formed in the eye at an average

rate of I to 2 cubic miUmelers each minute Essentially

all of this is secreted by the ciliary processes, which l»re

linear folds projecting from the ciliary body into the

space behind the ins where the lens ligaments also

attach to the eyeball A cross-section of these cilisry

processes is.illustrated in Figure 32-S, and their rele*

tionship to the fluid chambers of the eye can be seen m
Figure 32-4 Because of their folded architecture, (he

total surface area of the ciliary processes is appro^i*

mately 6 square centimeters in each eye—a targe ar«a>

considering the small sire of the ctliaty body The
surfaces of these processes are covered by epithelial

cells, and immediately beneath these is a highly vas-

cular area

Aqueous humor is formed by the ciliary processes »
much the same manner that cerebrospinal fluid >s

formed by the choroid plexus The postulated mechanism
IS the following It Is believed that the ciliary epithelium
actively secretes sodium, chloride, and probably bicar-

bonate tons into the spaces between the ceils litis »

figure J2-5. Anatomy of the ciliary processes.

turn causes osmosis of water into these spaces, and t

resulting solution then oozes out of the surfaces oft

ciliary processes. In addition, several nutrients i

transported across the epithelium by active transport

facilitated diflusion; these include amino acids, ascod

acid, and probably also glucose.

OUTFLOW OFAQUEOUS HUMOR
FROM THEm

After aqueous humor is formed by the ciliary pn

esses, it flows, as shown in Figure 32-4, between t

ligaments ofthe lens, then through the pupil, and final

into the anterior chamber of the eye. Here, the fluid fiu'

into the angle between the cornea and the iris and thee

through a meshwork of trabeculae, Anally into the an

of S^lemm Figure 32-6 illustrates the anatomic

structures at the indo-comeal angle, showing that (I

spaces between the trabeculae extend all the way fix

the antenoc chamber to the canal of Schlemm. T
canal of Schlemm in turn is a thin-walled vein fli

extends circumfeTCntially all the way around the «’

Its endothelial membrane is so porous that even lar

protein molecules, as well os small particulate mati

up to the size of red blood cells, can pass from t

anterior chamber into the canal of Schlemm. Er

though the canal ofSchlemm is actually a venous nlo

vessel, so much aqueous humor normally flows into

that It is Ailed only with aqueous humor rather th

with blood Also, the small veins that lead from t

canal of Schlemm to the larger veins of the eye uswu

contain only aqueous humor, and these sn csJli

oqueoua veins

INTRAOCULAR PRESSURE

The average normal intraocular pressure is appiM

mately 16 mm Hg, with a range of from 12 to 20

Tonometry. Because it is impractical top^ 8 8**“

into a patient’a eye for measurement of intraocoi*

pressure, this pressure is measured clinically by

of a tonometer, the principle of which is illustrateo i

Figure 32-7 The cornea of the eye is anesthetized *1

a local anesthetic, and the footplate of the

placed on the cornea A small force ia then appliw »

centra] plunger, causing the central part of the com*
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Pressure opplied

figure 32—7. Principles of (he tonometer

I be displaced inward. The amount of displacement is

icorded on the scale of the tonometer, and this in turn

calibrated in terms of intraocular pressure.

Regulation of Intraocular Pressure. The intraocu-

ur pressure of the normal eye remains almost exactly

mstant throughout life, illustrating that the pressure-

jgulating mechanism is very effective. But the precise

peration of this mechanism is not clear The pressure

I regulated mainly by the outflow resistance from the

nterior chamber into the canal ofSchlemm, presumably

1 the following way: The wall of the canal of Schlemm
insists of multiple layers, and the intraocular fluid

enetrates through the indocomeal angle to the outer

urface ofthis wall. When the pressure of the intraocular

uid IS low, the thickness of the wall ia very slight, and
tie multiple layers remain compacted against each other
1 such a way that the fluid cannot flow readily into the

anal of Schlemm. However, when the intraocular pres-

ure rises higher than about IS mm Hg, much of the
ntraocular fluid then penetrates into the wall of the
anal of Schlemm, pushing the layers of the cells apart
nd opening large fluid channels about 2 to 3 microns
n size. These, in turn, allow large quantities of mtra-
cular fluid to enter the canal of Schlemm. Thus, this

'alvelike opeiung of the spaces through the wall of the
anal of Schlemm provides an automatic regulatory
ystem for keeping the intraocular pressure at a nearly
onstant level day in and day out.
Cleansing of the Trabecular Spaces and of the

iitraocular Fluid. When large amounts of debris occur
n the aqueous humor, as occurs following hemorrhage
nto the eye or during intraocular infection, the debns
s likely to accumulate in the trabecular spaces leading
o the canal of Schlemm, therefore preventing adequate
•eabsorption of fluid from the anterior chamber and
iometimes causing glaucoma, as explained subse-
luently. However, on the surfaces of the trabecular
slates are large numbers of phagocytic cells Also, im-
mediately outside the canal of Schlemm is a layer of
interstitial gel containing large numbers of reticuloen-
lothelial cells that have an extremely high capacity for
both engulflng debris and degrading it into small mo-
lecular substances that can then be absorbed. Thus, this
phagocytic system keeps the trabecular spaces demied.
In addition, the surface of the iris and other surfaces

af the eye behind the iris are covered with an epithelium
that is capable of phagocytizing proteins and small

particles from the aqueous humor, thereby helping
maintain a perfectly dear fluid.

Glaucoma. Glaucoma is one of the most common
causes of blmdness. It is a disease of the eye m which
the intraocular pressure becomes pathologically high,

sometimes rising to as high as 70 mm Hg. Pressures
rising above as little as 25 to 30 mm Hg can cause loss

of vision when maintained for long periods of time. And
the extremely high pressures can cause blindness within

days. As the pressure rises, the retinal artery, which
enters the eyeball at the optic disc, is compressed, thus
reducing the nutrition to the retina. This often results

in permanent atrophy of the retina and optic nerve,

with consequent blindness.

In essentially all cases of glaucoma the abnormally
high pressure results from increased resistance to fluid

outflow at the indocomeal junction In most patients,

the cause of this is unknown, but in some it results from

infection or trauma to the eye. White blood cells and
tissue debns can block the outflow of fluid, thereby

greatly increasing the intraocular pressure.

Administration of Diamox is often elTective m reduc-

ing the pressure in glaucoma. This drug acts by reducing

the rate of formation of aqueous humor, probably be-

cause of an eflect that reduces bicarbonate and sodium

ion secretion.

Sometimes, when all other therapeutic procedures fail

to remstitute adequate outflow of aqueous humor, a

trephine operation is perfomed—that is, a small hole la

made through the corneoscleral junction into the ante-

nor chamber, a portion of the ms is removed, and the

coixjunctiva is sewed over the hole. Fluid thereafter leaks

from the antenor chamber into the areolar tissue be-

neath the cor\junctiva and is absorbed into the lymphatic

channels.

FLUID CIRCULATION IN THE
POTENTIAL SPACES OF THE BODY

The important potential spaces of the body are the

pleural cavity, the pericardial cavity, the peritoneal cav-

ity, the cavity of the tunica vaginalis surrounding the

testis, and the synovial cavities that include both the

joint cavities and the bursae Normally, these are mainly

empty except for a few milliliters of viscous fluid that

lubricates movement of the surfaces against each other.

But in certain abnormal conditions the spaces can swell

to contain tremendous quantities of fluid, which is the

reason they are called “potential” spaces.

nUID EXCHASCE BETWEES THE
CAPlLiARIES AND THE POTENTIAL SPACES

Ihe membrane of a potential space usually does not

offer significant resistance to the passage of fiuid, elec-

trolytes, or even proteins back and forth between the

space and the interstitial fluid of the surrounding tissue.

Consequently, fluid leaving a capillary adjacent to the

potential space membrane, as shown in Figure 32-8,

not only diffuses into the interstitial fluid but also into

the potential space. Likewise, fluid can diffuse back out

of the space into the interstitial fluid and thence ^

the capillary.

Lymphatic Drainage of the Potential Spaces. •

the same manner that protein collects in the ii
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spaces

spaces because of leakage out of the capillanes, so does

it also tend to collect m the potential spaces, and it must
be removed through lymphatics or some other channel

Fortunately, each potential space is either directly or

Indirectly connected with lymphatic drainage systems,

which will be discussed in connection with each different

type of potential space.

Function of the Lymphatic Pump In the Drainage
of the Potential Spaces. Almost all the potential

spaces are located where there is continual movement
the Joints ore moved, the bursae are compressed, the

heart moves in the pericardial cavity, the lungs move
mthe pleural cavity with respiration, and the peritoneal

spaces are also squeezed with each respiratory cj'cle or

with other body movement. Each movement compresses

Rutd into the lymphatics surrounding the potential

spaces, and, because of the valves in the lymphatics and
the pumping mechanisms of the lymphatics, the fluid

flows continually away from the space. Therefore, any
time that excess protein collects m the potential space
and osmolically pulls any excess fluid whatever into the

space, this fluid automatically washes the protein into

the lymphatics and from there back into the blood
stream.

Altered Capillary Dynamics as a Cause of In>
creased Pressure and Fluid In the Potential Spaces.
Any abnormal changes that can occur in capillary dy-
namics to cause extracellular edema of the tissue spaces,
as described in the preceding chapter, can also cause
increased pressure and fluid in the potential spaces
Thus, increased capillary permeability, increased capil-

lary pressure, decreasedplasma colloid osmotic pressure,
and blockage of the lymphatics from a potential space
can all cause swelling of the space. The fluid that collects

is called a transudate.

One of the most common causes of swelling in a
potential space is in/ecfion. White blood cells and other
debns caused by the infection block the lymphatics,
resulting m (!) buildup of protein in the space, (2)

increased colloid osmotic pressure, and i3) consequent
failuro of fluid reabsorption.

« CAVHY

Figure 32-8 shows specifically the diffusion of fluid

Into and out of the pleural cavity at the parietal and

the visceral pleural surfaces. This occurs in precial

the same manner as in the usual tissue spaces, exce]

that a very porous mesenchymal serous membraiu, U

pleura, is interspersed between the capillaries and tl

pleural cavity.

Large numbers of lymphatics drain from the media

tinal and lateral suriaces of the parietal pleura, ar

with each expiration the intrapleural pressure rise

forcing small amounts of fluid into the lymphatics, al

the respiratory movements alternately compress tl

lymphatic vessels, promoting continuous flow along (1

lymphatic channels.

Maintenance of a Negative Pressure in tl

Pleural Cavity. The visceral pleura of the lungsconti:

ualljr absorbs fluid with considerable “absorptive fcrc«

This is caused by the low capillary pressure—abculS

10 mm Ilg—in the pulmonary system. In contrast

this low pressure, the plasma proteins exert about

!

mm Ilg colloid osmotic pressure, causing an absorptii

pressure at the viscera] pleura of up to 20 mm Hg at i

tiroes As a result, the pressure of the fluid in U

intrapleural apace remains negative at all times,

aging -8 mm Hg This negative pressure is mm
greater than the elastic force of the lungs (-4 mm H

that tends to collapse the lungs and to pull the luni

away from the chest wall. Therefore, it keeps the 1ubi

expanded

Wt PERICARDIAL CAVHY

The space around the heart operates with esscnti^

the same dynamics as those of the pleural cavity. ^
pressure of the fluid m the pericardial cavity, like ta

m the pleural cavity, is negative. Here egaia,

expiration as well as during excessive filling cf

«

heart, the pericardial pressure rises intermlttentlyJo’

ing excess fluid into lymphatic channels of the media

tmum.

THE PERITOSEAL CAVHY

The pentoneal cavity of the abdomen is subject to tl

same fluid dynamics aa are the other potential

fluid IS filtered into the pentoneal space through “

serous membrane called the visceral peritoneum
co'V

ing the viscera and the parietal peritoneum lining «

outer walls of the abdominal cavity. Fluid is sisn *

sorbed through the pentoneum ,

The pentoneal cavity la more susceptible to the

vclopment of excess fluids than are most of the otw

cavities, for two reasons (1) Whenever the

the liver sinusoids rises more than 5 to 10 mm
normal, fluid containing large amounts ofprotein be^

to transude through the liver surface into the abdoi^

cavity, and (2) the capillary pressure in th^sce

pentoneum is higher than elsewhere m the

higher pressure is caused by the resistance to t*

blood flow through the liver. High venous pre^

caused by heart failure or extra resistance
,

in pathological states, such as cirrhosis, carcinom ,

portal vein obstruction, frequently results in mar
^

transudation of fluid into the abdomen; the tranau

in this case is called asettes ^
Numerous large lymphatic channels lead

,

peritoneal cavity, especially from the lower
,

the diaphragm. With each diaphragmatic mov
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relatively large quantities of lymph flow out of the
pentoneal cavity into the thoracic duct. This can be
shown effectively by injecting radioactive red blood cells

into the abdomen. A significant proportion of these cells,

still in the whole form, is found in the blood within 10
to 20 minutes. Occasionally, however, cancer spreads so

widely throughout the abdomen that it blocks the lym-
phatics, thereby preventing return of protein to the
blood. As a result, the colloid osmotic pressure also rises

and severe chronic ascites ensues.

THE SYNOVIAL CAVITIES

The joint cavities and the bursae are known as syn-

ovial cavities. The synovial membrane is not a true

membrane at all but only a collection of dense fibrous

tissue cells that line the surface between the interstitial

spaces and the cavities. For this reason these cavities

might be considered to be nothing more than enlarged

tissue spaces. However, the synovial cavities do contain

a large amount of proteoglycans, much more than nor-

mally present in the interstitial fluids This is presum-
ably secreted by the surrounding connective tissue cells.

In the synovial cavities, as in the other potential

spaces, excess proteins are likely to collect, and these

must be returned to the circulatory system through the

lymphatics; otherwise the space swells. Smce the syn-

ovial membrane o^ers little or no barrier to the transfer

of fluid into the surrounding tissues, the protein can
flow into the lymphatics of the area.

The pressure in joint cavities usually measures about
-4 to -8 mm Hg. This negative pressure results from
the same factors that cause negative pressures through-

out most of the interstitial spaces of the body: these

factors were discussed in detail m the preceding chapter
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Partition of the Body
Fluids: Osmotic
Equilibria Between
Extracellular and
Intracellular Fluids

The body fluids are so important to the basic

physiology of bodily function that we discuss them
at several points in this text but each time <n

different contexts In Chapter 9 it was pointed out

that the bod; fluids can be divided mainly into

extracellular and intracellular fluids, and the basic

differences between these were discussed, as well

as the manner in which these differences coiue

about as the result of cell membrane transport. In

Chapter 22 the relationship of blood volume to the

overall regulation ofthe circulation was presented,

and in Chapters 30 through 32 the interrelation-

ships between capillary dynamics and interstitial

fluids were discussed.

In the present chapter and in the following

chapters on the kidneys, we will be concerned with
the body fluids from the total point of view, includ-

ing regulation of body fluid volume, regulation of

the constituents in the extracellular fluid, regula-

tion of acid-base balance, and factors that govern
gro.ss interchange of fluid between the extracellu-

lar and the intracellular compartments—espe-

cially the osmotic relationships between these com-
partments

TOTAL BODY WATER
The total amount of water m a man of average weight

(70 kg) is approximately 40 liters (see Fig 33-1), nvcr-

apng 57 per cent of his total body weight. In a newborn
infant this may be as high as 75 per cent of the body
weight, but it progressively decreases from birth to old

age, most of the decrease occurring in the first 10 yePm
of life Also, obesity decreases the percentage of water
in the body, sometimes to as low as 45 per cent

'

^
• VERSUS OUTPUT OF WATER

Daily Intake of Water. Most of our daily intake of
water enters by the oral route. Approximately two third*

382

IS m the form of pure water or some other beverage, an

the remainder is In the food that is eaten A s'®*'

amount is also synthesized m the body as the result i

oxidation of hydrogen in the food; this quantity raags

between 150 and 250 ml per day, depending on w*
J**

of metabolism The normal intake of fluid,

that synthesized vn the body, averages about 2300 n

p®'’
. A

Daily Loss of Body Water. Table 33-1 shows w
routes by which water is lost from the body

different conditions Normally, at an atmospheric Un

peralure of about 65 * F, apprmuinalely 1400 r.

2300 ml of water intake is lost m the urine, lOO mJ l

lost in the tweac, and 100 ml in the feces. The rcioaiW’

700 ml 18 lost by eL'aporation from the respiratory^
or by diffusion through the skin .

Insensible Water Loss. Loss of water by dinusiDi

through the skm and by evaporation from the respin

tory tract is known as insensible water loss because *

(5 liter*)

tisure 33-1, The body fluids diagrammed.
ceSuler fluid volume. Intracellular fluid volume, blood volunw-

tout body fluids
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Table 33-1 DAILY LOSS OF WATER (In Milliliters)

f/onnal

Temperature
Hot
Weather

Trolonged
Heavy
Exercise

Insensible loss.

Skin 350 350 350
Resplialoiy tract 350 250 650

Urine 1400 1200 500
Sweat 100 1400 5000
feces 100 too too

TOTAL 2300 3300 6600

do not know that we are actually losing water at the
time that it is leaving the body.

The average loss of water by diffusion through the
skin is approximately 300 to 400 ml per day; this amount
is lost even in a person who is bom without sweat
glands. In other words, the water molecules themselves
actually diffuse through the cells of the skin Fortu-

nately, the cholesterol'filled, comihed layer of the skin
acts as a protector against still much greater loss of
water by diffusion. When the comified layer becomes
denuded, as after extensive bums, the rate of evapora-
tion can increase to as much as 3 to 6 liters each day.

All air that enters the respiratory tract becomes
totally saturated with moisture, to a vapor pressure of

approximately 47 mm Hg, before it is expelled Since
the vapor pressure of the inspired atmospheric air is

usually far less than 47 mm Hg. the average water loss

through the lungs is about 300 to 400 ml per day.

Because the atmospheric vapor pressure normally de-

creases with decreasing temperature, the loss is greatest
in very cold and least m very warm weather. This
explains the dry feeling in the respiratory passages m
cold leather.

Loss of Water in Hot IVeathcr and During Exer~
else. In very hot weather, water loss in sweat is occa-

sionally increased to as much as 1.5 to 2.0 liters an
hour, which obviously can rapidly deplete the body
fluids. Sweating will Im discussed m Chapter 72

Exercise increases the loss ofwater in two ways- First,

it increases the rate of respiration, which promotes
increased water loss through the respiratory tract m
proportion to the increased ventilatory rate Second, and
much more important, exercise increases the body heat
and consequently is likely to result in excessive sweat-
ing.

BODY FLUID COMPARTMENTS

THE INTRACUIUIAR FLUID COMPARTMENT

About 25 of the 40 liters of fluid in the body are
inside the approximately 75 trillion cells of the
body and are collectively called the intracellular

fluid. The fluid of each cell contains its own indi-

vidual mixtxire of different constituents, but the

concentrations ofthese constituents are reasonably

similar from one cell to another. For this reason
the intracellular fluid of all the different cells is

considered to be one large fluid compartment,
though in reality it is an aggregate of trillions of
minute compartments.

THE EXTRACELLULAR FLUID COMPARTMENT

All the fluids outside the cells are called extra-

cellular fluid, and these fluids are constantly mix-
ing, as was explained in Chapter 1. The total

amount of fluid in the extracellular compartment
averages 15 liters in a 70 kg adult.

The extracellular fluid can be divided into inter-

stitial fluid, plasma, cerebrospinal fluid, intraocu-

lar fluid, fluids of the gastrointestinal tract, and
fluids of the potential spaces.

Interstitial Fluid. The interstitial fluid lies in

the spaces between the cells. A minute portion of
it is free in the form of actual flowing fluid, while
probably more than 99 per cent of it is held in the

gel of the interstitial spaces, as discussed in Chap-
ter 30.

The fluids in the cerebrospinal system, the eye,

the potential spaces, and the gastrointestinal tract

are discussed in Chapter 32 and 64. These fluids,

on the average, are similar to interstitial fluid and
ofren are considered to be part of the interstitial

compartment.
Plasma. The plasma is the noncellular portion

of blood. It is part of the extracellular fluid and
communicates continually with the interstitial

fltiid through pores in the capillaries, Loss of

plasma from the circulatory system through the

capillary pores is minimized by the colloid osmotic
pressure exerted by the plasma proteins, which
was explained m Chapter 30. Yet the capillaries

are porous enough for most dissolved substances
and water molecules to diffuse through them
freely, allowing constant mixing between the
plasma and interstitial fluid of almost all sub-
stances except the protein.

The plasma volume averages 3 liters in the
normal adult.

BLOOD VOLUME

Blood contains both extracellular fluid (the fluid

of the plasma) and intracellular fluid (the fluid in

the red blood cells). However, since blood is con-

tained in a closed chamber all its own—the circu-

latory system—its volume and its special dynamics
are exceedingly important.
The average blood volume of a normal adult is

almost exactly 5000 ml. On the average, approxi-
mately 3000 ml of this is plasma, and the remain-
der, 2000 ml is red blood cells. However, these
values vary greatly in different individuals; also,

sex, weight, and many other factors affect the blood
volume.
Effect of Weight and Sex on Blood Volume. In

persons who have a nununum of adipose tissue the blood
volume varies almost directly m proportion to the body
weight, normally averaging about 79 ml/kg i 10 per
cent for both lean males and lean females. However, the
greater the ratio of fat to body w<“'

’
• ’ K'

volume per unit weight, bemuse fat u.

vascular volume. Figure 33-2 illustrates
fat, showing that the heavier the person
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njure 3J-2. Relationship of blood volume lo gender and

weight

less on the average becomes the blood volume m relation

to weight. Furthermore, in very heavy females, who are

especially prone to have high ratios of fat tissue to lean

tissue, the blood volume per kilogram decreases much
more than for males

The HematocriL The hematocrit ia the per-

centage of red blood cells in the blood as deter-

mined by centrifuging blood in a “hematocrit lube”

until the cells become patVed tightly in the bottom
of the tube. The percentage of red blood cells m
the blood can be determined roughly from the level

of the packed ceils. Such centrifuged blood in

hematocrit tubes was illustrated in Figure 18-2 of

Chapter 18. Unfortunately, it is impossible for the

red blood cells to be packed completely together,

about 3 to 8 per cent of plasma remains entrapped

among the cells. Therefore, the true hematocrit
(H) averages about 96 per cent of the measured
hematocrit (Hct), that is:

H«0.96 Hct

The true hematocrit CH) is approximately 40 for a

normal man and 36 for a normal woman
In severe anemia, the hematocrit may fall to as

low as 10, but this small quantity of red blood cells

IS barely sufheient to sustain life On the other

hand, a few conditions cause excessive production

of red blood cells, resulting in polycythemia. In

these instances, the hematocrit often rises to 65,
and occasionally to 80. Obviously, there is an upper
limit to the level of the hematocrit in poly^hemic
blood, because excessive hematoent causes the
blood to become so viscous that death ensues as a
result of multiple plugging of the peripheral vas-

cular tree.

The Body Hematoent. The hematocrit of the
blood is considerably less in the capillaries, arter-

ioles, and other very small vessels than in the large
veins and arteries. The cause of this is axial
streaming of blood cells in blood vessels, which
was explained in Chapter 18. In general, red cells

cannot flow near the walls of the vessels nearly so
easily as can plasma. Therefore, the cells tend to

^ the center of the vessels, while a \asge
• ion of the plasma remains near the walls. In
very large vessels the ratio of wall surface to

total volume is slight, so that the accumulation of

plasma near the walls does not affect the hemato-

crit significantly. However, in the small vessels

this ratio of wall surface to volume is great, faus-

ing the ratio of plasma to cells to be far greater

than in the large vessels

If one averages the hematocrit in both the large

and small vessels, a value called body hemalocnt

is determined. For normal man the body hemato-

crit (Ho) averages 91 per cent of the large vessel

hematocrit; that is:

Ho = 0.91 H = 0.87 Hct

MEASUREMINT OT BODY ELUID
VOLUMES

IH£ DiLUTtON PRISOPLE
FOR MEA5URJSC FLUID VOLUMES

The volume of any fluid compartment of the

body can be measured by placing a substance ^
the compartment, allowing it to disperse evemy

throughout the fluid, and then measuring the n-

tent to which the substance has become dilu*^

Figure 38-3 illustrates this “dilution" principle for

measuring the volume of any fluid compartment

of the body. In this example, a small quantity ri

dye or other foreign substance is placed in "m*

chamber A, and the substance is allowed to

perse throughout the chamber until it becomes

mixed in equal concentrations in all area^. **

shown m chamber B. Then a sample of the

persed fluid is removed and the concentratitfo oi

the substance is analyzed chemically,

trically, or by any other means. The volume of the

chamber can then be determined from the

ing formula.

Volume in ml ,

_ Quantity of test substance instillf^
Concentration per m) ol dispwsti tlJiri

Note that all one needs to know is (1) the

quantity of the test substance put into the chainoe ,

Ibdd volumn (explAined In the text).
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and (2) the concentration in the fluid after disperse-

ment. As an example, if 10 milligrams of dye is

dispersed in a chamber and the hnal concentration

is 0.01 milligram for ml of fluid, then the volume
calculates to be 10 divided by 0.01, or 1000 ml.

DETLRMINATIOS OF BLOOD VOLUME

Substances Used in Determining Blood Vol*
ume> A substance used for measuring blood vol*

ume must be capable of dispersing throughout the
blood with ease, and it must remain in the circu*

latory system long enough for measurements to be
made. The two major groups of substances that

satisfy these conditions are <1) substances that
combine with the red blood cells and (2) substances

that combine with the plasma proteins, for both

the red blood celts and the plasma proteins remain
reasonably well in the circulatory system, and any
foreign substance that combines with either of
them likewise remains in the blood stream.
Examples of substances that combine with red

blood cells and that are used for determining blood

volume are radioactive iron, radioactive chromium,
and radioactive phosphate. Examples of substances

that combine with plasma proteins are the vital

dyes and radioactive iodine.

Badioactive Bed Blood Cells. The method most
often used to make red blood cells radioactive is to tag

the red blood ceils with radioactive chromium (Cr*‘). A
small quantity of Cr*' is mixed with a few milliliters of

blood previously removed from the person, and this u
incubated at 36 * C for half an hour or more After this

time, most of the Cr*' will have entered the red blood

cells, but to remove the extra chromium from the mix-

ture, the red blood cells are washed in saline Their total

content of Cr'* is then determined with a scintillation

counter (apparatus for measuring the total number of

radioactive disintegrations occurring in the sample per

minute). Then the radioactive cells are reinjected into

the person. After mixing in the circulatory system has
continued for approximately ten minutes, blood is re-

moved from the circulatory system, and the radioactivity

in tWs blood is determined. Using the above dilution

formula, the total blood volume is calculated

To be accurate, this calculated blood volume must
now be corrected to determine the true value, because

the blood sample is removed from the veins where the

hematocrit is not equal to the body hematocrit, as

discussed earlier in the chapter This correction Is made
as follows:

Actual blood volume — 1.1 x Measured blood volume

Vital Dyes for Measurement of Plasma Volume.
A number ofdyes, generally known as “vital dyes," have
the ability to combine with proteins. When such a dye
IS injected into the blood, it immediately forms a tight

union with the plasma proteins. Thereafter, the dye
travels where the proteins travel.

The dye almost umversatly used for measuring plasma
volume IS T-1824, also called Evans blue. In making
determinations of plasma volume, a known quantity of

the dye is injected, and it immediately combines with
the proteins and disperses throughout the circulatory

figure 33—4, Deteiminaifon of blood volume The measured
points represent plasma volumes calculated bom blood samples
removed tO, 20, and 30 minutes after Injection of T-I&Z4 The
extrapolated point represents the calculated blood volume at the

Instant of dye iniectlon

system within approximately ten minutes. A sample of
the blood is then taken, and the red blood cells are
removed from the plasma by centrifugation. Then, by
spectrophotometnc analysis of the plasma, one can de-

termine the exact quantity of dye m the sample of

plasma. From the determined quantity of dye m each
milliliter of plasma and the known quantity of dye
injected, Hieplasma volume is calculated using the above
dilution formula.

To be even more exact in measuring the plasma
volume, the rate of loss of dye from the circulatory

system dunsg the interval of mixing must also be
considered. On the average, T-1&24 is lost from the
circulatory system at a rate of about 5 per cent per hour,
part of this being excreted into the urme and part being
earned into the interstitial spaces by the leakage of
plasma proteins through the capillary walls To offset

this error, three different samples of blood are usually
removed from the circulation at 10, 20, and 30 minutes.
Then the plasma volumes are calculated from these
samples and plotted on semilog graph paper, as illus-

trated in Figure 33-4. A straight hne is drawn through
the measured points and extrapolated back to zero time.

Since the percentage loss is approximately the same
dunng the first ten minutes as during each of the two
succe^ing ten-mmute intervals, the extrapolated point
indicates approximately the true plasma volume. In
Figure 33-^ this value is 2500 ml.
Note that neither T-1824 nor any other vital dye

enters the red blood cells. Therefore, this method does
not measure the total blood i>olume. However, the blood
volume can be calculated from the plasma volume,
provided the hematocrit is determined, by using the
following formula:

Blood volume = PJasma volume x —
ICO - 0 87 Hemalocnt

Radioactive Protein. If a sample of plasma is al-
lowed to incubate with radioactive iodine <P’) for 30
minutes or more, some of the protein combines with the
iodine, and the iodinated protein can be separated from
the remaining iodine by dialysis. The radioactive protein
IS then injected into the subject, and plasma and blood
imlumes are determined in the same manner as that
discussed for the vital dyes.
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MtASUREMZNT Of THE EXTRACELIUIAR

FLUID VOLUME

To use the dilution pnnciple for measuring the volume

of the extracellular fluid, one iiyects into the blood

stream a substance that can diffuse readily throughout

the entire extracellular fluid chamber, passing easily

through the capillary membranes but as little as ptssible

through the cell membranes into the cells After halfan
hour or more of mixing, a sample of extracellular fluid

IS obtained by removing blood and separating the plasma

from the cells by centrifugation The plasma, which is

actually a part of the extracellular fluid, is then analyzed

for the injected substance

Substances Used in Measuring Extracellulor

Fluid Volume—The Concept of “Fluid Space ” Sub>
stances that have been used for measuring extra*

cellular fluid volume arc raefioac{u<c sodium, nnfio-

aettue chloride, mdioaetiue bromide, radioiothatamate,

thiosulfate ton, thiocyanate ion, inuhn.arti sucrose Some
of these, inuhn especially, do not diffuse readily into all

the out-of'the-way places of the extracellular fluid com-
partment Therefore, the volume of extracellular fluid

measured with inulin is likely to be lower than the

actual volume of the compartment On the other hand,

others of these substances,—radioactive chloride, radio-

active bromide, radioactive sodium, and thioQranate ton,

for instance—are likely to penetrate into the cells to a
slight extent and, therefore, ore likely to measure a
volume somewhat in excess of the extracellular fluid

volume
Because no single substance measures the exact ex*

traeellular fluid volume, one usually speaks of the so-

dium space, the thiocyanate space, the inulin space, and
so forth, rather than the extracellular volume At pres-

ent It 18 impossible to say exactly which “space” most
nearly approximates the true cxtracelluUr volume.
Measurements for the normal 70 kg adult, when differ-

ent substances have been used, have ranged from 9
liters to 22 liters; (he atvrage measurement has been
about IS tilers

MEASUREMENT Of TOTAL BODY tVATIR

The total body water can be measured m exactly the
same way as the extracellular fluid volume except that
a substance must be used that will diffuse into the celts

as well as throughout the extracellular compartment
The subHtancea that give best results are either tnfiafec/

water (which can be analyzed with radiation-measunng
instruments) or heavy uvter (which can be analyzed
quantitatively either by accurate specific gravity meas-
urements of water samples or by infrared speetropbo-
tometry) After administration of the “tagged" water,
several hours ore required for complete mixing with all

the water of the body, and appropriate corrections must
be made for any fluid that is lost cither into the unne
or otherwise during this penod of mixing Tbe concen-
tration of the tagged water in the total body water can,
at the end of the period of mixing, be determined by
simply measuring the tagged water concentration in the
plasma.
Measurements of total body water in the 70 kg adult
^ Kinged from as low as 30 liters to as high as 60

,
rs. with a reasonable average of approximately 40

/'.ers, or 67 per cent of the total body mass.

CALCULATION Of INTERSTITIAL FLUID

VOLUME

Since any substance that passes into the interstitial

fluid also passes into almost all other portions of the

extracellular fluid, there is no direct method for meas-

uring interstitial fluid volume separately from the entire

extracellular fluid volume. However, if the extracellular

fluid volume and plasma volume have both been meas-

ured, the interstitial fluid volume can be approximated

by subtracting the plasma volume from the total extra-

cellular fluid volume. This calculation gives a normal

tnterstiUal fluid volume of 12 liters m the 70 kg adult

CONSTITUENTS OF EXTRACELLULAR
AND INTRACELLULAR FLUIDS

Figure 33-5 diagrams the major constituents of

the extracellular and intracellular fluids. (The ac-

tual values for these constituents were given in

tabular form in Figure 9-1 of Chapter 9.) The

quantities of the different substances are repre-

sented in Figure 33-5 in milliequivalents or ml-

fimofes per ftfer. However, the protein molecules

and some of the nonelectrolyte molecules are ex-

tremely large compared with the more numerous

small ions. Therefore, m terms of mass, the pro-

teins and nonelectrolytes actually comprise about

90 per cent of the dissolved constituents in

plasma, about 60 per cent in the interstitial

and about 97 per cent in the intracellular fluid.

PLASMA FLUID FLUID

njure 33-5. The compositions of plasmA Inierstltl^

ImwceBular fliW. (Modified hom cimWe- ChemkAi

Physiology, and Pathology of ExtraccUuUf fluW A Lectuie Sy®**"

HMward Urtversity Press 1954)
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Figure 33-6 illustrates the distribution of the

nonelectrolytea in the plasma, and most of these

same substances are also present in almost equal

concentrations in the interstitial tluid, except for

some of the fatty compounds that are present in

the plasma in large suspended particles, the ltpO‘

proteins.

Important Constituents of the Extracellular

Fluid. Referring again to Figure 33-5, one sees

that extracellular fluid, both that of the blood

plasma and of the interstitial fluid, contains large

quantities of sodium and chloride ions, reasonably

large quantities of bicarbonate ian. but only small

quantities of potassium, calcium, magnesium,
phosphate, sulfate, and organic acid ions. In addi*

tion, plasma contains a large amount of protein

whereas interstitial fluid contains much less. (The

proteins in these fluids and their significance were
discussed in Chapter 30.)

In Chapter 1 it was pointed out that the extra-

cellular fluid is called the internal environment of

the body and that its constituents arc accurately

regulated so that the cells remain bathed contin-

ually in a fluid containing the proper electrolytes

and nutrients for continued cellular function. The
regulation of most of these constituents will be

presented in Chapter 36.

Important ConsUluenls of the Intracellular

Fluid. From Figure 33-5 it is also clear that the

intracellular fluid contains only small quantities

of sodium and chloride ions and almost no calcium

ions; but it does contain large quantities of potos-

Phospholipids/^ •.

280 mg % /’
'

Cholesterol

150mg%

Neutrol fot-I25mg%

Glucose-IOOmgVo

Urea*15mg%
Lactic ocid-IOmg%

Uric acid-3mg%
Creatinine-I5mg%
Bilirubin-Q5mg%
Bile solts-troce

figure 33-6. Ttie nonelectrolytes of the extracellular Rwkt

Stum and phosphate and moderate quantities of

magnesium and sulfate ions, all of which are pres-

ent in only small concentrations in the extracel-

lular fluid. In addition, cells contain very large

concentrations of protein, approximately four

times as large as in plasma.

OSMOTIC EQUILIBRIA AND FLUID SHIHS
BEnVEEN THE EXTRACELLULAR AND
INTRACELLUUR FLUIDS

One of the most troublesome of all problems in

clinical medicine is maintenance of adequate body
fluids and proper balance between the extracellu-

lar and intracellular fluid volumes in seriously ill

patients. The purpose of the following discussion,

therefore, is to explain the interrelationships be-

tween extracellular and intracellular fluid vol-

umes and the osmotic factors that cause shifts of
fluid between the extracellular and intracellular

compartments.

BASIC pjuNariES or osmosis and
OSMOTIC PJtlSSURE

The basic principles of osmosis and osmotic pres-

sure were presented in Chapter 9. However, these

principles are so important to the following discus-

sion that they are reviewed here briefly.

Whenever a membrane between two fluid com-
partments is permeable to water but not to some
of the dissolved solutes—that is, the membrane is

selectively permeob/e—and the concentration of

the solutes is greater on one side of the membrane
than on the other, water passes through the mem-
brane toward the side with the greater concentra-

tion'of solutes. This phenomenon is called osmosis.

Osmosis results from the kinetic motion of the

individual particles—both the molecules and the

ions—fn the solutions on the two sides of the

membrane. This can be explained in the following

way' When the temperature is the same in both

solutions, the particles on both sides of the mem-
brane, on the average, all have the same amount
of kinetic energy of motion. However, the nondif-

fusible particles in the two solutions displace some
of the water molecules. As a result the so-called

chemical potential of the water is reduced on each
side of the membrane in direct proportion to the
concentration of nondiflusible particles. Therefore,

on the side of the membrane where there is the
lower concentration of nondiffusible particles, the
concentration of water molecules is the greater;

that is, the chemical potential of the water is

greater. This means that more water molecules
will strike each pore of the membrane each second
on the side of the membrane that has the lowest
oincentration of nondiffusible solutes. As a result,

net diffusion of water molecules will occur from
this side toward the solution on the opposite side
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of the membrane where the concentration of non-

diffusible particks is greater. This net rate of

diffusion is called the rate of osmosis.

Osmotic Pressure. Osmosis of water molecules

can be opposed by applying a pressure across the

selectively permeable membrane in the direction

opposite that of the osmosis. The amount of pres-

sure required to oppose the osmosis exactly is

called the osmotic pressure.

Relationship of the Molecular Concentra-
tion of a Solution to Its Osmotic Pressure.
Each nondiffusible molecule dissolved in water
changes the chemical potential of the water by a
given amount. Consequently, the tendency for this

to cause osmosis of water is directly proportional

to the concentration of the nondiffusible molecules.

And, as a corollary, the osmotic pressure of the

solution is also proportional to the concentration

of the nondiffusible molecules in the solution. This
relationship holds true for all nondiffusible mole-
cules almost regardless of their molecular weight.
For instance, one molecule of albumin with a
molecular weight of 70,000 has the same osmotic
effect as a molecule of glucose with a molecular
weight of 180.

Osmotic Effect of Ions. Nondiffusible ions

cause osmosis and osmotic pressure in exactly the

same manner as do nondiffusible molecules Fur-
thermore, when a molecule dissociates into two or

more ions, each of the ions then exerts osmotic
pressure individually. Therefore, to determine the
osmotic eHect, all the nondiffusible ions must be
added to all the nondiffusible molecules; but note
that a bivalent ion, such as calcium, exerts no
more osmotic pressure than does a univalent ion,

such as sodium
Osmoles. The ability of solutes to cause osmosis

and osmotic pressure is measured in terms of
“osmoles”; the osmole is a measure of the total

number of particles. One gram mole of nondtffu-
sible and nontonuable substance is equal to I

osmole On the other hand, if a substance ionizes

into two ions {sodium chloride into sodium and
chloride ions, for instance), 0.5 gram mole of the
substance equals 1 osmole. The obvious reason for

using the osmole is that osmotic pressure is deter-

mined by the number of particles instead of the
mass of the solute

In general, the osmole is too large a unit for
satisfactory use in expressing osmotic activity of
solutes in the body. Therefore, the term millios-

molc, which equals Viooo osmole, is commonly used.
Osmolality and Osmolarity. The osmolal con-

centration of a solution is called its osmolality
when the concentration is expressed in osmoles
per kilogram of water; it is called osmolanty when
it IS expressed as osmoles per liter of solution. The

..^term “osmolality” is generally preferred because
'

osmotic pressure of a solution is considerably
^ore closely related to its osmolality than to its

^
molarity in very concentrated solutions. How-

ever, in the very dilute solutions of the normal

human body, the differences are so slight that the

terms arc frequently used interchangeably. Fur-

thermore, it is so much easier to express the bod;

fluid quantities in liters than in kilograms of water

that almost all calculations are based on osmolar

ities rather than on osmolalities. It is common

practice for many physiologists to speak in terms

of osmolality even though they make their calcu-

lations in terms of osmolarities.

Relationship of Osmotic Pressure to Osmo-

lality. The osmotic pressure of a solution at body

temperature can be determined approximately

from the following formula:

Osmotic pressure (mm Hg)
= 19 3 X Osmolality (milliosmole/liter)

OSMOlAinV OF THE BODY FIUIDS

Table 33-2 lists the osmotically active sub-

stances in plasma, interstitial fluid, and intracel-

lular fluid. The milUosraoles of each of these pei

liter of water is given. Note especially that ap-

proximately four fifths of the total osmolality of

the interstitial fluid and plasma is caused by so-

dium and chloride ions, whereas approximately

half of the intracellular osmolality is caused by

potassium ions; the remainder is divided among

the many other intracellular substances.

As noted at the bottom of Table SS-2, the toW

osmolality of each of the three compartments a

approximately 300 milliosmoles per liter, with that

of the plasma 1.3 milliosmoles greater than wat

of the interstitial and intracellular fluids. This

slight difference between plasma and inteistitial

fluid 1$ caused by the osmotic effect of the piasna

proteins, which maintains about 23 mm Hg greater

pressure in the capillaries than in the surrounding

interstitial fluid spaces, as was explained in Chap-

ter 30
Corrected Osmolar Activity of the Body

Fluids. At the bottom of Table 33-2 is sho^m a

corrected osmolar activity of plasma, interstitial

fluid, and Intracellular fluid. The reason for this

correction is the following: All molecules and ions

in solution exert either mlermolecular attraction

from one solute molecule to the next or inierrMiec-

ular repulsion, and these two effects can cause,

respectively, a decrease or an increase in the os*

motic “activity” of the dissolved substance. In

eral, there is more intermolecular attraction than

repulsion, so that the overall osmotic activity®

the substances is only about 93 per cent of tha

which one would calculate from the .i

milliosmoles present. For this reason, the acW®

osmotic pressure of the body fluids is proportw>^

to the corrected osmolar activity, which amoun

to approximately 280 milliosmolesditer.
, ^

However, since osmotic effects in the body
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Table 33-2 OSMOLAR SUBSTANCES IN EXTRACEliUlAR AND INTRACELLULAR FLUIDS

Plasma littcrsdtlaj Intracellular

(mOsmoIe/L of H,0) (mOsmoIe/L of H^O) (mO$mole/L of H,0)

Na- 146 142 14

K 42 40 140
Ca" 25 24 0
Mg-- t 5 1 4 31

a lOS 108 4
HCO, 27 28 3 10

HPO. . H,ro. 2 2 n
so,
rhosphocieatine

05 05 1

45
Carnosine 14

Ammo acids 2 2 8
Deatine 02 02 9
Lactate 1 2 1 2 1 5

Adenosine triphosphate 5
Hexose monophosphate
Glucose 56 56

37

Protein 1 2 02 4
Urea 4 4 4
TOTAL mOsmole/L 302 9 301 8 302.2

Corrected osmolar activity 282 6 281 3 281 3

(mOsmote/L)

Total osmotic pressure at 5453 5430 5430
37‘C (mm hg)

usually determined by relative, rather than abso-

lute, osmolar concentrations, the correction factor

IS usually ignored.

Total Osmotic Pressure Exerted by the Body
Fluids. At the bottom of Table 33-2 is shown the

total osmotic pressure m mm Hg that would be
exerted by each of the diiTerent fluids if it were
placed on one side of a cell membrane with pure
water on the other side Note that this total pres-

sure averages about 5450 mm Kg for plasma,
which is 19.3 times the corrected osmolality of

282 8 milliosmoles per kilogram for plasma. Also

note that the osmotic pressure of plasma is 23 ram
Hg greater than that of the interstitial fluids, this

difference equaling the approximate hydrostatic

pressure difference between the pressure of the

blood inside the capillaries and the pressure in the

interstitial huid outside the capillaries.

AfAlNTENANCE Of OSMOTfC EQUfUSR/UM
BETWEEN EXTRACELLULAR AND
INTRACELLULAR FLUIDS

The tremendous osmotic pressure that can de-

velop across the cell membrane when one side of

the membrane is exposed to pure water—more
than 5400 mm Hg—illustrates how much force can
become available to move water molecules through
the membrane when the solutions on the two
of the membrane are not in osmotic equilibrium.

For instance, in Figure 33-7A, a cell is placed in

a solution that has an osmolality far less than that

of the intracellular fluid. As a result, osmosis of
water into the cell begins immediately, causing
the cell to swell and diluting the intracellular fluid

while concentrating the extracellular fluid. When
the fluid inside the cell becomes diluted sufflciently

to equal the osmolal concentration of the fluid on
the outside, as shown in Figure 33-7B, further
osmosis then ceases.

In Figure 33-7C, a cell is placed m a solution
having a much higher concentration outside the
cell than Inside. This time, water passes by osmosis
to the exterior, concentrating the intracellular
fluid and diluting the extracellular fluid. In this
process the cell shrinks until the two concentra-
tions become equal, as shovm in Figure 33-7D.

A a

figure 33-7. Establishment of osmotic equDibnum when cells
are placed in a hypo- or hypertonic solottoa
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Rapidity of Attaining Extracellular and In-

tracellular Osmotic Equilibrium. The transfer

of water through the cell membrane by osmoas

occurs so rapidly that any lack of osmotic equilib-

rium between the two fluid compartments in any
given tissue is usually corrected within a few

seconds and at most within a minute or so. How-
ever, this rapid transfer of water does not mean
that complete equilibration occurs between the

extracellular and intracellular compartments

throughout the whole body within this same short

penod of time. The reason for this is that fluid

usually enters the body through the gut and must
then ^ transported by the blood to all tissues

before complete equilibration can occur. In the

normal person it may take as long as 30 minutes

to achieve reasonably good equilibration every-

where in the body after drinking water.

Isotonicity, Hypotonicity, and Hypertonic-
ity. A fluid into which normal body cells can be
placed without causing cither swelling or shrink-

age of the cells is said to be isotonic with the cells.

A 0 9 per cent solution of sodium chloride or a 5
per cent glucose solution is approximately isotonic

Isotonic solutions are especially important in clin-

ical medicine because they can be infused into the

blood without danger of upsetting the osmotic

equilibria between the fluids outside and inside

the cells.

A solution that will cause the cells to swell is

said to be hypotonic; any solution of sodium chlo-

ride with less than 0.9 per cent concentration is

hypotonic.

A solution that will cause the cells to shrink is

said to be hypertonic, sodium chlonde solutions of

greater than 0.9 per cent concentration are all

hypertonic

CHANGES IN THE VOLUMES
AND OSMOLALITIES
OF THE EXTRACELLULAR
AND INTRACELLUUR
FLUID COMPARTMENTS
IN ABNORMAL STATES

CALCUlATtON OF FLUID SHIFTS BETWEEN
THE EXTRACmULAR AND INTMCULUIAR
FLUID COMPARTMENTS

Among the different factors that can cause extracel-
lular or intracellular volumes to change markedly are
ingestion of water, dehydration, intravenous infusion of
different types of solutions, loss of large quantities of
fluids from the gastrointestinal tract, or lc«sofabnonnaI
quantities of fluid by sweating or through the kidneys
The changes in both extracellular and intracellular

fluid volumes can be calculated easily if one will keep
“le following two basic principles in mind
^l)The osmolalities of the extracellular and intracet-

f
' fluids remain exactly equal to each other except for
lu minutes c/l«r a eftange in one of the fluids occurs

(2) The number of osmoles of osmolically active sub-

stance in each compartment, in the extracellular fluid o'

in the intracellular fluid, remains constant unless one ef

the osmolically active substances mows tArougk </« ttS

membranes to the other compartment.
Using these two basic principles, we can now analyze

tile effects of different shnormal fluid conditions ro

extracellular and intracellular fluid volumes and osms'

lalities

EFTICT orADDING WATER TO THE
EXTHACiUUIAR flUID

Water can be added to the extracellular fluid by

injection into the blood stream, by injection beneath the

skin, or by ingesting water followed by absorption flom

the gastrointestinal tract into the blood. The water

dilutes the extracellular fluid, causing it to become

hypotonic with respect to the intracellular fluids Os-

mosis begins immediately at the cell membranes, widi

laige amounts of water passing to the intenors cf the
.

cells Within a few minutes the water becomes distn'b-

uted almost evenly among all the extracellular and

intracellular fluid compartments.
Cnlculation of the Changes In Extracellular aod

Intracellular Volumes and Osznolatlties. Table 33-3

illustrates the progressive changes that would remit

from injecting 10 liters of water into the extracellular

fluid. This table gives the volumes and milliostnoles

liter of the extracellular fluid, the intracellular fluid,

and the total body water
Initially the extracellular fluid volume is 16

the intracellular fluid volume 25 liters, and the loUl

body water 40 liters, the railliosmoles per liter Is 300 in

each of these. The solution that is added, 10 litei* e'

water, has rero osmolality, and when first injected it

«

added both to the extracellular fluid and to the tatal

body water, but not to the intracellular fluid.

liie third line of the table shows the instantan»“*

effect on the volumes and osmolalities caused by addi-

tion of this fluid (before any osmosis occurs). The extra-

cellular fluid volume rises to 25 liters, and its con-

centration becomes diluted immediately to

milliosmoles/liter. During this instantaneous interval of

time nothing has happened to the intracellular

But within a few seconds to a few minutes, the dilute

extracellular fluid diffuses throughout the interstib"

spaces of the body and comes in contact with the c«'“’

allowing large portions of the water to pass by osmosis
|

into the intracellular fluid Osmosis will not stop m’*”
,

the milliosmolalities of the two fluids become equat AJ
I

a result, tbe milUosmolality of the extracellular fl’^“
I

rises upward from 160 while that of the intraceU'*''*^
j

fluid falls downward from 300 until the two meet I

other After a few moments the conditions in the
|

line of the table obtain, with the extracellular flu’y

volume 18,75 liters, the intracellular volume 31 25 M-
i

ters, and a railUosmolaUty in both compartments of”40 I

To calculate the changes occurring in the above ex-

ample, one needs only to keep accurate accounting C‘

the total number of miUiosmoles in each fluid comp^fv

ment and also in the total body water in the folloWt*!?

manner After the 10 liters of wafer are added the tflts

j

body water becomes 60 liters instesd of 40, but the |

milliosmoles in the whole body remain the same, 12,W"

Dividing 50 into 12,000, the average milliosmolar con-

j

«ntration in each liter of the body water under the n*"'
I
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Table 33-3 EFFECT OF ADMINISTERING 10 LITERS OF WATER INTRAVENOUSLY

IxtrAcellutAT IntTAceUulAf Total Body Water

Volume
(Uters)

Concen-
tration

(mOsmoIe/L)
Total

mOsmoIe
Volume
(Uten)

Concen-
tration

(mOsmo(e/L)
Total

mOsroole
Volume
(Uters)

Concen-
tration

(mOsmoIe/L)
Total

mOsmoIe

15 300 4500 25 300 7500 40 300 12000
Solution added to 0 0 0 0 0 10 0 0
Instantaneous

effect

25 180 4500 25 300 7500 50 No
equilibrium

2000

After osmotic
equilibnum

1875 240 4500 31 25 240 7500 50 240 12000

conditions is found to be 240. One can readily under-

stand that, after osmotic equilibrium has occurred

throughout the body, this calculated value of 240 is the

milliosmolality in both the extracellular and intracel-

lular fluid compartments Then, dividing 240 millios-

moles into the total milhosmolea in the extracellular

fluid compartment, 4500, one finds that the new volume
of extracellular fluid is 18.75 liters. Dividing 240 into

the total intracellular milliosmoles, 7500, gives the new
intracellular fluid volume of 31 25 liters

miCT OF DEHYDRATION

Water can be removed from the body by evaporation

from the skm, evaporation from the lungs, or excretion

of a veiy dilute unne. In all these conditions the water

leaves tlm extracellular flmd compartment, but on doing

so some of the intracellular water passes immediately

into the extracellular compartment by osmosis, thus

keeping the osmolalities of the extracellular and intra-

cellular fluids equal to each other The overall effect is

called dehydration

EFFECT OFADDING SALINE SOLUTION
TO THE EXTRACULULAR FLUID

If an isotonic saline solution is added to the extracel-

lular fluid compartment, the osmolality of the extracel-

lular fluid docs not change, and no osmosis results The
only effect is an increase in extracellular fluid volume.

However, if a hypertonic solution is added to the

extracellular fluid, the osmolality increases and causes

osmosis of water out of the cells into the extracellular

compartment
Finally, itahypotonic solution is added, the osmolality

of the extracellular fluid decreases, and some of the
extracellular fluid passes into the cells.

Table 33-4 gives the calculations of the effects which
would occur if2 liters of 4.4 per cent (five times isotonic

concentration) sodium chloride solution were added to

Uie extracellular fluid compartment. The added solution

contains a large total number of milliosmoles, 3000,
which are added to the extracellular fluid compartment.
The total of milliosmoles in the body becomes 15,000,

and the volume of the total body water rises from 40 to

42 Osmotic equilibration occurs within a few minutes.
Dividing 42 into the new total milliosmoles, 15,000. one
finds that the new milliosmolar concentration is 357.

Now, dividing 357 into the total milliosmoles in the
extracellular fluid, 7500, one finds that the new extra-

cellular fluid volume is 21 liters And, dividing 357 into

the total intracellular milliosmoles, 7500, the intracel-

lular fluid Is found also to be 21 liters.

The student should become completely familiar with
this method of calculation, for an understanding of the
mathematical aspects of osmotic equilibria between the
two compartments is essential to the understanding of

almost all fluid problems of the body

GLUCOSE AND OTHER SOLUTIONS
ADMINISTERED FOR NUTRITIVE PURPOSES

Many dilferent types of solutions are often adminis-
tered intravenously to provide nutrition to patients who
cannot otherwise take adequate amounts of food. Espe-
cially used are glucose soluhons and to a lesser extent
amino acid EoluUons. Rarely used are fiomogenued fat

solutuins. When all these are being administered, their

concentrations are adjusted nearly to isotonicity, or they
are given slowly enough that Uiey do not upset the

XAble 33-4 EFFECT OF ADDING 2 LITERS Of 4.4 PER CENT SODIUM CHLORIDE SOLUTION

fxtracet/utar I/itraceffuUr Total Body WeJght

Volume
(Uters) (mOsmole/L)

Tout
mOsmole

Volume
(Uters)

Concen-
tration

(mOsmole'L)
Total

mOsmole
Volume
(Uters) (mOsraoIc.1)

Total

mOsmole

Initial 15 300 4500 25 300 7500 40 300
Solution added 2 1500 3000 0 0 0 Z 1500
Instantaneous

effect

17 441 7500 25 300 7500 42 No
equilibrium

15000

After osmotic
equilibrium

21 357 7500 42 357 15000
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osmotic equiiibna of the body fluids. However, after the

glucose or other nutrient is metabolized, an excess of

water often remains Ordinarily, the kidneys excrete

this in the form of a very dilute urine Thus, the net

result is only addition of the nutrient to the body.

Hyperalimentation. When nutritive solutions arc
given intravenously into a peripheral vein, their concen-
trations must be adjusted very neatly to isotonicity,

otherwise, the abnormal osmolality will severely dam-
age the intima of the blood vessel and the vessel will

usually become plugged by a blood clot On the other
hand, a patient receiving only isotonic solutions cannot
tolerate enough water each day to allow total nutritive

support
However, it has recently been learned that very con-

centrated solutions can bo infused through a catheter
directly into one of the major central veins where the
blood flows very rapidly The solution is diluted so

quickly that it will not harm the vascular system Using
this procedure, enough calories can be given to a patient

each 24 hours to provide full nutritive support even
though only 2 to 3 liters of fluid are given to the patient
each day Therefore, it is now possible to maintain
patients with no intake of food by mouth whatsoever for

many months at a time
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34
Formation of Urine
by the Kidney:
Glomerular Fiitration,

Tubular Function,
and Plasma
Clearance

The kidneys perform two m^^jor functions: First,

they excrete most of the end-products of bodily
metabolism and second, they"

c

ontrol tne concSTi*
trations ot most oTthje constituents of the body
fluids. The purpose omHis cnapter is to discuss the

principles of urine formation and especially the
mechanisms by which the kidneys excrete the end-
products of metabolism.

PHYSIOLOGIC ASATOMY OF THE KIDNEY

The two kidneys together contain about
2,400.0Qp. nephrons, and each nephron is capable
oMbrinmg' urmeHiy itself. Therefore, in most in-

stances, it is not necessary to discuss the entire

kidney but merely the function ofa single nephron
to explain the function of the kidney. The nephron
is composed basicajly of (1) a glomerulu.t from
which fluid is filtered, and (2) a^long tubule in
which the filtered Iluid is converted into unne on
its way to the pelves of the kTdi^.

Figure 34—1 shows the general organizational
plan of the kidney, illustrating especially the dis-

tinction between the cortex of the kidney and the
medulla. And Figure' 34-2A illustrates the basic

anatomy of the nephron, which may be described
as follows: Blood enters the glomerulus through
the afferent arteriole and then leaves UirOUgh the
efferent arten^e. The glomerulus is a network of
up to 50 parallel branching and anastomosing
capillancs covered by epithelial cells and encased
m Rnittjnnn’t ^np>;iilp Pn;ssiire ot tile blood in the
glomerulus causes fluid to filter into Bowman’s
capsule, and from here the fluid flows into the
pmrimnl^ihiilp^\ in the of thc» kidnpv
along with the glomerulus.

From the proximal tubule the fluid passes into
the loop ofHenle that dips deeply into the kidney
mass, some of the loops pacing all the wav to the
bottom ot the renal medulla, bach loop is divided
into the descending limb and the asccndine limb.
The wall of the dcscen^ng iimti and the end
of the ascending limb Is very thin an'd therefore is

nf tbft-lnpp ftf HnnU HoW*
ever, after the ascending limb of the loop has
returned part way back ih the cortical direction.

COHUX

nxure J4-I. The wSAftlwtiortal plin'oTtSe uwu/y
syMem. ,

’
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OUCT

Untvertity rcets. (9SI { 5, Olff«cences becsiv«en « coRkd *
[uxtamedullijy nephron, (from Pitts. Physiology of the Kidn^wd
Body fluids Chicago. Year Book Medical Publishers 1974

)

its wall once again becomes thick like that of the

other portions of the tubular system; this portJon

of the loop of Ilenle is called the thick segment cf
the Binding limb.

~

'After pasaiti^through the loop of Henle, the

then enters the distal tubule which, like the
^ tubule^ lies m the renal cortexl Then,

in the cortex, as many^ eiglirorthe distal

tubules coalesce to form the collecting tubule^ ftp

end ofwhich fu^s once again awayftpmthe cortex

and passes downward into the medulla, where

bwomes the collecting duct . Successive generatiot

of wllecting ducts coalesce to form progressive'

larger collecting ducts that penetrate all the ws

through the medulla, parallel to the loops of Heal

The largest collecting ducts empty into the rtm

pelvis through the tips of the renal papillae; the;

are cofucaJ projections ol Ifie medulla tnat^rotnic

into the renal calyces, whfeh are themselves ri

cesses of the renal pelvis. In each kidney there ai

about 250 of these very large cnllerting duets , eac

of which transmits the urine from about JSi
nephrons
As the glomerular filtrate flows through

tubules, over 99 per cent of its water and varyir

amounts of its solutes are “normally reabsorbf

into the vascular system, and amall amounts i

some substances are also secreted into the tubule

The remaining tubular water and dissolved sul

stances become the urine
“Cortical"and "JuxtameduUary''Sephion

The characteristics of the nephrons arc sotnewhi

different depending on how deep the nephrons li

within the kidney mass. Tho^ neplwns ofwbic

the glomeruli lie close to the rurface’bftHrkianc

ore called cortical hephnns, as JllustrateirmFiJ

ure 34-2B. These have very short thin segnieni

in their loops of Henle, and the loops penetrsi

only a very short distance intone outer portio

of the meduHo. Those nephrons of which the gl(

meruIT lie deep in the renal'cortex near the mi

duila are called juxtamedullary nephrons. Thes

nephrons have very long loops ol^ Henle and esjx

dally long thin segments of the'lbdPsrAlso, the!

loops ofH cnle penetrate deeply into the inner son

of the medulla, many of them alfthe way to ft

tips of the renal papillae.
“

The Per/tuhufar Capillary' IViedvork and tb

Vasa Recta. Surrounding the entire tubular sy

tern of the kidney is an extensive network <

capillaries called the peritubular capillary netwod

This network is supplied with blood from ft

efferent arterioles, blood that has already passe

through the glomerulus,. Most of the' peritubuis

capillary network lies in,the renal cortex alongsto

the proximal tubules, distal tubules, and collects

tubules. However, from the deeper portions of thi

peritubular network, long and straight capillar

loops called vast* recto extend downward into to

medulla to lie side by side with the lower parts t

the thin segments of the juxtaglomerular

Henle all the way to the renal papillae. Them hk

the loops of Henle, they also loop back toward ft

cortex and empty into the cortical veins

Functional Diagram of the Nepliron.

34-3 illustrates a simplified diagram of the “pby-

iologic nephron." This diagram contains most c

the nephron's functional structures, and it is use*

in th5 present discussion to explain many aspect

of renal function.
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7lju» 34-3. The funcnona] nephron.

BASIC THEORY OF NEPHROS FUNCTION

The basic function of the nephron is to clean, or

“clear,” the blood plasma of unwanted substances
as it passes through the kidney. The substances
that must be cleared include particularly the end-

products of metabolism, such as urea, creatinine,

uric acid, and urates. In addition, many other

substances,* such as sodium ions, potassium ions,

chloride ions, and hydrogen ions tend to accumu-
late in the body in excess quantities; it is the

function of the nephron also to clear the plasma of

these excesses.

The principal mechanism by which the nephron
clears the plasma of unwanted substances is: (1) It

filters a large proportion of the plasma in the
flowing glomerular blood, usually about one fifth

of it, through the glomerular membrane into the
tubules of the nephron. (2) Then, as this filtered

fluid flows through the tubules, the unwanted
substances fail to be reabsorbed while the wanted
substances, especially the water and many of the

electrolytes, are reabsorbed back into the plasma of
the peritubular capillaries. In other words, the
wanted portions of the tubular fluid are returned
to the blood and the unwanted portions pass into
the urine.

A second mechanism by which the nephron
clears the plasma of other unwanted substances is

by secretion. That is, substances are secreted from
the plasma directly through the epithelial cells

lining the tubules into the tubular fluid. Thus, the
urine that is eventually formed is composed mainly
of filtered substances but also of small amount^i of

Glomefutus

RENAL BLOOD FLOW AND
PRESSURES

BLOOD FLOW THROUGH THE KIDNEYS

The rale of blood flow through both kidneys.of a
70 kg man is about 1250 ml/minutel*
Th6 portion oi the loiai cardiac output that

passes through the kidneys is cal led the reno/

fmction. Since the normal cardiac output of a 70
kg adult man is about 5600 ml/minute and*the
blood flow through both kidneys Js about' 1200
ml/minute, one can calculate that tKe normal renal
fraction is about 21^Eiy:_ccnt. This can vary from
as little as 12 per cent to as high as 30 per cent in

the normal resting person.

Special Aspects of Blood Flow Through the
Renal Vasculature. Note in Figure 34-3 that
there are two capillary beds associated with the
nephron: (1) the glomerulus, and (2) the peritubu-

lar capillaries. The glomerular capillary bed re-

ceives its blood from the afferent arteriole, and
from this bed the blood flows Into the peritubular

capillary bed through the efferent arteriole, which
offers considerable resistance to blood flow. As a
result, the glomerular capi llary bed is a htoh
pressure hpd while the peritubular capillatV bed is

a low pressure bed. Because of the high pressure

iii the glomerulus, it functions in much the same
way as the us^al arterial ends of the tissue capil-

laries, with fluid filtering continually out of the

glomerulus into Bowman’s capsule. On the other

hand, the low pressure in the peritubular capillary

system causes it to function in much the samr
os the venous ends of the tissue <

•.
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fluid bepg absorbed conlmuaUy into the capiUa^*

ies

Blood Flow in the Vasa licctn. A spociol

portion of the peritubular capillary pystem is tpe

vasa recto, which arc a network of capillaries thPt

descend around the lower portions of the loops of

Henle These capillaries form loops in the medulla

of the kidney and then return to the cortex befo*^

emptying into the veins The vasa recta play o

special role in the Ihimation ofconcentrated unn9*
which will be discussed in the following chapter

Only a small proportion of the total renal bloi>d

flow, abotit 1 to 2 per cent, flows through the va^
recta. In other words, blood flow through the mC*
dulla of the kidney is sluggish in contrast to the

rapid blood flow in the cortex

IN TOt ClRCMUTtON

Figure 34-4 gives the approximate pressures

the difTerent parts of the renal circulation npd

tubules, showing an initial pressure of appro)*'*

mately tOQ mm Up in the largo arcuate arteri<«

and about 8 mm Hg in the veins into v-hich the

blood finaFly drains The two major areas of res'S-

tance to blood flow through the nephron are
the small renal arteries and afftirenr artertole ofld

(21 the effercritafimpe In the smaTTartenes n^id

afferent arteriole the pressure falls from 100 Tii*n

'.^figure 34-4. Approxlmafe pressures ai dlfferer« points In

,
and tubules of Cbe fijncttonal nephron and In the httetitf**^

llg at its arterial end to an estimated mMO pn

sure of about QQ mm Hp_in the glomerulus (T1

pressure is still in serious doubt^ having be

calculated to be as high as 70 mm Hg in the d

ond measured to’ be as low tis 45 mm Hg in t

rat. Therefore, 60 mm Hg is only pn avera

estimate.] As the blood-flows through the effere

arterioles from the glomerulu.s to the peritubul

capillary system, the pressure falls another 47 ra

I!g to a moan perftubular capillary pressure of

mm Hg ,Thus. the high pressure capillary bed

the glomerulus operates at a mean pressure

about 60 mm Hg and therefore’ causc.s rapid fllir

lion of fluid, whereas the low pressure capilla

bed in the peritubular capillary system operat

at a mean capillary presaure of about 13 mm 11

therefore allowing rapid absorption tiTfluid 6

cause of the high osmotic pressure of the plasms

'‘ISTKAJtENAl tRlSSUnr AND l^AL
iNTtRsmiAL nuiD rmssuRi

The kidney is encased in a tight fibrous capsui

When a needle is inserted into the kidney and tl

pressure m the needle is gradually raised un!

fluid flows into the kidney tissue, the pressure i

which flovv- begins >s between 10 ond 18 mm H
averaging perhaps )3 mm Hg. This ’‘needle" pt*

sure IS called the intrarcnal nretsttre. It w
pointed out m Chapter. 30 that such needle pre

sure.s do not measure the interstitial fluid pressu.

but instead measure the total tissue pressure hi

pressure that lends to collapse blood vessels

tubules)

Recent attempts td measure the interstitial

pressure of the kidney utilizing implanted

rated capsulo.s as described in Chapter 30 ha'

given an average mean value of + 6 mmJlg.'^hK

at present is probably the best estimate of inte

stitial fluid pressure of the kidney.

fuNcnoN or the pejutubular
CAPIUARILS

Tremendous quantities of fluid, about

each day, are filtered through all the glomerul

all but I to 1.5 liters of this is reabsorbed from u

tubules into the renal interstitial spaces ar

thence Into the peritubujar_5apillarie3. This iv]

resents about four limes as much fluid as th:

reabsorbed at the venous ends of all the otht

capillaries of the entire body. Therefore, one ca

readily see that reabsorption of fluid into “

peritubular capillaries presents a special probleij

However, the peritubular capillaries are

porous in comparison with those in other bw

tissues, so extremely rapiu ^mosis of fluid resul

Ing from the colloid osmotic pressure ofthe plasj^

proteins can account for the rapid absorption tm

is required.
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GLOMERULAR FILTRATION AND THE
GLOMERULAR FILTRATE

The Glomerular Membrane and GlomcruUr
Permeability. The fluid that filters through the
glomerulus into Bowman’s capsule is called glo-

merular filtrate, and the membrane of the glomer-

ular capillaries is'called the glomerular membrane.
Though, in general, this memBrane is similar to

that of other capillaries throughout the body, it

has several differences. First, it has three major
layers: (1) the endothelial layer of the capillary
Itself. (2) a hnspman t mptwhrane

,
an d Clin faycr

of epithelial cells that is illustrated on the outer

surfaces of the glomerular capillaries in Figure
34-5. Yet, despite the number of layers, the perme-
ability of the glomerular membrane is from 100 to

500 times_as grpnf ns th.qt of the usual capil lary

The tremendous permeability of the glomerular

membrane is caused by its special structure, which
is illustrated in Figure 34-5. The capillary endo-

thelial cells lining the glomerulus are perforated

by literally thousands of small holes called fene^
trae. Then, outside the endothelial cells is a base-

meat membrane, composed mainly of a meshvvork
of proteoglycan fibnllae that also has large spaces

through which tluid can filter A final layer of the
glomerular membrane is a’layer of epithelial cells

that line the outer surfaces of the glomerulus.

Hoivcver, these cells are not continuous but in-

stead consist mainly of finger-like projections that

cover the basement membrane. Figure 34-6 is a
scanning electron micrograph of the outer surfaces

of the glomerular capillaries, illustrating the mul-
tiple "fingers” of the epithelial cells. These finger?.

Ccpillory tn^olhiiio) e«il

{ Bottnitnt tntmbront

Epithilial e«il

Feneslro Slil-pore

nsufc 94—S.functlOMl structure o! theglomeruUr memtxonc

form slits called slit-pores through which the glo-

merular filtrate filtere.

Thus, the glomerular filtrate pas-ses through
three different layers before entering Bowman’s
capsule, but each ofthese layers is several hundred
times as permeable as the usual capillary mem-
brane, which accounts for the tremendous volume
of glomerular filtrate that can be formed each
minute Yet. despite the tremendous permeability
of the glomerular membrane, it has an extremely
high degree of selectivity for. the sizes ofmolecules
that It allows to pass.

.

Overall, the permeability of the glomerular
membrane to substances of different molecular
weights (expressed os the ratio of concentration of

lljure 34-6. ScATifttfij c<«<iion mic/ogfAph ol * glom-

erulai hom t iwmal lai UdiKy The vwceiAl epithelial ccfii.

Of podocyiet (f*). extend tnuJiiple proceviet ounxAfd ftom

the nu4n ceJ body. v\fuch wrAp A/ound the indMduAl

loopv Note thAt tnvnedatety id,A<cfH pcdueU
o* foot (MDCCMV *Jhe (tom Olleienj podocy^^v (M>S'
n.'kAtton. >. 3300 J Iffont Etennei and Rectof The Nxiney

rhiAdeSptuxW S SAuivJei» Cor^pArty. 1031 }
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the dissolved substnnce on the filtrate side of the

membrane to its concentration on the plasma side)

is approximately as follows:

Molecular

W'eifiAt Permeability

5200 1 00
30.000 0.5

69.000 0 005

Example
Substance

Inulin

Very small protein

Albumin

This means that at a molecular weight of 5000,

the diasoWed substance filters just as easily as

water, but at a molecular weight of 69,000 only

0 005 per cent of the dissolved substance filters.

Note that the molecular weight of the smallest

plasma protein, albumin, is 69,000 Therefore, for

practical purposes the glomerular membrane is

almost completely impermeable to all plasma pro-

teins but IS highly permeable to essentially all

other dissolved substances in normal plasma.
There are two basic reasons for the high degree

of molecular selectivity by the glomerular mem-
brane. First IS the sizes of the porc-s in the mem-
brane itself. That is, the pores of the membrane
are large enough to allow molecules with diame-
ters up to about S nanometers (80 A) to pass
through Yet, the molecular diametbr of the
plasma protein albumin molecule is only about 6
nanometers, which is somewhat smaller than the
sizes of these large pores Therefore, why do the
protein molecules not pass through in great quan-
tity’ The answer to this is the second factor that
determines the permeability of the piembrane'
glomerular pores arc lined with a complex of gly-
cosylated proteins that hare eery strong nceatwe
electrical charges 1 ne plasma proteins also have
strong negative electrical charges. Therefore, elec-

Irostatic repulsion of^he-piut«tn molecules by the
pore walls keeps the.se molecules from passing
through.

Composition of the Glomerular Filtrate. The
glomerular filtrate has almost exactly the same
composition as the fiui^that filters from the arte-

rial ends of the capillarie.s into the interstitial

fluitU. It contains no red blood cells and about 0,03
per cent protein, or about ‘/iw the protein in the
plasma.

The electrolyte and other solute composition of
glomerular filtrate is also similar to that of the
interstitial fluid. However, because of the paucity
of negatively charged protein ions in the filtrate,

a Donnan ^uilibrium enbet occurs that causes the
concentration of the other negative ions besides
protein, including chloride and bicarbonate ions,
to be about 6 per cent higher in the glomerular
filtrate than in plasma; and the concentration of
positive ions is about 5 per cent lower.
To summarize: For all practical purpwses, glo-
lerular /titrate is the same as plasma except that

no significant amount ofproteins.

7H£ CIOMIRULAR HITRAT/OW RATE

The quantity of glomerular filtrate formed ea

minute in all nephrons of both kidneys is call

the glomendar filtration rate. In the normal pers

this averages approximately 125 ml/min. To e

press this diiTerently, the^tal quantity of glonw

ular filtrate formed each day averages about J.

liters, or more than two timeaJhe.tatal weight

the body. O^r^S^per^cent of theJih
.

ratp is nc

mally reabsorbed in the tubules, with the remai

der passing into the urine.

The Filtration Fraclion. The filtration fractii

is the fraction of the renal plasma flow that I

comes glomerular filtrate. Since the noro

plasma flow through both kidneys is 650 ml'm
and the normal Vo™e*rular filtration fate jpjo

kidneys is 125 ml, the average filtration fraction

approximately Vs or 19 ner cen t.

DYSAMteS or CLOMERUIAR flLTRATIOS

The same forces that cause fluid to filter from

any high pressure capillary also apply to filtration'

through the glomerulus. That is, pressure tnsuii

the glomerular capillaries promotes filtration of

fluid through the capillary membrane into Bow-

man's capsule. On the other hand, co/fo/d osmotic

pressure in the blood and pressure in Sownuvit

capsule oppose the filtration. (Ordinarily, w
amount of protein in the filtrate in BowmMi
capsule IS too slight to be of any significance, but

if this ever becomes increased to a significant

amount, its colloid osmotic pressure will obviously

also be active at the membrane, promoting in-

creased filtration of fluid through the membrane)

Glomerular Pressure. The glomerular pres-

sure is the average pressure in the glomeru^

capillaries This unfortunately has been rneasuiw

directly only in one mammal, the rat, in which Ine

average value is about 45 mm Hg. However, from

various indirect measurements it has been calcu-

lated to be from 55 70 mm He in the oog

Because humans are large mammals, a reasonable

average value can be considered to be 60 mmjlg'

though, as noted later, this can increase or de-

crease considerably under varying conditions.

Pressure in Bowman's Capsule. In

imals, pressure measurements actually have

made in Bowmiati’s capsule and at different points

along the renal tubules by inserting micropipet

into the lumen. On the basis of these studies,

capsular pressure in the human being is estimate

to be about 18 mm Hg,
,

Colloid OsmoticTVessure in the

Capillaries. Because appro-ximatcly one fifin '

the plasma in the capillaries filters into

sule, the protein concentration increases about

per cent as the blood pas,ses from the' ortenat

the venous ends of the glomerular capill^^®-

the normal colloid osmotic pressure of blood rate
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figure 34—7. A. Normal pressures at different

points In the nephroa and the normal filtration

pressure. S. Effect of afferent arteriolar constric-

tion on pressures in the nephron and on filtra-

tion pressure. C. Effect of efferent arteriolar

constriction on pressures in the nephron and
on filtration pressure.

Filtrstfon

pressure « 10
Filtrolioii

pressure * I

Filtrofion
pressure * H

Effect of effereril

arteriolar consfrichon

C

ing the’capillaries is 28 mm Hg, it rises to approx-

imately 36 mm Hg by the time the blood reaches

the venous ends of the capillaries, and the average

colloid osmotic pressure is about 32 mm Hg. (See

Figure 30-8 in Chapter 30, which shows the non-

linear relationship between protein concentration

and colloid osmotic pressure )

Filtration Pressure, Filtration Coefficient,

and Glomerular Filtration Rate. The filtration

pressure is the net pressure forcing fluid through

the glomerular membrane, and thia.i.<eQUa l to the
glomerular pressure minus.the sum oF etomerular

colloid oamoftg prejsiice and rapsijlnr pressure. In

Figure 34-7A, the normal filtration pressure is

sfwwn to be about W tnm Hgj
The filtration coefficiint, called Kr is defined as

the glomerular filtration -rate in both kidneys per

mm Hg of filtrntifni pressure. Th^isV the glomer-

ular filtration rate is equal to the filtration pres-

sure times the filtration coefficient, or

GFR “ Filtration pressure • K, *

'

The normal filtration coefficient is 12.5 ml/
min/mm Hg of filtration pressure Thus, at a.nor-

mal mean filtration pressure of TO mni_Hg. the

total filtration rate of both kidneys is 125 mtZmin.

(Note: From studies in rata, several investigators

have postulated that the filtration coefficient is

much greater than given here and that the filtra-

tion pressure is much lower, but these values arc

still under discussion.)

FACTORS THAT AFftCT THE CLOMERUIAR
FILTRATION RATE

It is clear from the above equation that the

filtration pressure and the filtration coefficient

determine the glomerular filtration rate. The fil-

' tration coefficient probably does not change greatly

from normal except when the kidneys become

diseased.

On the other hand, the three factors that deter-

mine filtration pressure—(1) glomcnilaiLPrcssurc.

(2) plasma colloid osmotic px^^ure, and (3) Bow-

gnpgiilp pfpgqitro—(Jo piny significant

roles in determining elomemlnr filtroiinn rate.

Some of the important conditions that aflcct.these,

and therefore also affect glomerular filtrati^ rate,

flro the followin g?
Effect of Rena) Blood Flow on Glomerular

Filtration Rate. An increase in the rate of blood

flow through the nephrons greatly increases the

glomerular filtration rate. One of the reasons for

this is that the increasing flow increases the glo-

merular pressure, which obviously enhances filtra-

tion. However, a second reâ n that is not quite so

easily understood is the Allowing: At normal renal
hlftod flow, about 90 pi>r cent of the olasma is

filtered through the glnmerular membraneithere-
fore, the concentration of the plasma ^otcins be*

corned considerably incrcas^ befnre the blood

leaves the glom^HTlUs and, consequently, the col-

loid osmotic pressure increases. Tnls rising colloid

osmotic pressure exerts a strong re-

ducing further filtration.

Now let us see what effect increased blood flow

will have on this. As the flow increases, greater

quantities of plasma enter the glomeruli so that

filtration of fluid from the plasma causes a smaller
percentage increase in protein concentration and
colloid osmotto pressuxe. T4ferefore, the rising col-

loid osmotic pressure now exerts far less inhibitory

influence on glomerular filtration. Consequently,
even when the glomerular pressure remains con-

stant, the greater the rate of blood flow into the

glomerulus, th^greater the glomerular filtration

rate.

Effect of Afferent Artcriolai^ Constriction on
Glomerular Filtration. Rate. Aflercnt arteriolar

constriction decreases the rate of blood flow into

the glomerulus and also decreases the glomerular

pressure, both ofthese effects decreasing the filtra-

tion rate. This’effect is illustrated in Figure 3t-

7B. Conversely, dilatation of the afferent arteriole

increases the glomeruli pressure, with a coiro-

sponding increase in glomerular filtration rate,

Effect of Efferent Arteriolar Constriction.

Constriction of tho efferent arteriole incrcaaea the

resistance to outfiow from the glomeruli. This
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the dissolved substance on the filtrate side of the

membrane to its concentration on the plasma side)

is approximately as follows:

Afofeculor Example
Weight Permeability Substance

5200 1.00 Inulin

30.000 0.5 Verj' small protein

69.000 0.005 Albumin

This means that at o molecular weight of 5000,

the dissolved substance filters just as easily os

water, but at a molecular weight of 69,000 only

0.005 per cent of the dissolved substance filters

Note that the molecular weight of the smallest

plasma protein, albumin, is 69,000. Therefore, for

practical purposes the glomerular membrane is

almost completely impermeable to all plasma pro-

teins but is highly permeable to essentially all

other dissolved sulutances in normal plasma.

There are two basic reasons for the high degree
of molecular selectivity by the glomerular mem-
brane First is the sizes of the pores in the mem-
brane Itself. That is, the pores of the membrane
are lai^c enough to allow molecules with diame-
ters up to about 8 nanometers (80 A) to pass

,
through. Yet. the molecular diameter of the
plasma protein albumin molecule is only about 6
nanometers, which is somewhat smaller than the
sues of these large pores. Therefore, why do the
protein molecules not pass through m great quon-
tily*^ The answer to this is the second factor that
determines the permeability of the membrane- The
glomerular pores are lined mih a complex of gly-
cosylated proteins that halt very strong negative
electrical charges ’iW plasma proteins also have
strong tii^ative electrical charges. Therefore, elec-

trostatic repulsion ofllie piutuln molecules by the
pore walls keeps these molecules from passing
through.

ComposHlon of the Glomerular Filtrate. The
glomerular filtrate has almost exactly the same
composition as the flui^ihat filters from the arte-

‘ rial ends of the capillaries into the interstitial

i fluids. It contains no red blood cells and about 0.03

^ per cent protein, or about ‘/2io the protein in the
plasma.
The electrolyte and other solute composition of

glomerular filtrate is also similar to that of the
interstitial fluid. However, because of the paucity
of negatively charged protein ions in the filtrate,

B Donnan equilibrium effect occurs that causes Ae
concentration of the other negative ions besides
protein, including chloride and bicarbonate ions,
to be about 5 per cent higher in the glomerular
filtrate than in pla^a; and the concentration of

f positive tons is about 6 per cent lower.
'i To summarize; For all practical purposes, g/o-

,
- ular filtrate is the same as plasma except that

no significant amount ofproteins.

WE CLOMERUIAR FILTRATION RATE

The quantity of glomerular filtrate formed eadi

minute in all nephrons of both kidneys is called

the^fomer«/ar filtration rale. In the normal person

this averages aPDioximatelv 125 mbmin^Tt) «•

press this differently, the total quantity of gloracr-

ular filtrate formed each day averages about J£!l

liters, or more tha " timoy itu? iptnt weight

the body. Oi^r99 per^centof tbp-fiUrntP is nor-

mally reabsorbed in the tubules, with the remain-

der passing into the urine.

The Filtration Fraction. The filtration fractloa

IS the fraction of the renal plasma flow that l!^

comes glomerular fiUrafe. Since the norma!

plasma flow through ^th kidneys is £50 mlto'a

and the normal glomerular' filtration rate jpjoih

kidneys is 125 ml, the average filtration fracti^

approximately Vs or 19 ner cen t.

OYNAMICS or GLOMERULAR FILTRATION

The same forces that cause fluid to filter from

any high pressure capillary also apply to filtration

through the glomerulus. That is, pressure inside

the glomerular capillaries promotes filtration of

fluid through the capillary membrane Info Bow-

man’s capsule. On the other hand, colloid osmota

pressure ta the blood and pressure irv Bovniisni

capsule oppose the filtration. (Ordinarily, Ifie

araounl of protein m the filtrate in Bowwatit

capsule is too slight to be of any significance, but

if this ever becomes increased to a algnifiwnl

amount, its colloid osmotic pressure will obviously

also be active at the membrane, promoting In-

creased filtration of fluid through the membrane 1

Glomerular Pressure. 'Hie glomerular pres-

sure IS the average pressure in the glomeruli

capillaries This unfortunately has been mea^i™
directly only in one mammal, the rat, in which tM

overage value is about 45 mm Hg .
How-ever, fmm

various indirect measurements it has been eajw*

lated to be from 55 to 70 mm He in the cog

Becau.se humans are large maimnal^ o reasotiabu

average value can be considered to be 60 mnu'F’

though, as noted Inter, this can increoM or de-

crease considerably under varying conditioiM

Pressure in Bowman’s Capsule. In

iroals, pressure measurements actually have

made in Bowman’s capsule and afdifferenl pomo

along the renal tubule-s by inserting micropip^

into the lumen. On the basis of these

capsular pressure in the human being is fsfimfl

to be about 18 mm Hg,
,

_

Colloid Osmotic I^ssure in the Glome^
Capillaries. Because approximately one

the plasma in the capillaries filters into
J ^

5ule, the protein concentration increases flbo“

per cent as the blood passes from the’ arteria

the venous ends of the glomerular capillar*®^-

the normal colloid osmotic pressure of blood cn
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Flsurc 34-7. A. NoftTwl pressures at different

points In the nephron, and the normal filtration

pressure. 6. Effect of afferent arteriolar constnc*

tion on pressures In the nephron and on filtra*

tlon pressure. C Effect of efferent arteriolar

constriction on pressures In the nephron and
on filtration pressure

Fihnhon
pressure 10

FvllTOlvoft

pressure • 1

Effect of *ff«r«n1

orteriolar eofSlr'Chon

C

mg the'capillaries is 28 mm Hg, it rises to approx-

imately 36 mm Hg by the time the blood reaches

the venous ends of the capillaries, and the average
colloid osmotic pressure is about 32 mm Hg. (See

Figure 36-8 in Chapter 30, which shows the non-

linear relationship between protein concentration

and colloid osmotic pressure.)

Filtration Pressure, Filtration Coefficient,

and Glomenilar Filtration Rate. The fiUraiton

pressure is the net pressure forcing fluid through
the glomerular membrane, and thi-i is equal To the

glomerular pressure minus.Me sum of slomerular
colloid osmotic pressure and rnpsidap_prvssure. In

Figure 34-7A, the normal filtration pressure ts

shown to be about 10 mm Hg»
The filtration coefficient, called Kf is defined as

the glomerular filtration-rate m both kidneys per

mm Hg of filtration pfe3*3ure. ThatisTtHTglomer-
ular filtration rate is equal to the filtration pres-

sure times the filtration coefficient, or

GFR = Filtration pressure • K, « ' '

The normal filtration coefficient is 12.5 mV
min/mm Hg of filtration pressure. Thus, at a.nor-

mal mean filtration pressure of 10 mm. He. the

total filtration rate of both kidneys is 125 rnl/rmn.

(Note: From studies in rats, several investigators

have postulated that the filtration coefficient is

much greater than given here and that the filtra-

tion pressure is much lower, but these values arc

still under discussion.)

FACTORS THATAFFICF TH£ CLOMIRULAR
FILTRATION RATE

It is clear from the above equation that the

filtration pressure and the filtration coefficient

determine the glomerular filtration rate. The fil-

f tration coefficient probably docs not change greatly

from normal except when the kidneys become
diseased.

On the other hand, the three factors that deter-

mine filtration pressure—(1) glomcrulatjrcsjiure.

(2) plasma colloid osmotic prcsyite, and (3) Bow-

in?»p*g prpggnro—do pl .iy vnry gigilificant

Some of the important conditions that affeetthese,

and therefore also affect glomerular filtration rate,

are the following;

Effect of Renal Blood Flow on Glomerular
Filtration Rate. An increase in the rate (if blood

fiow through the nephrons greatly increases the

glomerular filtration rate. One of the reasons for

this is that the increasing flow increases the glo-

merular pressure, which obviously enhances filtra-

tion. However, a second reason that is not quite so

easily understood is the following: At normal renal

blood fipw. about gfi per cent of the plasma is

filtered Ibrnugh tbe glnmprulnr membrn ne; there-

fore, the concentration of the plasma proteins be-

comes' considerably increased before the blood

leaves the glom^nffiis and, consequently the col-

loid osmotic pressure incroasgs. Tbis'nsmg CoIlold

osmotic pressure exerts a strong InHti'ertcW^ re-

ducing further filtration.

Now let us see what effect increased blood flow

will have on this. As the fiow increases, greater

quantities of plasma enter the glomeruli so that

filtration of fluid from the plasma causes a smaller

percentage inerdose in protein concentration and
colloid osmotic pressure. T4*erefore, the rising col-

loid osmotic pressure now exerts far less inhibitory

influence on glomerular filtration. Consequently,

even when the glomerular pressure remains con-

stant, the greater the rate of blood flow into the

glomerulus, the'greater the glomerular filtration

rate.

Effect of Afferent Artcriola^ Constriction on
Glomerular Filtration. Rale. Afferent artenolar
constriction decreases the rate of blcKxl flow into

the glomerulus and also decreases the glomerular
pressure, both of these effects decreasing the filtra-

tion rale. This’efTect is illustrated in Figure 34-
7B. Conversely, dilatation of the aflerent arteriole

increases the glomerular pressure, with a corre-

sponding increase in glomerular filtration rote,

Effect of Efferent Arteriolar Constriction,
Constriction of the efferent arteriole increases the

resistance to outflow from the glomeruli- This
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obviously increases the glomerular pressure ar'd

at small increases in efTerent resistance

causes a slight increase in glomerular filtratii*”

rate, as illustrated in Figure 34-7C. However, tPc

blood flow decreases at the same time, and if tP®

degree of efTerent arteriolar constriction is mo^*
erate or severe, the plasma will remain for a loiig

period of time in the glomerulus, and extra lar#®

portions ofplasma will filter out. This will Increa^®

the plasma colloid osmotic pressure to excessi^®

levels, which will cause a paradoxical decrezise

the glomerular filtration rate despite the elevated

glomerular pressure.

Effect of Sympathetic Stimulation. During
sympathetic stimulation of the kidneys, the aflV*

ent arterioles are constricted preferentially,

thereby decreasing the glomerular filtration rat®-

With very strong sympathetic stimulation, gl®*

memlac Wood flow and the g.lQtnenilar ’^cessuf®

are reduced so greatly that glomerular filtrati®''

can decrease to only a few per cent of normal, and
the urinary output actually can fall to 2ero for ®s

long as 6 to lOJnmutes.

Effect of Arterial Pressure. One would exp^^
an increase in arterial pressure to cause a propor-

tionate increase in all pressures in the nephr®n
and therefore to increase the glomerular fikeation

rate to a great Mtpnt. In a cltial fact this efl'ef± IS

greatly blunted because of a phenomenon calM
ryiforfgw/ftdonrwFTch is explained in the following

chapter briefly, when the arterial pressure ris^s,

afferent arteriolar constriction occurs automsl>*
cally; this prevents a significant rise in glomerular
pressure despite the rise in arterial pressuf®-

Therefore, the glomerular filtration rate usually

increases only a few percent even when the mean
nrterial pres^re rises^om its normal value of

too mm Hg to as high as 150 mm Hg
Nevertheless, we shall also see in the following

chapter that even a small percentage increase In

glomerular filtration rate can cause a manv&ld

mcrcasejn urinary output Tberetore, an increas®
in arterial prMsure can greatfy increase urinary
output even though it affects glomerular filtration

rate only Blicfitly.

I^BSORPTION AND SECRETION
In THE TUBULES

The glomerular filtrate entering the tubules of
the nephron flows (1) through the proximal
«2) through the loop ofHenle, (3) through the
tubule, (4) through the collecting tubule,-ani fSl

through the collecting duct into the pelvis of ll*®

kidney. Along this course, substances are sel®^*
lively reabsorbed or secreted by the tubular epi-

thelium . and the resultant fluid enterin^the pe!^
' unne. Reabsorpijon plays a much greater r®!®

docs secretion in this formation of urine, but
w,..lion is especially important in determining

the amounts ofpotassium ions, hydrogen ions, and

a few other substances in the urine, as discussed

later.

Ordinarily, more than 99 per cent of the water

in tlie glomerular filtrate is reabswoed asitpasas

tfirou^ the tubules . Therefore, if some dtssolred

constituent of the glomerular filtrate is not reab-

sorbed at all along the entire course onhe tubules,

this reabsorption of water obviously concentrates

the substance more than 99-foid. On the other

hand, some constituents, such as glucose and

ammo acids, are reabsorb^ almost entirely so that

their concentrations decrease almost to zero before

the fluid becomes urine. In this way the tubules

separate substances that are to be conserved la

the body from those that are to be eliminated in

the urine.
r

BASIC MECHASISM5 OfABSORmONAND
StCMWWt Vli TWtvmsAss

The basic mechanisms for transport through t

tubular membrane are essentially the same

those for transport through other membranes

the body. These can be divided into active transpi

and passive transport. The basic essentials of the

mechanisms are described here, but additioD

details can be found in Chapter 9y

Active Transport Through the Tubulnr
Membrane

Transport of Sodium Ions. Figure 34-5 illi

trates, by way of example, the mechanism I

active transport of sodium fmTn the lumen eftl

proximal_ tubule_ into the peritubular ca prllai

Note, first, the cHaracterof the epitheJialMlis ih

line the tubule Each epithelial cell has a “brus

border on its luminal surface. This brush is «'

posed of literally thousands of very minute mici

Peritubulor I
j

Capillary
Tubular

}

Tubulof

Ep;thel/um
j

Lufnen

No*

a {OmVJ

vP M
KOrnV):® „ ,
- ^ ^

Bo'l'

"T"

.

,

oedudens

TeSSl!
,

Basement membrane
fljure 34-8. MeehAnism for AcrVe tiAnsporr of »o<Uum ^

the tubuldt lumen Into the pefftubuUr capilUiy. (nustMtlnjit

ireruport *t the base and sides of the epitheflal cell

tluou^ the luminal bolder of the cell
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/ilU that multiply the surface area of luminal

jxposure of the cell about twentyfol<j_ The base of

the cell sits on the basement memorane, but it is

oocked by an extensive system of basal channels
that multiply the basal and lateral surface areas
Tianyfold. The epithelial cells are attached to each

ather only near the brush border, a tight attach-

ment area called either a tighUiinrtinn_QT a zonula

xdudens.. _ — ^

Active transport of sodium occurs from inside thfe I

Epithelial cell through its basolateral membranep \

into the interstitial spaces of the kidney This *

transport outward from the cell dimmisKcs th^

sodium concentration inside the cell. Then, ber

cause this low concentration inside the cell estab-

lishes a sodium ion concentration gradient front

the lumen of the tubule to the inside of the cell,\

sodium ions diffuse from the tubule through the\
brush border into the cell, and this sodium , too, is I

carried the rest of the %vay into the interstitial '/

spaces by the sodium pl|imp.

Note in Figure 34-a that the electrical potentiaf

inside the epithelial cell, causc^by the continual

active transport of the sodium out of the cells, is

approximately—70 millivolts This very negative

intracellular voltage is important because it, as
well as the low concentration of sodium inside the
epithelial cell, is an additional important factor

that causes sodium diffusion from the tubular

lumen into the cell. These two factors together are
called the “electrochemical’' gradient. The rapid

diffusion of wdium into th^ceil ts also facilitated

by a very high permeability of the brush border

membrane to sodium, primarily because of the
extensive surface area of the thousands of micro-
villi. However, another factor that increases this

permeability is that sodium ‘ions bind with a so-

dium earner protein m the membrane that en-

hances the movement of the sodium through the

membrane by the process called faahtoted diffu -

Sion, which was explained in Cha^ec^
Transport of Other Substances from the Tu-

bules. Other substances besides sodium that are

actively absorbed through the tubular epithelial

cells include f^hica&eJamina' acids, halcium'ions,

potassium ions, chloride ions, bicarbonate ions,

phosphate ions, urSle ions, and others. As was
explained in Chapter 9, both glucose and the amino
acids are transported from the tubular lumen
through the brush border by a process caviled so-,

dium, cotrnr^pnrf. That is, the glucose or ammo
acid molecSe^mds with the same sodium carrier

molecule in the brush border that transports so-

dium ions through this-membrane. Then, as the

sodium diffuses Inward through the membrane, it

literally pulls the glucose or amino acid along with

it. Once inside the epithelial cell, the sodium and
the glucose or amino acid spU^ from the carrier.

The glucose or amino acid then fiifTiisp.s_through

the basal membrane ot the cell and thencejnto
the peritubular capillaries by the processjif tacil-

itated diffusion, as was~discuss^ in Chapter 9.

Active Secretion into the Tubules. In addi-

tion, some substances are actively secreted into all

or some portions of the tubules: these include
especially hydrogen ions, potassium ions, and urate
lons^ Active secretion occurs in the same way as
active absorption except that the cell membrane
transports the secreted substance in the opposite
direction; for some of 'the actively secreted sub-
stances, it is the brush border rather than the
basolateral membrane of the cell that provides the
active transport rnechanism.

pAssIve Absorption of Waten
Osmosis Through the Tubular Bplthellum

When the different solutes are transported out
of the tubule, their total concentration decreases
inside the tubular lumen_but increases on the
outside m the renal interstitium. This obviously

creates a concentration difference that causes os-

mosis of water in the same direction that the

solutes have been transported ,

However, some portions of the tubular system
are far more permeable to water than are others.

In those portions that are highly penneable, such
as the proximal tubules, osmosis oi water occurs

so rapidly that the osmolar concentratTon' nf s.n1n>ga

onThe intcr^itial side of the membrane is almost
never more than a few milliosmoles greater than
on the intratubular side. For instance, referring

again to Figure 34-8, when sodium ions are trans-

ported from a tubule into the peritubular fluid of
the intercellular spaces and basal channels, the
osmotic pressure m this fluid increases while that

in the tubule decreases..Since the proximal tubular
membrane is highly permeable to water, osmosis
occurs almost instantaneously into the peritubular

fluid to re-equihbrate the osmolar concentrations

on the two sides of the membrane.
On the other hand, portions of the distal tubule

.-irp .-in PX.imnlR oF a tubula r nrpa thal. iir~.rhr;~t

completely impermeable to water, a fact that plays

a very important role in the mechanism for con-

trolling unne concentration. This will be discussed

later.

Passive Absorption of Urea and
Other Nonactivefy Transported Solutes
by the Process of Diffusion

When water is reabsorbed by osmosis, about half
the urea in the tubular fluid remains behind;
therefore, the concentration of urea in the tubular
fluid rises, which obviously establishes a concen-
tration difference for urea between the tubular
and interstitial fluids. This in turn causes urea
also to diffuse from the tubular fluid into the
interstitium. And this same effect also occurs for
other tub'ular solutes that are not actively reab-
sorbed but that are diffusible through the tubular
membrane.
The rate of resorption of a nonactively reab-
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sorbed solute is determined by (1) the amount of

water that is reabsorbed, because this determine

the tubular concentration ofthe solute, and (2) the

permeability of the tubular membrane for the

solute. The permeability ofthe membrane for urea

in most parts of the tubules is far less than that

for water, which means that far less urea is reab-

sorbed than water. Therefore, a lai^e proportion

of the urea remains in the tubules and is lost in

the urine—usually over 50 per cent of all that

enters the glomerulafTiItrate. The permeability of

the tubular membrane for teabaorpUon of creati-

mne, inulmla large polysacehand^ mannitol (a

monosacchafid^7anit sucrose is zero ,
which means

that once these subsl^ijesTiaveTilSr^ into the

glomerular filtrate, 100 per cent of that which

unne. ^
Diffusion Caused by Electrical Differences^

Across the Tubular ifembrane: The active ab-

sorption of sodium from the tubule creates nega-

tivity inside the tubular lumen \vith respect to the

interstitial ^id, as was illustrated m Figure 34-

8 In the early proximal tubule, this electrical

potential is approximately - 3 millivolts . In the

distal end of the distal tubule, it range»~irom -10
to -70 miiiivolts. in some other segmente of the
tuples, this paU^Uai is a few miUivoUs positive—
for instance, in tmTIb'Hlled’

"
diluting segment'* of

the distal tub"ule^as will be discussed in more
detail later in this chapter.

When the electrical potential is negative Inside

the tubule, this repels negative ions, such as chlo-

ride and phosphate ions, causing them to diffuse

out of the tubules and into thcjilacautial fluid (if

the tubular membrane is permeable to the ions).

On the other hand, it will attract positive ions,

such as sodium and potassium ion s, from the in-

terstitial fluid into the tubules. Conversely, when
the intratubulaTfluidTs^itive, positive ions then
move toward the interstitial fluid and negative
ions toward the tubular lumen.

ABSOR/TfVf CArASfimEii
OF DlfFEREm TUBULl SEGMENTS

In subsequent sections of this chapter the
sorption and secretion of specific substances in
different segments of the tubular system will fc
discussed. However, it is important first to point

out basic differences between the absorptive s

secretory capabilities of the different t>'p€s of

bules.

Proximal Tubular Epithelium. Figure 3-1

illustrates the cellular characteristics of the

bular membrane in (1) the proximal tubule,

the thm segment ofthe loop of Henle, (3) the dis

tubule, and (4) the collecting duct. The proxui

tubular cells have the appearance of being hig!

metabolic cells, having larg^e numbers of mitocbi

dria to support extremely riyiid active tran!=p

processes; and, true enough, one finds that oi<

65 per cent of a ll reabsorption and secretion 0

dccur^'thrtubufar BySleni take-place in Ihepn

imal tubules, 'fhat is, 85 per cent oi the glomc^
filtrate no'rmally is reabsorbed before r^^hingt

loops of Henle. As already described in relation

sodium transport, the proximal tubular epithel

cells have an extensive brush border. They a

have a far-ranging labyrinth of intercellular a

basal channels that provide an extensive me
brane area on the interstitial fluid side of t

epithelium, the side where abundant active trai

port of sodium ions occurs

Another special characteristic of the proxiir

tubule epithelium that is different from the e

thelium elsewhere in the tubular system U t

following; The so-called “tight” junctions of t

proximal tubules that attach the epithelial ce

together are rot very tight. Both_water mole^

fls well as many small molecular weight sol®

can leak through these junctions. Thesefore, ifs'

too much fluid has been absorbed from the pro

mal tqTiular lumen by the epithelial cells and t

pressure of this fluid has berome excess'ively c

vated in the' interstUiar spacMW the outside

the tubule, theh large porti^ons of the fluid w

leak back again into the tubular lumen. For tl

reason, the riei rale bTaSsorptiDn from the pw:

raal tubules is determined not oni^by the rate

active transport through the tubular epithelic

but also by all factors that affect the UflcaciJ

interstitial fluid pressure, a high interstitial pn

sure decreasing net absorption while a low pn

sure enhances absorption. For instance, when t

pressure in'the peritubular capillaries is loWt

when there is a high plasma colloid osmotic pn

sure, either of these will promote rapid ab-sorpti

offluld from the interstitium and therefore Pff''®

back leakage of fluid into the proximal tuhul
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Ivunen. In effect, therefore, either of these two-
low capillary pressure or high plasma colloid os-

motic pressure—will f>ip not rntA nf pmv.
imal tubular reabsorption:

Thin Segment of the Loop of Henle. The
epithelium ofthe thin segment ofthe loop ofHenle,
as the name implies, is very thin. The cells have
no brush border and very few mitochondria, indi-

cating a minimal level of metabolic acti^ty. The
descending portion of this thin gegment. is_hjghly

permeable to water and moderately permeable to

urea, sodium, and most other ions Therefore, it

appears to be adapted primarily for simple diffu-

sion of substances through its walls

The ascending portion of the thin segment, on
the other hand, is believed to be different in one
very important characteristic; it is believed to be
far less permeable to water but more permeablejo
urea than is the descending portion. These diller-

ences are important for explaining the function of

the countercurrent mechanism for concentrating

urine that will be discussed in the following chap-

ter.

Thick Segment of the Loop of Henle. The
thick segment of the loop of Henle begins in the

ascending limb of the loop where the epithelial

cells become grossly thickened^& illustrated in

Figure 34-2. This segment then ascends all the

way back to the same glomerulus from which the

tubule originated and passes snugly through the

angle between the afferent and efferent arterioles,

forming a complex with these arterioles*calIed the

juxtaglomerular complex. This structure wilt be
discussed in greater detail m the following chapter

because it plays very important roles in controlling

nephron function.

The epithelial cells of the thick segment of the

loop of Henle are similar to those of the proximal
tubules except that they h.^ve a rudimentary brush
border, fewpr h.-<sa1 plinnnela. and much tighter
“tight” junctions where the cells attach to each
other. The cells are especially adapted for strong

active transport ofsodium and potassium ions and
perhaps chloride ions as well, transporting these~_
from the~gEnpnmtieTrtntrrthe-interetitiai tfuid!

On the other hand; this thick segment is almost
entirely impermeahlp to both water and utea^ .

Therefore, even though afiout tliree^uar^rs of all

the ions in the tubular fluid are transported out of
the thick segment into the jnterstitiunl, almost all

the water and urea~remain in the tubule. Thus,
the ascending limb tubular fluid becomes very

dilute, except that its^concentration ofurea is high.

We shall see in the' discussions of the following

chapter that this thick se^ent plays an exceed-

ingly important role'in controlling the degree of

dilution or concentration of the urine that is even-

tually formed by the kidney.
The Distal Tubule. The distal tubule begins at

the juxtaglomerular complex, continuing from the
thick segment of the ascending limb of the loop of

' Henle. The distal tubule is highly convoluted and

eventually coalesces with several other distal tu-

bules to form the cortical collecting tubule that
was described earlier.

The distal tubule is divided into two imDortnn t

functional segments, the diluting segment and the
UUe distal tubule.

The Diluting Segment The first half of the
distal tubule has almost the same characteristics

as the thick'segment of the ascending limb of the
loop of Henle. It absorbs most of the ions avidly
but is almost entirely impeimeable to both w.'itor

and urea^ Therefore, this diluting segment, too,

cdnEnbutes to the dilution of the tubular fluid in

the same way as the thick segment of the ascend-
ing limb of the loop of Henle.

The Late Distal Tubule and Cortical Collect-
ing Tubule. The functional characteristics of the
late distal tubule and the cortical collecting tubule
are similar to each other; even their lining epithe-

lial cells are simi lar. S^e ral important character-

istics of these tubular segments are the following;

(1) The epithelium of both is almngt entirely

impermeable to urea, the same as in the diluting
segment of the distal tubule, ^o lhat essentially

all the urea passes on into the~cQlIec^g duct

(2) These ‘two segments reabsorb sodium ions

avidly^ but ihe r.’iti^ of this reabsorotion is con-

trollM to a very great extent bv aldogterone. as
we shall discTiss m more detail m the following
chapter. Simultaneously with the pumping of so*

diumoutofthe tubularJumen intoth o peritubular
interstitium. nertassium tons arp trnnsported in the
opposite direction into the tuhiiLirJumpn: this too

is controlled hv .itHr.ciarQnft nnd bv several other
factors including the concentration of potassium
ions in the bodv^ uids. Thus, ^tassitim^ons are
actively secreted into these tubular segments, and
it IS maijiiy by this mVans that th‘> ion

concentmtion is conUoUeU in if^e extracellular

fluids o( the^body .

13) The late distal tubule and the cortical col-

lecting tubule differ from the diluting segment in

still another very important aspect: they are
permeable to water in me presence ofaniidiuretic
hormone but impermeable when this hormone is

absent, nrovidh^ a method' _lh«

degree of dilution oF the urine, a subject that we
shall discuss in detail in the following chapter.

The collecting duct also shares this responsiveness
to antidiurctic hormone.
The Collecting Duct Epithelium. The epithe-

lial cell^of the collecting duct arc nearly cuboidal

in shap^ with smooth surfaces, and contain rela-

tively jew mitochondria. This epithelium has two
especially important characteristics for renal func-

tion:
^

(1) The permeability of the collecting duct to
water is controlled mnirtlv bv the l);»vcl nf .mtidt.

uitetic hormone m blood, as just
mentioned. When excessive amounts of anlidi-
uretic hormone are available, water is reabsorbed
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into the medullary interstitium in great quan-

tities, thus reducing the volume of urine and con-

centrating most of the dissolved substances in the

urine. The collecting duct epithelium is slightly

permeable to urea as and this permeability

increases slightly in^the presence of antidiuretic

hormone. Therefore, some urea is reabsorbed iMo
the medullary interstitium. Most of this then dif-

fuses back into the loop of Henle.and is returned

once again to the collecting duct and is finally

secreted.

(2) The second important characteristic of the

collecting duct epithelium is its capability for se-

creting hydrogen inhs aeainst a verv_bigh hydro-

gen ion gradient Therefore, as will be explained

in Chapter'STTThe collecting duct plays an exceed-

ingly important role in rnnlealiing tho ngid-hase

balance of the bodv fluids., •

RlABSORPTiONAND SECRETION OF
INDIVIDUAL SUBSTANCES IN DlfTERENT
SEGMENTS OF THE TUBULES

Renbsorption of Water; Kate of Fluid Flow
at Different Points in the Tubular System.
Water transport occurs entirely_bv osmotic difliii

sion ThaiTs, wKenev£r_.s.ome solutejnjheglomer*
"utar filtrate is absorbed either by active reabsorp-

tion or by diffusion caused by an electrochemical

gradient, the resulting decreased concentration of

solute in the tubular (luid and increased concen-

tration m the interstitial fluid causes osmosis of

water out of the tubules. Therefore, the volume of

tubular fluid progressively diminishes along the

tubular system.

Figure 34-10 depicts the rates of fluid flow

axially along the tubular system at different points

in the tubules In the two kidneys of the human
being, the total fluid volumes flowing into each
segment each minute (under normal resting con-

ditions! are the following;

jnlfmin

Glomerular filtrate 125
Flo^ving into the loops of Ilenle 45 ^

Flowing into the distal tubules 25
Flowing into the collecting tubules 12
Flowing into the urine t

From this chart one can also deduce the percent
of the glomerular filtrate water that is reabsorbed
in each segment of the tubules, as follows-

Per Cent
Proximal tubules

, 65
Loops of Henie ’

15
Distal tubules 10

' Collecting tubules and ducts 93
Passing into the urine 0.7

We shall see later in this and the following
chapters that these values vary greatly under

rigarc 34-10. Volume Row of RuW h each jegmentofBw
tubular system per minute N'ote that the flow Is plotted on i

semi logarithmic scale Illustrating (he (remendous difference In

Bow between the earlier and later segments ol the tubules

different operational conditions of the kidney, par-

ticularly when the kidney is forming very dilute

or very concentrated urme.
_

’

/

Reabsorption of Substances of N^utritionaJ

Value to the Body-Glucose, Proteins, Arnino

Acids. Acetoacctate Ions, and Vitamins. Five

different substances in the glomerular filtrate 01

particular importance to bodily nutrition aregf«’

cose, proteins, amino acids, acetoacetate ions, onil

the Vitamins Normally all of these are conipletel)

or almost completely renhtnrhed hv ^elive DIVCCSSS

in tke^ pniximal (iihiih^ of the kidney, as fihoivn

Figure 34-11 for glucose, protein, arid amino acids

figure 34-11. Rates of flow of Important organic

through the tubules at each point along the tubular course (

of rt»ese substances InuHn and para amlnohlppurlc

nonruHy present bur arc important lest substances )

demonstrates reabsorpuon of alt nunlflonally

stances irt the proximal tubules and poor reabsorptlw w
met^ollc end-products in ail segments of the tubules. No**

^
total absence of reabso'pilon of Inulin and the secietion of pa

atranohlppuric acid imo the proximal tubules
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Therefore, almost none of these substances remain
in the tubular fluid entering the loop of Henle.

Special Mechanism for Absorption of Pro-
tein. As much as 30 grams of plasmaprotein filter

into the glomerular llltrat^each day . This would
be a great m^bolic drain on the body if the
protein were not returned to the body fluids. Be-
cause the protein molecule is much too large to be
transported by the usual transport processes

, pror
tein ts absorbed through, the brush border of the

proximal tubular epithelium by pmocytosiSt which
means simply that the protein attaches itself to

the membrane and this portion of the membrane
then mvaginates to the interior of the cell Once
inside the cell the protein is digested into its

constituent amino acids, which are then absorbed

by facilitated diffusion through the base and sides

of the cell into the interstitial fluid Details of the

pinocytosis mechanism were discussed m Chapter
9.

Poor Reabsorption of the Metabolic End-
Products: Urea, Creatinine, and Others. Figure
34-11 also illustrates the rates of flow of three

major metabolic cnd-products m the different seg-

ments of(RelUhLtiaESVStem^urea. creatinine, and
urate^inna._NntP. especially, that Only moderate
quantities of urea—about 50 per cent of the total

—

are reabsorbed during the enUre course through
the mbulflr-evsitem
Creatinine is not reabsorbed in the tubules at

all; Indeed, small quantities of creatinine are ac-

dually secreted into the tubules by the proximal
tubules so that the total quantity of creatinine

increases about 20 per cent
The urate ion is absorbed much more than

urea—about 86 per cent reabsorption But even so,

large quantities oTurate still remain m the fluid

that ftnaiiy iaanea 11110 the untie. SeveTal other

end-products, such as mlfates, phosphates, and
nitrates, are transported in much the same way as
urate ions. All these are normally reabsorbed to a
far less extent than is water so that their concen-
trations become greatly increased as they flow

,
along the tubules. Yet, each is actively reabsorbed
to some extent, which keeps their concentrations in

the extracelluT^r fluid from ever falling too low
Transport of Inulin and Para-Aminohip-

puric Acid by the Tubules. Note also m Figure
34-11 that when the substance inulin, a large

polysaccharide, is infused into the blood and is
' then Altered in the glomerular filtrate, its flow

rate remains exactly the same throughout the,

,
entire tubular system. The cause of this is simply

^
that inuUn is neither reabsorbed nor secreted in

,

any segment of the tubules. .

^
Finally, Figure 34-11 shows that when para-

< aimnohippuric acid (PAH) is infused into the blood
and then excreted by the kidneys, its flow rale

’ increases about fivefold as the tubular fluid passes
^ through the proximal tubules; then its rate of flow

remains constant in the other tubules. This is

because large quantities of PAH are secreted into

the tubular fluid by the proximal tubular epithelial

cells, and it is not reabsorbed in any segment of

the tubular system.

These two substances play an important role in

experimental studies of tubular function, as will

be discussed later in the chapter.

Transport of Different Ions by the Tubular
Epithelium—Sodium, Chlorido, Bicarbonate,
and Potassium. Figure 34-12 illustrates the rates

of flow of different important ions—sodium, chlo-

ride, bicarbonate, and potassium—in different seg-

ments of the tubular system. Note that all these

decrease markedly because of reabsorption as the
tubular fluid progresses from glomerular filtrate

to urine.

In most segments of the tubules, positive 10ns
are generally tran.gported thrnngh thi^iiTmlar ep-

ithelium bv artivn frnnspnrt prTiccssosrTiggaMve
are usually transported passively a.s a resul t

prelectncal diffcr^Les develooedlicross the mem-
brane when the positive ions are transported For
instance, w^h sodMrrii'Ib^frs~afe transpi^S Fut of

the proximal tubular fluid, the resulting electro-

negativity that develops in the tubular fluid causes

chloride 10ns to follow m the wake of the sodium
ions. But, despite the general rule that negative

ions are usually passively reabsorbed, this may
not be entirely true because some evidence exists

for specific active transport of chloride Ions in the

distal tubule.

Secretion ofPotassium and Hydrogen Ions,

Note also in Figure 34-12 that the flow of potas-

sium ions normally increases as the tubular fluid

passes through thojiistal tubules and collecting

tubules, as a result of secretion ofj>otas,stum This

ilSuie S4— 12. Rates ol flow of the diifetenj tons al diffetent
poma In the tubules e«h minute Note not only the teabsotpiion
o! ihe Ions but jIso the seaetlon of pousKum into the d siaf and
coUeciins tubu'ev
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will be discussed at greater length in Chapter 36

in relation to the regulation of potassium concen-

tration in the extracellular fluids.

Uydronen tons are actively secreted in the prox-

imal tubules, distal tubules, and collecting ducts.

This secretion is an essential ingredient of the

body’s system for controlling the acid-base balance

of the internal environment (the extracellular

fluid), as will be discussed In Chapter 37.

Speclai Aspects of Bicarboaate Ion IVans-

porL Bicarbonate ion is probably mainly reab-

sorbed in the form of carbon dioxide rather than

in the form of bicarbonate ion itself. This occurs

as follows- The bicarbonate ions in the tubular

fluid first combine with hydrogen ions that are

secreted into the fluid by the epithelial cells. The
reaction forms carbonic acid which then dissociates

into water and carbon dioxide The carbon dioxide,

being highly lipid-soluble, diffuses rapidly through

the tubular membrane into the peritubular capil-

lary blood. When more bicarbonate ions are pres-

ent than there are available hydrogen ions, most
of the^xHss bicarbonate ions flow on into the

urine becau^ the tubules we only siighuy~^Tme-
able to them
Transport of Other Ions. Though we know

much lees about the specific means of transport of

other ions besides the four illustrated m Figure

34-12, m general essentially all of them can be
reabsorbed either by active transport or as a result

of clectrochemically driven diffusion across the

membrane. Thus, calcium, magnesium, and other
positive tons are actively reabsorbed, and many of

the negative ions are reabsorbed as a result of

electrochemical differences that develop when the

positive ions are reabsorbed. In addition, certain

negative ion»—urate, phosphates, sulfate, and ni-

trate—can be reabsorbed by active transport, this

occurring to the greatest extent m the proximal
tubules

CONaWTRATFONS Of DfFfEJllST

SUBSTANCES AT DlffERENT POINTS
IN THE TUBULES

Whether or not a substance becomes concen-
trated in the tubular fluid as it moves along the
tubules 18 determined by the relative reabsorption

qljhe substance versus the reaQ^orptlon ot~tS-^ter.

iTa'greater percentage ol water is reabsorbed, the
substance bwomes more concentrated. Conversely,
if a greater percentage of the substance is reab-
sorbed, It becomes more dilute Therefore, we can
combine the curves of Figures 34-10, 34-11, and
34—12 to determine which substances become con-
centrated in the tubular system and which become
diluted. Figure 34-13 illustrates the results ofthis
Mmbmation, showing three different classes, of

’ as follows-
* First, the nutritionally important substances-^
glucose, protein, and amino acids—are reabsorbed
so much more rapidly than water that their con-

lystem

centrations fall extremely rapidly itv the pro*”’

tubules and remain essentially aero Ihrou^

,

the remainder of the tubular system as well

the urine.

Second, the concentrations of the metabohe ^

products as well as of the artificially

stances inulin anthpara-ammotUpguric add
become progressively greater thiougHciilt'W”

bular system, because all these substances

reabsorbed to a Car less extent than is yratetJ-

that potassium ions also fall

distal tubules

Third, many other ions are normally w
into the urine in concentrations not greatly dif}^

from those in the glomerular filtrate and

lutar fluid. For instance, sodium and chlon^
^

on the average, are normally reabsorbed froi^^

tubules in not too dissimilar proportions

water.
. j]

Table 34—1 summarizes the concentraUn?

ily of the tubular system for different

It also gives the actual quantities of ffie oiii

^
substances normally handled by the tubules

minute.
,

Variability of Concentrating
"-u;

of caution must be given at this point: (h®

titative values for reabsorption of different .

stances as given in Figures 34-10,
12 and for concentrating power of the

given in Figure 34-13 and Table 34-1 8^
overage values. These values change

j.

different physiological states. For instance.
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Table 34-1 RElATIVt CONCENTRATIONS OF SUBSTANCES IN THE CLOMERUUR FILTRATE AND IN THE URINE

ClomeniUr filtrate (US ml'mia) Urine (t ntl/mln)

Cone. Urine/

Cone. Plasma
(Plasma dearance

per min)Quantlly/mln Concentradon Quandty/mln Concentradon

Na’ I7 7mtq 142 mtq/L 0 1 28 mEq 1 28 mfq/L 09
K* 063 5 006 60 12

Ca*' 05 4 00048 48 1.2

0 3B 3 OOt5 IS 50
a- 12.9 103 0134 134 1.3

HCO,- 35 28 0014 14 05

0 25 2 005 50 25

SO.-' 0 09 07 0033 33 47

Glucose 125 mg 100 mg/dt Omg 0 mg/dl 00
Urea 33 26 182 1820 70

Uric add' 38 3 042 42 14

Creatinine

'

1 4 1 i 1 96 196 140
Inulin ' — — — 125

Diodrast — — — 560
PAH — — — — 585

essentially no antidiuretic hormone is secreted by
the hypothalamiC'posterior pituitary mechanism,
reabsorption ofwater by the collecting tubules and
collecting ducts becomes greatly reduced; and the

presence of the extra water in the urine dilutes

essentially all the substances listed m Table 34-1

by os much as fourfold. Conversely, secretion of

large quantities of antidiuretie hormone causes

such excessive reabsorption of water that all the

substances can be concentrated to as much as four

to five times the values given in Table 34-1.

THE CONCEPT OF
"PIASMA CLEARANCE"

The tenn “plasma clearance" la used to express the

ability of the kidneys^ clean, or “clear/ the pla<gma of

various subAtgneej. Thus, the plasma passing uirough

theTcTHneys contains 0.1 gram of a substance in each

deciliter, and 0.1 gram of this substance also passes into

the unne each minute, then 1 deciliter of the plasma is

cleaned or cleared of the substance per minute.

Referring again to Table 34-1, note that the nonnal
concentration of urea in each milliliter of plasma and
glomerular filtrate is 0 26 mg, and the quantity of urea
that passes into the unne each minute is approrimalely

18.2 mg. Therefore, the equivalent quantity of plasma
that completely loses its entire content of urea each
minute can be calculated by dividing the quantity of

urea entering the unne each minute by the quantity of
urea in each milhleter of plasma. Thus 18 2 — 0 26 =
70, that is, 70 ml of plasma is cleaned or cleared of urea
each minute. This amount that is cleared each minute
IS known as the plasma clearance of urea. Obviously,

the plasma clearance is a measure of tb <» pfrprttvpnpg,^

of the kidney to remove substances front the p^tracpl.

lulariflui^d.

Plasma clearance for any substance can be calculated

by the formula below.

The plasma clearances of the usual constituents

of urine are shown in the last column of Table
34-1.

INUUN CLEAKANCEAS A MEASURE OF
GLOMERULAR FILTRATION RATE

Inulin IS a polysaccharide that has the specific attri>

bules of not being reabsorbed to a significant extent by
the tubules of the nephron and yet being of small enough
molecular weight labout 5200i that it passes through
the glomerular membrane as freely as the crystalloids

and water of the plasma. Also, inulin is not actively

secreted even in the minutest amount by the tubules.

Consequently, glomerular filtrate contains the same
concentration of inulin as does plasma, and as the

filtrate flows down the tubules all the filtered inulin

continues on into the unne. Thus, all the glomerular
filtrate formed is cleared of tnuiin Therefore, the nfasma
clearance per minute of inulin is equal the glomerular__

filtmtlnn mtp.

As an example, let us assume that it is found by
chemical analysis that the inulin concentration in the

plasma is 0.1 gram in each 100 ml, and that 0 125 gram
of inulm passes into the urine per minute. By dividing

0.1 into 0 125, one finds that 1.25 100-mdliUter portions
of glomerular filtrate must be formed each minute in

order to deliver to the unne the analyzed quantity of

inuhn. In other words, 125 ml of glomerular filtrate is

formed per minute, and this is also the plasma clearance
of inulin

Inuhn is not the only substance that can be used for

determining the quantity of glomerular filtrate formed
each minute, for the plasma clearance of any other
substance that is totally diffusible through the glomer-
ular membrane but is neither absorbed nor secreted by
the tubular wails is equal to the glomerular filtration

rate. Mannitol is a monosaccharide that is frequently
used instead of inulm lor suen measurement, and
radioactive iothalamate is still another substance fre-

quently used b^use ics radioactivity allows easy quan-
titanve analysis.

Quantity of unne fmRmin) x Concentration m urine
Plasma clearance (ml/min) = — —

Concentrabon in plasma
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PARA-AMINOHIPPUIUC ACID (PAH)

CLEARANCPA5 A MEASURE OF FtASMA
ngwwROUCH.mt hidseys

PAH, like Inulin, passes through the glomerular mem-
bmno with perfect ea«e. Hoivever, it is different from

inolin in that most of the PAH remaining in the plasma

after the glomerular filtrate is formed is secreted into

the tubules by the proximal tubular epithelium if the

plasma concentration of PAH is very low. Indeed, only

about one tenth of the original PAH remains in the

plasma by the time the Wood leaves the hidneya

One can use the clearance ofPAH for estimating the

flow ofplasma through the kidneys As an example, let

us assume that 1 mg of PAH is present in each 100 ml

of plasma, and that 5 85 mg of PAH passes into the

unne per minute. Consequently. 585 ml of plasms is

cleared of PAH each minute Obviously, if this much
plasma is cleared of PAH, at least this muck plasma
must have passed through the kidneys in thissame
of time And. since it is known that almost oU the PAH
IS cleared from the blood as it passes through the

kidneys, 565 ml would be a reasonable first approxi*

mation of the actual pl.isma flnw pur min.iio

Yet, to be still more accurate, one can correct for the

average amount of PAH that is still in the blood when
it leaves the kidney In different experiments the PAH
clearance has averaged 91 per cent of the plasma load

of PAH entering the kidneys. Therefore, the 685 ml of

plasma just calculated would bo only 91 per cent of the

total amount of plasma flowing through the kidneys

Dividing 685 by 091 gives a total plasma flow per

minute of approximately 650 ml
The 91 per cent removal of PaH as it passes through

the kidneys ts called the extraclion ratio

One can calculate the total blood /low through the

kidnoys each minute from the plasma flow and the

hematocrit (the percentage of red blood cells m the

blood) If the hematocrit is 45 per cent and the plasma
flow 650 mVmm, the total blood flow through ^Ih
kidneys is 650 times (100/35), or 1182 ml'mm
Clearance oLQuKfEg^ can also be used for estimating

plasma flow or blood flow through the two kidneys-

However, the extraction ratio ofDi^rasl averages about

0 85, slightly less than that ofPAH

CALCULATING THE FILTRATION TRACTION
FROM PIASMA CLEARANCES

To calculate the filtration fraction—that is, the frac-

tion of the plasma that filters through the glomerular
membrane—one must determine (II the plasma flow

through the two kidneys (PAH clearance) and (2) the
glomerular filtration rate per minute (inulin clearMce)
Using 650 ml plasma flow and 125 ml glomerular
filtration rate as normal values, we find that the calcu-
lated filtration fraction is 125,6,50, or, to express this as
a pcrcentacc. 19 per cent

EFFECT OF “TUBULAR LOAD" AND
^ ‘TUBULAR TRANSPORT MAXIMUM”

»N URINE CONSTITUENTS

^Tubular Load. The tubular load of a substance is the

total amount of the substance that filters through the
glomerular membrane into the tubules each minute. For

instance, if 125 ml of glomerular filtrate is formed each

minute with a glucose concentration of 100 mg per cert,

the tubular load of glucose is 100 rag x 1.25, or 125 ng

ofglucose per minute. Similarly, the load of sodium ibt

enters the tubules each minute is approximately^
mEn/nun . the load of chloride ion is about 13 mEq'm'n,

andth'c load of urea is approximately 33 mg/min, etc.

Maximum Rate of Transport of Actively Reab-

sorbed or Secreted Substances—The “Tubular

IVansport Maximum” (Tm). Since each substance that

IS actively reabsorbed requires a specific transport lys-

tem ni the tubular epitJiehal cells, the raas.im'sa

amount that can be reabsorbed often depends on the

maximum rate at which the transport system itself cao

operate, and this in turn depends on the total amountj

of carrier and specific enzymes available. Consequently,

for almost every actively reabsorbed substance there is

a maximum rate at which it can be reabsorbed, this u

called the tubular transport maximum for the substance,

and^ abbreviatwin « Tm Fw instance, the Tto 5k

glucose averages 320 mgtmmfor the adult human being

and if the tubular lead becomes greater than 320

mg/ram, the excess above this amount is not reabsorW

but instead passes on into the urine Ordinarily, though,

the tubular load of glucose is only 125 mg/min, w thot

for practical purposes all of it is reabsorbed.

Figure 34-14 demonstrates the relationship bcta««

tubular load of glucose, tubular transport maximum for

gluco:>e, and rate of glucose loss into the urine.

that when the tubular load is at its normal level of 125

mg/min there is no detectable loss of glucose infoJhf

urine However, when the tubular load nses above sbout

220 mg/min, significant quantities of glucose begin w

appear in the urine And, once the load has risen iWt
approximately 400 mg/min, the loss into the urine wt*

after is equal to the rubufor load minus 320 mg'fflj''

Thus at 400 mg/min tubular load, the loss is 80 mg™**’

and at 800 rag/mm tubular load it is 480 mf/n«n «

other words, 320 mg/mm of the tubular load, wn>“

represents the tubular transport maximum for gloc^.

13 reabsorbed, and all the remainder is lost into tre

urine
Threphold for Substances That Have a Titbtilst

lyansporl Maxiumum. Every substance that has *

transfer maximum also has a “threshold" concentratw

(mg/mh)

njure 34—14. Relationship of tubular toad of glucose W
of glucose Into the «tin«
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in the plasma below which none of it appears m the

urine and above which progressively larger quantities

appear.

Thus, Figure 34-14 shows that glucose begins to spill

into the urine when its tubular load exceeds 220 mg/mtn.
The threshold concentration of glucose in plasma that

gives this tubular load is 180 mg per cent when the

kidneys are operating at their normal glomerular filtra-

tion rate of 125 ml/min.

Tubular Transport Maximums ofImportant Sub-
stances Absorbed from the Tubules. Some cf the

important tubular transport maximums for substances

absorbed from the tubules are the following;

Glucose 320 mg/min
Phosphate 0.1 mM/min
Sulfate 0 06 mM/min
Amino acids 1 5 mM/min
Urate 15 mg/imn
Plasma protein 30 rag/ram

Hemoglobin 1 mg/min
Lactate 75 mg/min
Acetoacetate vanable (about 30 mg/min)

It is particularly significant that the tubular transport

maximum for sodium ions is so large that it has not

been measured accurately

Tubular Transport Maximums for Secretion. Sub-

stances that are actively secreted by the tubules also

exhibit tubular transport maximums as follows'

Creatinine

PAH
Diodrast

Phenol red

1 RLflRINCiS

mg/min
16

57 (of iodine)

56
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Renal Mechanisms
for (I) Controlling
Glomerular Filtration,

(2) Excreting Dilute
or Concentrated
Urine, and (3)
Excreting Urea,
Sodium, Potassium,
and Fluid Voiume

In the previous chapter we discussed the mech-
anisms by which glomerular fillrate is formed and
the way in which it is then processed in the tubules
to become urine. The present chapter will be de-
voted to special mechamsms that function within
the kidney to control the composition ofurine from
moment to moment to reflect the needs ofthe body
for excreting different substances. For instance,
the body at times has great excesses of water and!
therefore, must excrete a dilute urine; at other
times it has a deficit of water and, therefore, must
excrete a minimum of water, yet still excrete the
end-products of metabolism as well as other sub-
stances that must be removed from the b^y fluids.

Specifically, we will discuss in this chapter (1)
the special mechanisms for controlling the glomer-
ular filtration rate, which is a prerequisite for
essentially all other control mechanisms of the
kidney to function properly; (2) the special renal
me^amsms that allow the kidneys to excrete
either a dilute or a concentrated urine; and (3) the
tubular mechanisms that allow the kidneys to
e.xcrete appropriate quantities of urea, sodium
potassium, and fluid volume.

'

AUTORECULATION OF
GLOMERULAR FILTRATION RATE

f The glomerular filtration rate normally remains
very nearly constant hour after hour, usually vary-
4/0

mg very little either above or below the nom
value of about 125 ml per minute for the t

kidneys Even a change in arterial pressure fr|

as little as 76 mm Hg to as high as 160 mm 1

hardly changes the glomerular filtration rate.TI

effect is illustrated in Figure 35-1, and it is cal!

autoreguJahon ofglomerular filtration rate.

Why Is It Important for the Glomerular f

tration Rate to Be Autoregulated? To undi

stand the importance of maintaining a consta

glomerular filtration rate, let us consider wh

would happen if the glomerular filtration ra

should become, first, very slight or, second, ve

great.

At a very slight glomerular filtration rate, ti

tubular fluid would pass through the tubules

slowly that essentially all of it would be reo

sorbed. Therefore, the kidney would fail to c!m

nate the necessary waste products.

At the other extreme, with a much too hig

glomerular filtration rate, the fluid would

rapidly through the tubules that they would o

unable to reabsorb those substances that need

be conserved in the body.
,

Thus, one can readily see that the glomem*®

filtrate must flow into the tubular system at
^

appropriate rate (1) to allow the unwanted sue

stances to pass on into the urine while (2) rea

sorbing the wanted substances. However, it is oi'

not appreciated how narrow the range of glome
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Figure 35-1 . AutoreguUtion of glomerular filtration rate (GFR)

and renal blood flow (RBF) when the artedal pressure Is Increased,

but there Is lack of autoregulatlon of unne Row.

ular filtration rate must be if optimal function of

the tubular system is to occur. To emphasize this

narrow range, recent analyses of tubular function

have shown that even a 5 per cent ton great ontoo

little rate of glomerular filtration can have consid-

ei^le el^^ts in causiirg either excess loss of sol*

utes and water into the urine or, at the other

extreme, too little of the necessary excretion of

waste products.

MECHANISM OF AUfORECUUnON OF
GLOMERULAR FILTRATION RATE—
TUBULOCLOMERULAR FEEDBACK

The precision with which glomerular filtration

rate must be autoregulated demands that there be

an effective means for controlling this filtration

rate. Fortunately, each nephron is provided with
not one but two special feedback mechanisms
which add together to provide the degree of glo-

merular filtration autoregulation that is required.

These two mechanisms are (1) an afferent arterio-

lar vasodilator feedback mechanism, and (2) an
efferent arteriolar vasoconstrictor feedback mecha-
nism. In each of these mechanisms, the degree to

which the fluid entering the distal tubule has been
processed is detected, and appropriate signals are

fed back to the afferent and efferent arterioles to

increase or decrease the glomerular filtration rate

as required. The combination ofthese two feedback

mechanisms is called tubuloslomenilar feedhach^
And the feedback process probably occurs either

entirely or almost entirely at the juxtaglomerular
complex, which has the following characteristics:

The Juxtaglomerular Complex. Figure 35-2
illustrates the juxtaglomerular complex, showing
that the initial portion of the distal tnhule. im-

mediately after the uppei end ofthe thick segment
of the ascending limb of the loop of Henle, passes
in the angle between the afferent and efferent

arterioles, actually abutting each of these two
arterioles. Furthermore, those epithelial cells of
the distal tubule that come in contact with the

arterioles are more dense than the other tubular

cells and are collectively called the macula densa.

The macula densa cells appear to secrete some
substance toward the arterioles because the Goj^i

apparatus, _ah intracellular secreto^ry organelle, is

directed t^ard thq arterioles and not toward the

lumen of the tqbule, in contrast to all the otl^-^

figure 35-2. Structure of the luxuglomeru-
Ur ^ppar4tus. iUusirating its possible feeObAck
role In Uie corrtrol of nephron functloa (Mod-
ified from Histology.

|
B. Uppincott Co

)
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tubular epithelial cells. Note also in Figure 35-2

that the smooth muscle cells of both the afferent

and efferent arterioles are swollen and contain

dark granules where they come in contact with
the macula densa. These cells are callcdyKitog/o/n-

erular cells, and the granules are composed mainly
of inactive renin. The whole complex of macula
tl^nsa and juxta^omerular cells is called the jux-
taglomerular complex.

Thus, the anatomical structure ofthejuxtaglom-
erular apparatus sugge.sta strongly that the fluid

in the distal tubule in some way plays an impor-
tant role m helping to control nephron function by
providing feedback .signals to both the afferent and
efferent arterioles.

The Afferent ArtetlotAr Vusodllutor

feedback Mechanism

A low rate of glomerular flltration causes over-
reabsorption of sodium and chloride ions in the
ascending limb of the loop of Henle and therefore
decreases the ionic concentration at the macula
densa. This decrease in ions in turn initiates a
signal from the macula densa to dilate the a^erent
arteriole Putting these two facts together, the
following IS the postulated mechanism by which
the afferent arteriolar vasodilator feedback mech-
anism controls glomerular filtration rate-

(1) Too little flow of glomerular filtrate into the
tubules causes decreas^ sodium and chloride ion
concentration at the macula densa.

(2) The decreased ionic concentration causes af-

ferent arteriolar dilatation

(3) This in turn allows increased blood fiow into

the glomerulus, which increases the idomerular
pressure.

(41 The increased glomerular pressure, as well

as the increased glomerular blood flow, increases
the glomerular filtration rate back toward the
reqQiTfd leve^

TTius, this IS a typical negative feedback mech-
anism for controlling the glomerular filtration rate
at 0 steady rate. This mechanism also helps auto-
regulate the renal blood flow at the same time, os
we shall discuss.

77ie Uferent Arteriolar VASoconstrictor

Feedback Mechanism

Too few sodium and chloride ions at the macula
densa are behoved also to cause the juxtaglome-
rular cells to release renin, and this in turn causes
formation of angiotensin. The angiotensin then
constricts mainly the efferent arteriole because it

IS highly sensitive to angiotensin II, much more
.so than is the afferent arteriole.

With these facts in mind, we can now describe
the efferent arteriolar vasoconstrictor mechanism

helps maintain a constant glomerular fiUra-
jfton rate:

(1) A too low glomerular filtration rate causes

excess reabsorption of sodium and chloride ions ui

the ascending limb of the loop of Henic, reducing

the ionic concentration ot the macula densa-

(2) The low concentration of ions then cause?

the JG cells to release renin from their granule

(3ri he renin causes formation of angiotensin E
(4) The angiotensin II constricts the efferent

arterioles, which causes the pressure in the gloni-

erutus to rise.

(5) The increased pressure then causes the glo-

merular filtration rate to return back toward nor-

mal.

Thus, this is still another negative feedback

mechanism that helps to maintain a very constat

glomerular filtration rate; it does so by constrictini

the efferent arterioles at the same time that the

afferent vasodilator mechanism described a^ie

dilates the afferent arterioles. When both these

mechanisms function together, the glomerular fil-

tration rate increases only a few per cent c'*”

though the arterial pressure changes between the

limits of 76 and 160 mm Hg.
Role of the Renln-Angiotcnsin System and

Afferent VasoconstriclorMechanismln CoDsC^u’f

Water and Salt but Eliminating Waste Vroducu

During Arterial Hypotension, When the arteriw pres-

sure falls too lew. the intrarenal rcnin-anpetensin^

tern not only helps maintain normal glomenilar filw

tion iby constricimg the efferent firtenoles), bull*

provides a means for conserving as much water

as.j>os8ibIejtoJceep the arterial preSburtiJiBSMiS?
anOd\^r~while otThg-lame time allowingihtt.kwiga

ei^lain thiaT”'^ ,

As we shall learn later m this chapter, the atnouw

urea and other waste products excreted by the

IS determined to a great extent by the rateorglomPf'**'

filtration. The reason for this is that once the

products have been filtered through the glomeruu i

the tubules, as much as halfof these are not reabsor

by the tubules and thereforeL-Mss on_|ntq_lheun,

\\\e dxft jtom

ular filtration rate near normal also keeps the ratej*

waste product excretion almost normal as well

,

On the other hand, angiotensin II has several e

that cause increased water and salt reabsorptio''

tubules These are- . ...

(1) When the angiotensin constneta theyit vYnen me angioiensin constnvia me
terioles, this reduces the renal blood flow ,

reduces the peritubular capillaiypreisure. TB

creases the rate of reabsorption ofwater and

from the tubular system, especially from the

the balance of forces at the cap**'tubules because the i

membrane Is now in favor of absorption
,

(2) Because the blood flow through the

now decreased and yet the rate of glomerolar filt “

is still near normal, a very high proportion ofm
of the plasma filters through the glomerulus ^
tubules Therefore, the concentration of the P

proteins in the blood leaving the glomeruli hccomr

high, and this concentrated plasma flows

peritubular capillaries. As a result, the coUmd o

pressure in the peritubular capillaries is

creased, which is an additional factor that enP

rcabsorption of water and salt.
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3) Some research workers have suggested that angi-

msin also has a direct efTect on the distal tubules u
iising increased active reabsorption of sodium. If true,

ts could be still another factor that would increase the

absorption of salt and water.

Regardless of which mechanisms are involved, the

iction of the renin-angiotensm system is to cause
iservation ofwater and electrolytes while at the same
ne promoting continued high excretion of waste prod-

ts. Obviously, this is an exceedingly important life*

ving mechanism when arterial hypotension occurs,

lis mechanism is also important when animals or

iman beings become dehydrated, such as when they

e exposed to desert conations, because dehydration

me also increases the intrarenal renin secretion to

nserve water and salt while allowing the waste prod-

ts to be excreted.

UTORICULATION Of RENAL
LOOD FLOW

Not only is the glomerular filtration rate autoregu*

ted at a very constant level, but the renal blood flow

so remains near the normal level despite considerable

latige in the arterial pressure, this is called autoregu-

Uion of renal blood flow For instance, the renal blood

ow of both kidneys remains very near the normal level
' 1200 ml per minute even when the arterial pressure

dls as low as 75 mm Hg or rises to as high as 160 mm
[g. This, too, is illustrated m Figure 3S-1.

The most important mechanism for autoregulating

le renal blood flow is probably the first of the two
lechanisma that autoregulates glomerular filtration

ate, the afferent arteriolar vasodilator mechanism That
I, when the renal blood flow falls too low, this at first

ecreases the glomerular filtration rate The falling

lomerular filtration rate in turn causes a feedback

ffect at the juxtaglomerular complex to dilate the

fferent arteriole, as explained earlier. This then allows

icreased blood flow into the glomerulus, thus returning

oth the renal blood flow and the glomerular filtration

ate back toward normal It should be recognized, how-
ver, that this mechanism is primarily concerned with

utoregulating glomerular filtration rate, which is a

ecessary condition for normal function of the nephron

'he autoregulation of renal blood flow is merely inci-

Icntal to the autoregulation of the filtration

Some physiologists believe that still another mccha-
asm IS important in autoregulating the renal blood

low. This is the so-called myogenic mechanism, which
las been postulated as follows When the arterial pres*

ure rises, it stretches the wall of the arteriole, and this

n turn causes a secondary contraction of the arteriole,

fhis decreases the renal blood flow back toward normal,

bus opposing the effect of the rising arterial pressure

o increase the flow Conversely, when the pressure falls

•00 low, an opposite myogenic response allows the artery

o dilate and therefore increases the flow. Unfortunately,

bis mechanism has not yet been proved, and there are

Tiany reasons for believing that it would be inherently

instable, so that some physiologists do not believe that

>uch a mechanism truly docs help in autorcgulating tl»

renal blood flow. Obviously, though, if this myogenic

methanism for renal blood flow regulation should prove

to be a real phenomenon, it could help auloregulate the

glomerular filtration rate as well as Uve renal blood

flow.

THE MECHANISM FOR EXCRETING
EXCESS WATER: EXCRETION OF A
DILUTE URINE

One of the most important functions of the kid-

ney is to control the osmolality of the body fluids.

When the osmolality falls too low—that is, when
the fluids become .too^ilute-^lhe kidneys auto-
matically excrete a great excess of water in the
urine. This obviously causes a dilute urine, but it

also removes water from the body, in this way
increasing the body fluid osmolality back toward
normal. Conversely, when the osmolality of the
body fluids is too great, the kidneys automatically
excrete an excess of solutes, thereby reducing the
body fluid osmolality again back toward normal,
but at the same time excreting a concentrated
urine.

Role of Antidiuretic Hormone in Controlling
Urine Concentration. The signal that tells the
kidney whether to excrete a dilute or a concen-
trated urme is the hormone called arthduireli^-

_ hormone (also called “vasonressin” ) that is secrefpd

by the .posterior pituitary eland. When the body
fluids are too concentrated, the posterior pituitary
gland secretes large amounts of antidiuretic hor-
mone, which causes the kidneys to excrete exces-

sive amounts of solutes but to conserve water in

the body. Conversely, in the absence of antidiuretic
Hormone, the kidneys excrete a dilute urine, thus
removing excessive amounts of water from the
body fluids and causing them to become conccn-
trated once again. The feedback mechanism of this
system will be described in the following chapter,

for now, let us discuss the renal mechanisms (or

excreting a dilute or a concentrated unne.
The Renal Mechanism for Excreting a Dilute

Urine. Figure 35-3 illustrates the mechanism for

excreting a dilute urine. When the glomerular
filtrate is initially formed by the glomerulus its

osmolality is almost exactly the same as that of
the plasma, approximately 300 milhosmoles per
liter. To excrete excess water, it is neces>j>ary to

dilute the filtrate as it passes through the tubules.

This 15 achieved by reabsorbing a higher propor-
tion of solutes than water.
The colored arrows in Figure 25S represent

reabsorption of most ofthe tubular solutes (besides

the waste products) in all the distal segments of
the tubular system. These same tubular segments
are depicted in the figure with thickened, darkened
walls to indicate that these portions are almost
completely impermeable to water when the kid-
neys are excreting a dilute urine. The ascending
limb ofthe loop of Henle and the diluting segment
of the distal tubule even normally are veiy im-
permeable to water, vvhile the late distal tubule,
the airtical collecting tubule, and the collecting

ducts also become almost completely impermeable
to water when antidiurvtic hormone tv not

in thecireiilatmt^ tmdv tluid^ ^ - -

Tlw rcabsdrption of solutes in these di:,L^ teg.
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Hsure 3S>1. The ren»l mechanism for forming a dilute urine

The daiKened v*ivte ol the dtewJ portions of the tubulai system

indlcAie that these portions of the tubules are relatively hrtpenne

able to tire reabsorption of water tit the abserxe of antidlirretic

hormone The soUd ariows Indicate active processes tor absorp-

tion of most of the solutes besides the urinary waste products

{Numefieai values are In mifllosmoles per liter

)

menu of the tubular sj’Stem ts strong and active.

In the thick segment of the ascending limb of the

loop ofHenle active reabsorption of sodium, potas*

Slum, and chloride ions is especially powerful, and
one can see from the numencal values m the figure

that the osmolality of the fluid m the ascending
limb of the loop of Henlo decreases progressively

to about 100 miUiosmoles per liter by the time the

fluid leaves this tubular segment That is, most of

the solutes besides the waste products ore reab-

sorbed, but the water remains behind Then, as

this remaining dilute fluid passes through the

distal tubule, cortical collecting tubule, and col-

lecting duct, some additional reabsorption of sol-

utes, especially of sodium ions, causes still more
dilution of the tubular fluid, sometimes decreasing
Its osmolality to as little as 65 to 70 miUiosmoles
per liter by the time it leaves the collecting duct
to enter the unne.
To 6ummori2e, the process for excreting a dilute

unne is very simple, it is one of absorbing solutes

from the distal segments of the tubular system
while leaving the water in the tubules. However,
this failure of water to be reabsorbed occurs only
in the ob.<?ence of antidmrctic hormone.

THE MECHANISM FOR EXCRETING
EXCESS SOLUTESi THE
COUNTERCURRENT MECHANISM
FOR EXCRETING A CONCENTRATED
URINE

The procc&i for concentrating urine Is not nearly
BO simple as for diluting it. Yet, at times H U

exceedingly important to concentrate the urine aj

much as possible so that excess solutes can be

eliminated with as little loss of water from l^e

body as possible—for instance, when one is exposel

to desert conditions with an inadequate supply d
water. Fortunately, the kidneys have develop^ i

special mechanism for concentrating the urini

called the countercurrent mechanism.
The countercurrent mechanism depends on a

peculiar anatomical arrangement of the loops of

Henle and the vasa recta. In the human being, th t

loops o^Henlc of one third to one ISllT
nephrons "dip de^ 'mto.!Jb^'medulla 'ahJj^
return to'the cortex; s^e dip an the way tothe

tips of the papillae that project into the renal

pelvis. This group of nephrons with the long loop*

of Henle is called the juxtamedullary nephnns

Paralleling the long loops of Henle are loops of

peritubular capillaries called the voso rccta’.tbeu

also loop down into the medulla from the cortex

and then back out to the cortex. These arrange-

ments of the different parts of the juxtameduliaiy

nephron and the vasa recta are diagrammed in

Figure 35-4

HyperosmoMIty of the Medullary
IntentItlAl fluid, And MeehAolsms for

Achieving It

The first step m the excretion of excess soltttw

m the unne—that is, for excretion of a concen-

trated urine—18 to create hjrperosmolality of

medullary interstitial fluid. As we shall sec lawr,

this in turn is necessary for concentrating tn*

urine. But, first, let us explain the mechanism iw

creating this hyperosmolality in the medul'sry

interstitium.
,j

The normal osmolality of the fluids in almost m

parts of the body ts about 300 mOsmfliter. Ho

ever, as shown by the numbers in

the osmolality of the interstitial fluid in the m
duUa of the kidney is much higher than this, an

It becomes progressively greater the deeper o

goes into the medulla, increasing f^nt J

mOsm/liter in the cortex to 1200 mOsm/litar '

‘

casionally as high as 1400 mOamfliter) m
pelvic tip of the medulla. Four difierent^*“

concentrating mechanisms are responsible

hyperosmolality; these are-
.

j

First, the principal cause of the greatly

medullary osmolality is active transport of^
ions (plus cotransport of potassium

ions) out of the thick portion of the ascending ‘

of the loop of Henle. The large colored

shown in this tubular segment in Figure .

illustrate this transport especially of sodium ^

chloride ions fas well as potas-sium,

magnesium ions to a lesser extent) out of the

portion of the loop of Ifenle and into the

medullary interstitial fluid. All these solute

come concentrated in this fluid. These ions W®
carried downward into the inner medulla hX
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figure 3S-4. The countercurrent mecfunlsm for concentrat-

ing the urine (NumerIcaJ values are in mllllosmoles per liter)

flowing Wood in the vasa lecta, aa we shall see

shortly.

Second, ions are also transported into the med*
ullary interstitial fluid from the collecting duct,

mainly resulting from active transport of sodium
ions and electrogenic passive absorption of chloride

ions along with the sodium ions.

Third, when the concentration of antidiuretic

hormone is high in the blood, large amounts of

urea are also absorbed into the fluid of the inner

medulla from the collecting duct. The reason is: In
the presence of antidiuretic hormone, the inner

medullary portion of the collecting duct becomes
moderately permeable to urea and highly perme-
able to water. The fact that it becomes highly

permeable to water causes rapid reabsorption of

water out of the collecting duct, and this greatly

increases the concentration of urea in the duct.

Now, because of this high urea concentration, the

urea too diffuses through the collecting duct wall

into the medullary interstitium. Consequently, the

urea concentration in the medullary interstitial

fluid rises almost to equal the concentration in the

collecting duct. In the human being, during max-
imal antidiuretic hormone stimulation this may
be to as high as 400 to 500 mOsm/liter, which
obviously greatly increases the osmolality of the

inner medullary interstitial fluid.

And, fourth, the final event that causes in-

creased osmolal concentration of the medullary

interstitial fluid is transport of sodium and chlo-

ride ions into the inner medullary interstitium

from the thin segment of the loop of Henle. Some
physiologists believe that this results from active

transport from the ascending portion of this thin

segment. However, most recent experiments sug-

gest that this is very unlikely, whiA also fits with

the fact that the epithelial cells in the thin seg-

ment have very few mitochondria and almost cer-

tainly could not support much active transport.

But, if there is not active transport, what is the

force that causes sodium and chloride ions to be
transported into the medullary interstitium? The
answer seems to be the following: When the con-

centration of urea rises very high in the medullary
interstitium because of urea absorption from the

collecting duct, this immediately promotes osmosis

of water out of the descending thin limb of the
loop of Henle. Therefore, the concentration of so-

dium chloride inside the thin limb rises almost to

twice normal. And now, because of this high con-

centration, both sodium and chloride ions diffuse

passively out of the thin segment into the intersti-

tium.

In summary, at least four different factors con-

tribute to the marked increase in osmolality in the
piedullary interstitial fluid. These are (1) active

transpori of ilie~ iohs Into the interstitium by the
thick portion of the ascending limb of the loop of

Henle, (2) active transport of ions from the collect-

ing duct into the interstitium, (3) passive diffusion

of large amounts of urea-from the cnUftrttng duct
into the interstitium,_and C4) transport of addi-
tional sodium and chloride into the interstitium
from the thin segment of the loop of Henle, a
transport that is probably also passive as explained
above. The net result is an increase in the osmo-
lality of the medullary interstitial fluid, when
adequate amounts of antidiuretic hormone are
present, to as high as 1200 to 1400 mOsm/liter
near the tips of the papillae.

Mechanism by Which Antidiuretic Hormone
Increases Water Reabsorption. The precise
mechanism by which antidiuretic I*
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creases water reabsorplion by the late distal

bulos, collecting tubules, and collecting ducts ’s

not known. However, several established facfs

about the mechanism are the following: Antid>-

uretic hormone itself acts not on the luminal meif>'

brano of the tubular epithelial cells but instead df*

the basolateral membrane of these cells. Jt acfc

vates the enzyme adenyl r>'c/ase in this metnbralng*

which then causes ^rmation of cyclic odcno<i2f
mono^wsphale (cyclic AMP) in the cell cvtoplasitL.

The cyclic AiVn-’Then dilVuses to the luminal mcd^~

branT^f the cells where it greatly increases tUg_
peinieabiiiiy to water^ 'Ihe exact way m whie^
ims happens lo nor-Cnown, but electron micr®'

graphs have shown increased numbers of micr®*

tubules in the vicinity of this luminal membrad®
after antidiuretic hormone stimulation Regardless

of the mechanism, it is the increase in permeabilily

of the luminal membrane that is responsible

the increased water reabsorptionhy Ihelate disl®*

tubules, collecting tubules, and collecting ducts

Countercurrent Exchange Mechenlsm In

the Vasa Recta

We have now discussed the mechanisms
which high concentrations of solutes are achiov®*^

in the medullary intcrstitium However, without

a special medullary vascular system as well, the

flow ofblood through the intcrstitium would rdP*

idly remove the excels solutes and keep the cd®*
centration from rising very high Fortunately, th«

medullary blood flow has two characteristics, bo^h
exceedingly important, for maintaining the hi^h
solute concentration in the medullary tntersUt^®l

fluids. These are:

First, the medullary blood flow is very slight

quantity, amounting to only 1 to 2 per cent of the

total blood flow ofthe kidney Because of this ve*'y

sluggish blood flow, removal of solutes is

mized.

Second, the vasa recta functions as a counlerctf’
rent exchanger that also minimizes the washout ®f

solutes from the medulla This can be explain^
as follows; A countercurrent fluid exchange mech-
anism is one m which fluid flows through a lo®S
U-tube, with the two arms of the U lying m close

proximity to each other so that fluid and solutes
can exchange readily between the two arms.
obviously al.'w requires that each of the two arf®®
of the U be highly permeable, which is true f®’*

the vasa recta When the fluids and salutes in the
two parallel streams of (low can exchange rapidly*
tremendous concentrations of solute can be mai®'
tained at the tip of the loop with negligible wash-
out of solute.

Thus, in Figure 35-4 as blood flows down th®
descending limbs of the vasa recta, sodium chloride

and urea diffu-sc into the blood from the interstithil

fluid while water dilTuses outward into the int**’-

stitium. and these two effects cause the osmo^®^

corwentration in the capillary blood to rise ptfr

gressively higher, to a maximum concentration ol

1200 mOsm/liter at the tips of the vasa tkW.

Then, as the blood flows back up the ascending

hmbs, the extreme diffusibility of all molecclw

through the capillary membrane allows essenfialtj

all the extra sodium chloride and urea to diffust

back out of the blood into the interstitial fluid

while water diffuses hack into the blood. Therefore

by the time the blood finally leaves the medulla

its osmolal concentration is only slightly greatei

than that of the blood that had initially enter«

the vasa recta As a result, blood flowing through

the vasa recta carries only a minute amount of fht

medullary interstitial solutes away from the me

dulla.

Possibility That the Loop of Henle Func

tions as a Countercurrent “Multiplier” for to'

creasing Medullary Sodium Concentration

‘acme “jinysidiogiSis ’odiieve '{nSv 'ine ronlannttJJi

of the countercurrent fluid exchange mechanisn

of the vasa recta and the sodium chloride absorp

tion by the thick segment of the loop of Henlt

functions as a “multiplier" system accounting foi

the very high sodium chloride concentration in thf

medulla The presumed function is; When sodiun

chloride is reabsorbed from the thick segment Ink

the intcrstitium of the outer medulla, much of to
sodium chloride diffuses into the blood in theva«

recta and is carried dovmward to the inner me

dulla Here much of the sodium chloride diffuse

back into the thin segment of the loop ofHenii

and flows once again in the tubular fluid upwan

to the thick segment of the loop. Again thesodiun

chloride is absorbed from the tubular fluid, enter

mg once again the medullary intcrstitium. Thus

by being reabsorbed again and again from

of Henle and at the same time being conserved «

the medullary intcrstitium by the vasa recta coun

lercurrent exchange mechanism, the concentratiof

of sodium chloride is believed to be progressive!,'

“multiplied”, Therefore this is called the counter

current muftipfier mec/tanism.

MeeJianIsm for Ixcredng a Concentrated

Urine—Rale of Antidiuretic Hormone

Now that we have explained how the kidnej

creates hyperosmolaUty in the medullary

tium. it becomes a simple matter to explain

mechanism for excreting a concentrated uiw

thus causing loss of excess solutes from the oooj

fluids while at the same time retaining as muc

water as possible.
,

When the concentration of cntfdiurelic .

in the blood is high, the epithelium

collecting tubule, the collecting duct, and m so

species of animals the late distal tubule o®.

.

becomes highly permeable to water. This >* '

trated in Figure 35-4 by the thin walls oft

segments of the tubular system. Most importan . >

4
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as the tubular fluid flows through the collecting

duct, water is pulled by osmosis into the highly

concentrated fluid of the medullary interstitium.

Thus, the collecting duct fluid also becomes highly
concentrated, and it issues from the papilla into

the pelvis of the kidney at a concentration ofabout
1200 mOsm/liter, almost exactly equal to the oa-

molal concentration ofthe solutes in the medullary
interstitium near the papilla.

Summary of the OsmoJsd Concentration

Changes In the Different Segments
of the Tubules

Figure 35-5 illustrates the changes in osmolal*

ity of tubular fluid as it passes through the differ-

ent segments of the tubules. In the proximal tu-

bules, the tubular membranes are so highly

permeable to water that whenever a solute is

transported across the membrane an almost exact

proportionate amount of water crosses the mem-
brane by osmosis at the same time; therefore, the

osmolality of the fluid remains almost exactly

equal to that of the glomerular filtrate, 300
mOsm/Uter, throughout the entire extent of the

proximal tubule.

Next, in the loop of Henle, the osmolality rises

rapidly because of the countercurrent mechanism
explained in the previous few paragraphs. When
a concentrated urine is being formed—-that is,

when the blood concentration ofADH is high—the
loop of Henle osmolality rises much higher than
when a dilute urine is being formed, because of

the large quantity of urea that is passively reab-

sorbed into the medullary interstitium from the

collecting ducts.

Next, beginning in the thick portion of the as-

cending limb of the loop of Henle, the osmolality

falls once again to a very low level, usually to

about 100 mOsm/liter.

Finally, in the late distal tubule, cortical col-

lecting tubule, and collecting duct the osmolality

depends entirely on the presence or absence of

risurc )S-S. ClwtscS In osmoUUiy of the tubuUr Aukl as It

passes through the tubuUr system.

ADH (antidiuretic hormone). In the absence of

ADH, very little water is reabsorbed from these

segments. Therefore, the osmolality remains less

than 100 mOsm/liter and even falls still another

few milliosmoles because of active transport of

ions through the epithelium of these tubules.

Therefore, a very dilute urine is formed.

But, in the presence of excess ADH, the cortical

collecting tubule, the collecting duct, and in some
animal species the late distal tubule as well be-

come highly permeable to water so that most of

the water is reabsorbed, thus producing a very

concentrated urine.

Note especially the shaded areas in Figure 35-
5. These denote the ranges of concentration of the

tubular fluid, and also the range of urine concen-

tration between the extremes of 65 and 1200
mOsm/liter in human beings, depending on the

blood concentration of antidiuretic hormone at any
given time The overall mechanism for control of

antidiuretic hormone concentration, as well as

control ofosmolality of the body fluids, is discussed

in the following chapter.

OSMOMJt CIEAMNCU
fRlE WATER CLEAftANCE

One can calculate the clearance ofosmolar substances

in terms of the volume of plasma cleared per minute m
the same way that one can calculate the clearance of

any single substance That is, osmolar clcar0nco (C«.)

can be calculated by means of the following formula:

^ _ Osmolcs entering unne per minute

Plasma osmolar concentration

For instance, if the plasma osmolality is 300 mOsm/kg
and the amount of milliosmoles entering the urine per
minute 19 1.5, then the osmolar clearance will be 1.5/300

Uters/mm, or 5 ml/mm.
Free Water Clearance. When the kidney forms unne

that isosmotically more dilute than plasma, it is obvious

that a higher proportion of the w atcr in the glomerular
filtrate is excreted than of the osmolar substances. The
excess water that is excreted is called free uoler, and
the tote! plasma volume that is cleared of this excess
water each minute Is called the free uoter clearance.

The free water clearance can be calculated by first

determining the osmolar clearance and then subtracting
this rate from the rate of unne flow per minute. Thus,
the formula for free water clearance is:

Ch„ = Unne volume per minute -

The free water clearance is important because it tells

one how rapidly the kidneys arc changing the body fluid

osmolality. The free water clearance can be pasitiee, m
which case excess water is being removed; or it can be
negaiue, in which case excess solutes are being removed.

UREA EXCRETION

The body forms an average of 25 to 30 grams of
urea each day—more than this m persons who eat
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a very high protein diet and less in persons who

are on a low protein diet. All this urea must he

excreted in the urine; othenvise, it will accumuldje

in the body fluids. Its normal concentration

plasma is approximately 26 mg/100 ml, but

tienls with renal insufficiency frequently ha’^c

levels as high as 200 mg/100 mi, and it has beco

recorded as high as 800 mg/d\.

The two major factors that determine the rd*®

of urea excretion are (1) the concentration of ur'ca

in the plasma, and (2) the glomerular filtration

rate. These factors increase urea excretion roaipb’

because the “load” of urea entering the proxinri®!

tubules IS equal to the product of the plasma uf^
concentration and the glomerular fiUratton raW-

And, in general, the quantity of urea that pas-^es

on through the tubules into the unne averages

between 40 and 60 per cent of the urea load that

enters the proximal tubules. Only when the fuP®*

Vion ot the hiineys is ahno^na^ does this iracti^*

of the tubular load, called the tubular fraction for

urea excretion, change much from this nomisl

range.

Effect of Decreased Glomerular Filtration

Hate on Urea Excretion and on Plasma Ufcti

Concentration. In many renal diseases, the glo*

merular filtration rate of the two kidneys feU*

considerably below normal. And. because urea
cretion is a function of glomerular filtration

urea, this means decreased excretion of urea when
the glomerular filtration decreases However, the

body continues to form large quantities of ur®a>

which means that urea will progressively collect

in the body fluids until its plasma concentration

rises very high. Then, the quantity ofurea filtcf®^

m the glomerular filtrate, which is equal to the

plasma urea concentration times the gloineruler

filtration rate, eventually ivill become great

enough to allow excretion of the urea as rapidly

as it IS formed Yet, one will recognize that this

occurs only because the plasma concentration of

urea has risen very high, and this in itself 8
very abnormal state that can be severely damaging
to the body
Therefore, one of the most important reasons for

forming large amounts of glomerular filtrate m
the two kidneys is to excrete the necessAry
amounts of urea. Many of the other waste products

that must be excreted by the kidneys obey the

same prinaples for excretion as urea, for their

rate.s of excretion also depend highly upon the
amount of glomerular filtrate formed by the kid-

neys. Such substances include creatinine, uric afid,

and various other toxic w’aste piquets, which v-iU

be discus-sed more fully m Chapter 38.
The Mechanism for Excreting Large QuA»*

titles of Urea but Minimal Quantities of Wat®r,
Were it not for the ability of the tubular system
to concentrate urea the kidneys could excrete the
necessary amounts of urea only by passing larse
amounts of water into the urine at the same tit"®-

Instead, urea is normally concentrated more tha

50-fold and. when a concentrated urine is beinj

formed, sometimes as much as several hundred

fold. Figure 35-6 illustrates this progressive in

crease in urea concentration in the tubular fluii

as It passes through the tubular system. The mia

bers given in the diagram are those recorded dur

ing moderate anlidiuresis, which means formatioi

ofsmall but highly concentrated amounts ofurin!

Note that the concentration of urea In the proxima

tubule fluid is only 4.6 mOsm/liter, but this in

creases about 100 times (450 mOsni/liter) by th

time the urea is excreted in the urine.

Recirculation of Urea from the Collecting

Duct to the Loop of Henfe as a Special ilfeans

for Concentrating the Urea.
Note m Figure 35-6 the high concentration d

urea in the lower collecting duct and also the rapid

reabsorption of urea from this duct into the med-

uTiary inters'tj'tium, w’n'icn increases "dne creatuit-

centralion there to high levels, to as high as 400

to 500 mOsm/liter A large share of this urea is

then reabsorbed into the thin limb of the loop of

Henle so that it passes upward through the distal

tubule, through the cortical collecting tubule, aw

back doNvn through the collecting duct again In

this way. urea con recirculate through these ter-

minal portions of the tubular system several

before it is excreted. And each time around this

circuit contributes to the high coneentratioM

shown m the fi^re so that very HtH® water

»

excreted along with the urea
Thus, this urea recirculation mechanun

through the loop of Henle, the distal tubule, and

the collecting tubule and duct is a way to concea*

Irate urea m the medullary interstitium and in

njtiTc 3S-e. RecircuUfion of wt«» «bwcb«d

coSectlng Ouct this pissins Info the lo«p of Henle. ‘hwcy*

OUtel tubufe. and finally back to the coflectins duct.

values are roDIiosmolaJltiM of urea during antWluresb cau«o ^

the piesence of Urge amounts of anthSuretJe hotmone.)
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I the virine at the same time. Since urea is the most
I abundant of the waste products that must be ex-

I creted by the kidneys, this mechanism for concen*
« trating urea before it is excreted is essential to the

] economy of the body fluid when a person must live

1 on short rations of water.

3

’ SODIUM EXCRETION

The role of the kidney in sodium excretion is

quite different from its role in urea excretion. The
kidney attempts to eliminate as much urea as

I

possible from the blood. To do this, large amounts
> of glomerular filtrate must be formed simpiy to

supply the necessary tubular load of urea. By

j

contrast, for sodium excretion the great amount of

,
glomerular filtrate formed each day creates a se-

[
rious problem. The reason for this is that the

,
glomerular filtrate normally contains about 26,000
mEq of sodium each day, and yet the average

j

intake of sodium per day is only 150 mEq. There-
fore, the kidneys can be allowed to excrete only
about 150 of the total 26,000 mEq Consequently,

[

the principal role of the tubular system in sodium
excretion is to reabsorb sodium, not to excrete it.

Furthermore, it must reabsorb just exactly the

right amount of sodium, about 99 3 per cent of the

;
total, and must adjust the final amount of sodium

' that issues into the urine hour by hour or day by
' day so that it will balance the daily intake of
' sodium. Thus, the two jobs that the tubular system

must perform for sodium excretion are Q) to reab*
' sorb nearly all of it, and (2) to adjust very carefully

the remaining amount that is excreted for main*
‘ taining appropriate amounts of sodium in the body
' fluids.

Reabsorption of Most of the Tubular So*
dlum in (he Proximal Tubules and Loops of
Henle. By the time the tubular fluid reaches the

distal tubules, all but about 6 per cent of the

sodium has already been reabsorbed. About 65 per

cent of this is reabsorbed in the proximal tubules

because of the active transport of sodium by the

proximal tubular epithelial cells. Also, as ex*

plained in the previous chapter, when the sodium
is reabsorbed the positive charge of the sodium
ions causes passive diffusion of negative ions, es-

pecially chloride ions, through the epithelium as
well. Then the cumulative reabsorption of ions
creates an osmotic pressure difference that moves
water through the membrane, too. In fact, the

epithelium is so permeable to water that almost
the same identical proportion of water and sodium
ions IS reabsorbed.

In the thick portion of the ascending limb ofthe
loop of Henle approximately another 27 per cent
of the sodium is reabsorbed, leaving only 8 per

> cent to enter the distal tubules. However, reab-
* sorption ofsodium here is quite different from that

f
in proximal tubules because this thick segment

of the loop is almost impermeable to water, as
noted earlier in this chapter. Therefore, the con-

centration of sodium ions falls quite low in the
ascending limb tubular fluid before it enters the
distal tubules, down to as little as one quarter of

its concentration in the plasma—to a concentration
of 30 to 40 mEq per liter in contrast to the plasma
Icsvel of 140 mEq per liter.

Thus, the proximal tubules and the loops of

Henle are responsible for returning most of the
sodium that enters the tubular system in the
glomerular filtrate back to the plasma, thereby
conserving the sodium for the body.

Variable Reabsorption of Sodium in the
Late Distal Tubules and Cortical Collecting
Tubules. Sodium reabsorption in the late distal

tubules, the cortical collecting tubules, and the
collecting ducts is highly variable. Its rate of reab-
sorption is controlled mainly by the concentration
in the blood of aldosterone, a hormone secreted by
the adrenal cortex. In the presence of large

amounts of aldosterone, almost the last vestiges of

tubular sodium are reabsorbed from these portions
of the tubular system so that essentially none of
the sodium enters the urine. On the other hand,
in the absence of aldosterone, a large proportion
of the sodium that enters the distal tubules is not
reabsorbed and does then pass into the urine. Thus,
the sodium excretion may be as little as 0.1 gram
per day or as great as 30 grams per day, depending
on the amount of aldosterone that is secreted.

Mechanism of Sodium Transport Through
the Distal Tubule Collecting Tubule and CoU
lecting Duct Epithelium. The mechanism for

sodium transport through the tubular epithelium
is illustrated in Figure 35-7. The movement is

caused primarily by active transport of sodium
from the interior of the tubular epithelial cell into

the interstitial fluid of the lateral intercellular

spaces and extensive channels at the base of the
cell. The transport out of the cell creates a very
low concentration of sodium inside the cell and
also creates a negative electrical potential of ap-
proximately -70 millivolts within the cell. The
low intracellular sodium concentration and the

n^ufc 3S-7. Mcchinlims of Na* and K* uw&port ttvough
ihe dl&tai tubular epithelium.
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very negative electrical potential in turn create a

high electrochemical gradient that causes sodium

ions to difTuse from the tubular lumen into the

cell, thus replacing the sodium as it is transported

into the interstitial fluid.

The active transport of sodium out of the epithe-

lial cell is coupled at least partially with active

transport of potassium into the cell—^potassium

being exchanged for sodium, as we shall discuM

further in relation to potassium excretion. For this

reason, the excretion of sodium and potassium are

to some extent coupled with each other, but in a
reciprocal way.

Jliec/ianism . by Which Aldosterone Kn-
hances Sodium Transport. Upon entering a tu-

bular epithelial cell, aldosterone combines with a
receptor protein', this combination diffuses within

minutes into the nucleus where il activates the

DNA molecules to form one or more types of

messenger RNA The RNA is then believed to

cause formation of carrier proteins or protein en-

zymes that are nccessarj' for the sodium transport

process. Various theories have suggested (a) that

a specific protein increases the permeability of the
luminal border of the cell to sodium, (b) that an
increased quantity of sodium-potassium-ATPase
(which IS the sodium pumping protein) develops in

the basolateral membrane of the epithelial cell, or

(c) that a protein enzyme or enzymes increase the
availability of ATP to the ATPase so that it can
function more actively. Unfortunately, the precise

mechanism is yet unknown.
Ordinarily, aldosterone has no effect on sodium

transport for the first 45 minutes after it is admin-
istered, after this time the specific proteins impor-
tant for transport begin to appear in the epithelial

cells, followed by progressive increase in transport

during the ensuing few’ hours

POTASSIUM EXCRETION

The amount of potassium entering the glomer-
ular filtrate oocli day is about 800 mEq, whereas
the daily intake of potassium is only about 100
mEq Therefore, to maintain normal body potas-

sium balance, only one eighth of the total daily
tubular load of potassium can be excreted. Fur-
thermore, as 19 true for .sodium excretion, the rale

ofpotassium excretion must be carefully controlled
so that It will exactly match the daily potassium
intake

Ab‘,orption of Large Amounts of Potassium
from the Proximal Tubules and Loops of
Hcnie. Large amounts of potassium are reab-
sorbed in the same manner that sodium is reab-
sorbed m large quantities by the proximal tubules
and the loops of Henle. Thus, active transport of
potassium by the proximal tubular epithelial cells

reabsorbs aliout 65 per cent of all the filtered

mm Then, approximately another 27 per

cent is reabsorbed by active transport in theUiitf

portion of the ascending limb of the loop ofHenli

leaving about 8 per cent of the original filtere

potassium to enter the distal tubules. This reprt

sents only about 65 mEq of potassium per da;

which is actually less than the average dail} in

take of potassium for most people.

Additional Reabsorption of Potassium bj

the Distal Tubules and Cortical ColIectingTu-

bales. In addition to the absorption of potassiim

by the proximal tubules and loops of Henle. a

small amount of active reabsorption of potassium

occurs in the distal tubules and cortical collectrag

tubules, a.s illustrated by the solid arrow passing

inward through the luminal membrane of ft?

epithelial cell in Figure 35-7. Though this reab-

sorption IS slight, nevertheless it is still sufiici?ni

to remove almost all the remaining tubular po^
Slum. Therefore, if this were the only mechaniso

for potassium transport in the distal segroenUof

the tubular system, essentially no potassiura

would be excreted in the urine, which would eve^

tually be lethal because of the toxic effects «

potassium accumulating in the body. Fortunatfly

though, the distal segments of the tubular systwi

can also secrete potassium from the blood into lb*

tubules, and this turns out to be the pnncii^

means by which the tubular system controls ft?

rate of potassium Joss in the urine. Therefore, Id

us discuss this secretion specifically.

Active Secretion of Potassium in the L0‘«

Distal Tubules and Collecting Tubules wo
Ducts. Normally, considerable amounts
Slum are secreted into the distal tubules,

also into the collecting tubules and ducts. Fi^"
35-7 illustrates this secretion process. It sno«

that as sodium is transported from the cytopias^

of the epithelial cell into the peritubular flu> •

potassium is simultaneously transported m
J

-

opposite direction to the interior of the cell- »

believed that this inward transport of potassiu

is not rigidly coupled with the outward

of sodium. Instead, either all or most of the pot^'

Slum movement into the ceil is probably
,

the very negative electrical potential

side the cell when sodium is pumped out into

interstitial fluid—this negativity

positively charged potassium ions ..ii’

Once the potassium has entered the ,i,p

It then diffuses passively from the cell into

tubular lumen. • -
In the absence of tubular secretion ofpo^ '

death will eventually ensue from
icity. Indeed, cardiac arrhythmias usually

when the plasma potassium concentration
^

from the normal value of 4.5 mEq per "1®^,.,,-

levcl of 8 mEq per liter. A still higher pots- .

concentration than this can end in cardiac a

or fibrillation _
Control of the Rale of Potassium S€cre‘w

The rate of tubular secretion of potassium i

)
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1

trolled in proportion to the need to eliminate po-

tassium from the extracellular fluid. To achieve

this, three major factors determine the rate of

tubular secretion of potassium:

(1) Control ofpotassium secretion by aldosterone.

Earlier, we noted that aldosterone has a potent

eflect in controlling sodium transport through the

basolateral membrane ofthe epithelial cells in the

terminal portions ofthe tubular system, beginning

in the late distal tubules. And it was also pointed

out that sodium being transported out of the cell

into the interstitium causes potassium transport

from the interstitium into the cell and then diffu-

sion of the potassium through the luminal mem-
brane on into the tubule. Therefore, aldosterone

controls potassium secretion at the same time that

it controls sodium reabsorption Indeed, for pecul-

iar reasons that will be presented in the following

chapter, when we discuss the control ofthe concen-

trations of sodium and potassium ions in the ex-

tracellular fluids, we shall see that aldosterone is

actually much more important for controlling ex-

tracellular fluid potassium concentration than for

' controlling sodium concentration

(2) Effect ofplasma potassium concentration on

rate of potassium secretion When the plasma po-

I
tassium concentration rises too high, the rate of

,

potassium transport into the tubular lumen m-

I
creases markedly. The probable reason for this is

that the increased potassium concentration gra-

dient from the interstitial fluid to the tubular

lumen now allows extra potassium ions to be

attracted into the tubular cells by the very nega-

tive electrical potential inside the cells that occurs

when sodium ions are pumped out of the cells into

the interstitium. Once inside the cells, the potas-

sium ions diffuse into the tubular lumen- Regard-

less of the cause, this marked enhancement of

potassium secretion is another important factor in

the control of extracellular fluid potassium concen-

tration.

(3) Effect of distal tubular sodium load on potas-

sium secretion. When the quantity of sodium en-

tering the late distal tubules increases, this nor-

mally increases the rate ofsodium reabsorption by
the late distal tubules and collecting tubules. And,

because potassium secretion is inversely coupled

to sodium reabsorption, this has the indirect eflect

of increasing the rate of potassium secretion.

Therefore, the available quantities of sodium en-

tering the distal tubules are an additional factor

that enters into the control of potassium secretion
* as well as into the control of extracellular fluid

potassium ion concentration.

J

FLUID VOLUME EXCRETION

^ Up to this point we have considered the intra-

renal mechanisms that determine the concentra-

tions of various substances in the urine—water,

urea, sodium, and potassium. Now it is important
to consider the diflbrent factors that determine the

rate of fluid volume excretion.

Importance of Conserving Body Fluid, and
the Concept of “Glomerulotubular Balance.”
The kidney's problem in fluid volume excretion is

much the same as for sodium excretion, that is,

not to lose too much volume from the body. To
achieve this, over 99 per cent of the glomeruler
flitrate volume must be reabsorbed by the tubules.

Also, when the glomerular filtration rate in-

creases, the tubules, especially the proximal tu-

bules, automatically adjust their rates of volume
reabsorption almost to keep step with the in-

creased rate of filtration. This phenomenon is

called “glomerulotubular balance.”

To say that there is exact glomerulotubular bal-

ance means that when the rate of glomerular
filtration increases, so also does the rate of tubular

reabsorption increase in exact proportion to the
increase in filtration. That is, if the entry of glo-

merular filtrate into the proximal tubules in-

creases from 60 to 120 ml per minute, a 100 per
cent increase, exact proximal tubular glomerulo-

tubular balance would be achieved if the rate of

reabsorption in the proximal tubules should also

increase 100 per cent, from approximately 40 to

80 ml per minute, thus maintaining approximately
the same percentage of reabsorption regardless of
the rate of fluid entry into the tubular system.
The reason that the glomerulotubular balance

principle holds true (or at least nearly holds true)

IS that increased flow of filtrate into the tubular

system markedly activates most of the tubular

reabsorptive mechanisms so that they almost keep
up with the increased volume of fluid to be proc-

essed.

Glomerulotubular balance is especially good in

the proximal tubules and loop of Henle, but some-
what less eflective in the more distal segments of

the tubular segment. And this lack of 100 per cent
glomerulotubular balance turns out to be an es-

pecially important factor m determining urine

volume output, as we shall explain.

Glomerulotubular “Imbalance” and Its Im-
portance to Fluid Volume Regulation. Though
the concept of glomerulotubular balance is impor-
tant to explain the way in which glomerular filtra-

tion rate and rate of tubular reabsorption auto-
matically adjust to one another, very precise
measurements show that 100 per cent glomerulo-
tubular balance for the entire tubular system al-

most never occurs. For instance, the following
table gives approximate values for glomerular fil-

tration rates, total rates of tubular fluid reabsorp-
tion, and rates of urine output for the average
human adult, as extrapolated mainly from data in
dogs:
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Glomerular Rate of

Filtration Tubular Rate of

Rate Reabsorption Urine Output

ml ml ml

60 49.8 02
76 74.7 0.3

100 99.5 0.6

125 124.0 1.0

150 145.0 5.0

175 163.0 12.0

If we examine these figures critically, we sec

that glomerular filtration rate and rate oftubular

reabsorpUon actually do appear to parallel each
other very closely. On the other hand, the alight

degree of imbalance that docs occur causes far

greater change, proportionately, in urine output
than in either glomerular filtration rate or tubular

reabsorption rate. For instance, let us study the
increase in glomerular filtration rate from 100 to

150 ml/min. The rate of reabsorption increases

from 99.5 to 145 ml/min, representing only alight

glomerulotubular imbalance. Nevertheless, this 50
per cent increase in glomerular filtration rate

causes a 1000 per cent increase in rate of unno
output Thus, even a very slight degree ofglomer-
ulotubular imbalance can lead to a tremendous
increase in urine output when the glomerular
filtration rate is increased. Also, very slight

changes in rate of reabsorption oftubular fluid can
cause equally as great alterations in urine output.

Therefore, the various factors that can alter

either glomerular filtration rate or rate of tubular
reabsorptlon are also the factors that play signifi.

cant roles in determining the rate of fluid volume
excretion. The five most important of these are: (11

the tubular osmolar clearance, (2) the plasma col-

loid osmotic pressure, (3) the degree ofsympathetic
stimulation of the kidneys, (4) the arterial pres-
sure, and (6) the effect of antidiuretic hormone on
tubular reabsorption of water.

/. tHect of Tubular Osmolar Clearance on
Kate of Ffultf Volume Excretfon

Under most normal conditions, approximately
proportional quantities of solutes and water are
reabsorbed from the tubules. That is, whenever an
osmolar substance is reabsorbed, this increases the
osmotic gradient across the tubular wall and
causes almost proportionate osmosis of water from
the tubules into the interstitial fluid. Conversely,
the greater the quantity of osmolar substances
that fails to be reabsorbed by the tubules, the
greater the quantity of water that also fails to be
reabsorbed. To state this another way, when the
osmolar clearance is great, the volume of urine
usually increases by approximately the same per-
centage.

Osmotic Diuresis. The effect of increased os-

Jearance in causing a proportionate amount

of water to be lost in the urine is called osm>‘

diuresis. A particularly interesting typccfoscsot

diuresis occurs in diabetes mcllitus in which tl

proximal tubules fail to reabsorb all the gluws

as normally occurs. Instead, the nonreahsorh

glucose passes the entire distance through 11

tubules and carries with it a latge portion cftl

tubular water. Therefore, in diabetes melhtusftf

word "diabetes” means diuresis) the urine outpi

occasionally increases to as high as 4 to 5 lite

per day.

Osmotic diuresis also occurs when subsUnn

that cannot be reabsorbed by the tubules erefi

tered m exce.ssive quantities from the plasma ici

the glomerular filtrate. For instance, sucrose, msi

nitol, and urea, when in the circulating plasma i

large quantities, are all filtered into the glomer

lar filtrate and cause large tubular loads ofosiaot

substances that either are not reabsorbed at all i

are re.nbsorfaed very poorly. Therefore, they 1^

cause extreme osmotic diuresis.

2. Effect of rUsma Colloid Osmotfe
Pressure on Rate of Fluid Volume Excretion

Another factor that greatly affects the rat^

volume excretion is the plasma colloid oOT"

pressure. A sudden increase in plasma colloric

molic pressure instantaneously decreasea ll^
^

of fluid volume excretion The cause of this u W

fold: (1) an increase in plasma colloid ostnw

pressure decreases glomerular filtration rate, si

(2) on increase in plasma colloid osmotic pressu:

increases tubular reabsorptlon. Both of these

«

fects add together to decrease greatly the uni

volume excretion. .

Decreased Glomerular Filtration Rate- c

increase in plasma colloid osmotic pressure el

mm Hg decreases glomerular filtration ra“ '

much as 5 to ID per cent. The cause of tbis

simply the decrease in glomerular filtration

sure. _
Increased Tubular Reabsorption. The elle

of increased plasma colloid osmotic

increase tubular reabsorption Is less

stood, but the mechanism is believed to be

illustrated in Figure 35-8. This figure shovrstraz

port ofsodium and water from the /'Ll]
into the spaces surrounding the epitheuri

Once the sodium and water (and the

stances that move along with these _•,

entered the intercellular spaces and the Is J
'

thine channels at the bases of the epithelial

the fluid can then go one oftwo ways: either

leak backward into the tubuie through the J

tions between the epithelial cells, or it
^

forward through the basement membrane in
^

peritubular capillary. (Remember that th
,,

called “tight"junctions between the ®P‘theh8

of the proximal tubules are loose enough to

considerable back-leakage of sodium lons

water.)
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n$ucc A.bu>rption of fluid «t the perltubuUs capIBuy

embrAne. And the effect of this on the Absorption of wAter and
xiiucn through the tubutar epithelium.

One of tho major factors that determines

hether or not tho sodium and water will leak

ackward into the tubular lumen or will move
rward Into tho peritubular capillary is the bal*

ice of hydrostatic and colloid osmotic pressures

; the capillary membrane At the bottom ofFigure

S-8 the normal balance of pressures is depicted.
' any one of the four factors an'ecUng the balance
t the capillary membrane changes, this obviously

ill also change the net absorption pressure. Thus,
n increase in the plasma colloid osmotic pressure

Ul increase the rate at which the capiiia^ pulls

uid through the basement membrane, which also

ecreases the rate at which fluid leaks backward
ito the tubular lumen. To a very great extent,

iierefore, the rate of fluid absorption from the

jbular lumen into the peritubular capillaries is

etermined by the plasma colloid osmotic pressure.

t. Effect of Sympathetic Stimulation on
tate of Fluid Volume Excretion

Sympathetic stimulation has an especially pow-
irful effect on constriction of the afferent arter-

oles. It greatly decreases the glomerular pressure
tnd simultaneously decreases glomerular filtra-

ion rate. And, at the same time, decreased blood

low into the peritubular capillaries decreases the
rapillary pressure, thus increasing tubular reab-

lorption.

Conversely, a decrease of sympathetic stimula-

ion to below normal causes a mild degree of
ifferent arteriolar dilatation, which increases the
jlomenilar filtration rate slightly and also in-

rreases peritubular capillary pressure which de-

creases reabsorption. Consequently, decreased
sympathetic stimulation leads to increased urine
volume excretion.

4. Effect of Arterial Pressure on lUte
of fluid Volume Excretion

Ifall other factors remain constant but the renal

arterial pressure is changed, the rate of urine
output changes markedly. This effect is illustrated

in Figure 35-9, showing that when the arterial

pressure rises from 100 to 200 mm Hg the increase

in urine output is approximately sevenfold. Con-
versely. when the arterial pressure falls from 100
to 60 mm Hg, the unne output falls either to zero

or near zero. We have already pointed out in

Chapter 22 that this pressure effect on urine out-

put plays an extremely important role in the feed-

back regulation of artenal pressure. It also plays
an extremely important role in the feedback reg-

ulation of body fluid volume, as we shall discuss

in the following chapter. Now, however, let us
discuss the mechanism of the increased urine out-

put caused by the increase in arterial pressure.

This results from two separate effects: (1) the
increase in arterial pressure increases glomerular
pressure, which in turn increases glomerular fil-

tration rate, thus leading to increased urine out-

put; (2) the increase in arterial pressure also in-

creases the peritubular capillary pressure, thereby

decreasing tubular reabsorption. The combination
of these two effects causes considerable glomeru-
lotubular imbalance and therefore also causes
marked increase in unne output, as illustrated in

Figure 35-9.

5. Effect of Antidlutetic Hormone on Rate
of fluid Volume Excretion

IVhen excess antidiuretic hormone is secreted by
the posterior pituitary gland, the effect is to de-

crease the urinary volume output acutely. The

figure 35—9. Effect of arterlAl pressure change on urinary
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reason for this is that antidiuretic hormone causes

increased water reabsorption from the collecting

tubules and ducts and in some species of animals

from the late distal tubules as well. Therefore, less

urinary volume is excreted; on the other hand, the

urine that is excreted is highly concentrated, as

was explained earlier in the chapter.

When excess antidiuretic hormone is secreted

for long periods of time, the acute effect of decreas-

ing urinary output is not sustained. The reason is

that other factors, such as the arterial pressure,

colloid osmotic pressure, and concentrations of the

osmolar substances in the glomerular filtrate all

change in the direction that leads eventually to a
urinary volume output equal to the daily intake
of fluid minus the losses of fluid in other ways
from the body, In other words, balance between
body fluid intake and body fluid output is re-

established. Therefore, contrary to what is often

taught, long-term secretion of excess antidiuretic

hormone plays only a small role in chronic regu-
lation of body fluid volume. As wc shall see in
discussion of the condition called “inappropriate
ADH syndrome" in the following chapter, contin-

ued long-term secretion of very large quantities of

antidiuretic hormone causes severe decreases in

extracellular sodium, potassium, and chloride con-
centrations even though the body fluid volume is

only slightly altered.

suM/vMRy or thz controi or nom
VOLUME EXenmON

From the preceding few sections, it is clear that

many different factors contribute to the regulation

of urine volume excretion. Some of the factors

cause extreme and acute changes in urinary out-

put—for instance, the acute decrease in urine vol-

ume output caused by antidiuretic hormone or the
acute increase in urine volume output caused by
increased tubular osmotic loads. However, over a
longer period of time, other longer-acting factors,

such as changes in arterial pressure and colloid

osmotic pressure, tend to override the extreme,
acute effects of these first factors
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36
Regulation of Blood
Volume, Extracellular

Fluid Volume, and
Extracellular Fluid

Composition by the
Kidneys and by the

Thirst Mechanism

The kidneys, more than any other organ, play
letermining roles in regulating important char-

ictenstics of the body fluids, including (1) blood

mlume, (2) extracellular fluid volume, (3) osmo*
ality oHhe body fluids—that is, the ratio ofwater
x> dissolved substances, (4) speciflc concentrations

)£ the dUTerent ions, and (5) degree of acidity of
he body fluids. The first four of these will be
liscussed m the present chapter, and the last

—

egulation of hydrogen ion concentration—will be
liscussed m the following chapter. In controlling

some of these characteristics the thirst mechanism
also plays a key role; this will also be discussed.

CONTROL OF BLOOD VOLUME

Constancy of the Blood Volume. The extreme
degree of precision with which the blood volume Is

controlled is illustrated in Figure 3&>1. This shows
the effect of changing the daily fluid intake, in*

eluding both water and dissolved electrolytes, from
very low values to very high values. It indicates

that almost no change m blood volume occurs

despite tremendous changes in intake, except
when the intake becomes so low that it is not
sufficient to make up for fluid losses caused by
evaporation or other inescapable losses.
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n^re 3^2. B^fc feedback mechanism for conoot of Mood
volume and extracellular RuM volume (the points on each of the

curves represent norma! values)

BASrC MECHANISM FOR BLOOD VOLUME
CONTROL

The basic mechanism for blood volume control

18 illustrated m Figure 36-2. This is essentially

the same as the basic mechanism for arterial

pressure control that was presented m Chapter 22
it was pointed out in that chapter that extracel*

lular fluid volume, blood volume, cardiac output,

arterial pressure, and unne output arc all con-

trolled at the same time as separate parts of a
common basic feedback mechanism The six major
steps in this mechanism as they relate to blood

volume control are:

Block 1 shows that an increase in blood volume
increases cardiac output.

Block 2 shows that an increase in cardiac output
increases arterial pressure.

Block 3 shows that an increase in arterial pres-

sure increases urinary output, the solid curve in

this block indicates that the effect of pressure on
the output is especially potent when the pressure

remains elevated for days or weeks at a time.

Block 4 gives a summation of the fluid intake

minus the fluid losses from the body, the losses

including both urinary output and other fluid loss.

The output of this block is the rate of change of
extracellular fluid volume If the intake is greater
than the output, the rate ofchange will be positive;

if the output is greater than the intake, the rate
of change will be negative.

Block 6 infegrafes the rate of change of extracel-

lular fluid volume—that is, it shows the accumu-
lation of greater or less fluid volume with time,
depending on whether the rate ofchange is positive

or negative. The output of Block 6 is the actual
extracellular fluid volume.

Block 6 gives the relationship between extracel-
lular fluid volume ond blood isofume, showing Uiat.
in general, as the extracellular fluid volume in-
creases, the blood volume also increases.

Summary of the Basic Blood Volume Coa

trol Mechanisms. To summarize the principle

illustrated in Figure 35-2, we can trace wbi

happens when the blood volume becomes abnor

maL ^Vhen the blood volume becomes too great

the cardiac output also becomes too great ai^

therefore increases the arterial pressure. This, ii

turn, has a profound elTect on the kidneys, causini

loss of fluid from the body and returning the blooc

volume back to normal. Conversely, if the blow

volume falls below normal, the cardiac output aoi

arterial pressure decrease, the kidneys retain fluid

and progressive accumulation of the fluid mtaii

builds the blood volume eventually back to nomal,

Usually, parallel processes will also occur to recoa

stitute red cell mass, plasma proteins, and so fortl;

if these have become abnormal at the same time

However, if the red cell volume remains abnor

mal, the pWma volume will simply make xtp flu

diflerence. the volume becoming essentially nor

mal despite the low red cell mass.

Reason for the Precision of the Blood Vol

ume-Regulating Mechanism. Studying the die

gram of Figure 36-2 very carefully, one can wi

why the blood volume remains almost exact))

constant despite extreme changes in daily 6^
intake. The reason for this is that the slopes oftw

curves m Blocks 1, 2, and 3 are all very stwp

meaning that a slight change in blood voluw

causes a marked change in cardiac output, a sligW

change in cardiac output causes a marked chanp

in arterial pressure, and a slight change Iti arterial

pressure causes a marked change in urinaiyout

put. These factors all multiply together to give sij

extremely high gam for the feedback control oi

blood volume

ROLL or THE VOLUME LUCETTORS IN

BLOOD VOLUME CONTROL

11 was pointed out in Chapter 21 that “volasne rect?

tor” reflexes help control blood volume. These moo ?

the function of the basic mechanism for blood vol

control in a very speafic way, as follows:

The basic mechanism of Figure 36-2 is slow t®

to equilibrium That js, when the blood volutoe

creases, the effects on cardiac output, artenal

and urinary output are slow to build up, often

many hours to develop full effect; even after t"®?.

develop full effect, additional hours are still

thecxcess fluid to be eliminated from the body Ho •

the volume receptor reflexes can greatly accelerate

process.

The volume receptors are mainly stretch reeep

located in the walls of the right and left ^
the blood volume becomes excessive, a large s

^
the extra volume accumulates in the centra «
the thorax and causes increased pressure in t“

atria. The resultant stretch of the atrial

nerve signals into the brain, and these in turn ^
important renal responsea that accelerate the ret

blood volume to normal. These responses are: ^
1. The sympathetic nervous signals to the kioi'cy
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‘^inhibited, which causes a moderate increase in the rate

'•of urinary output
3 2. The signals from the atrial stretch receptors also

5 inhibit the secretion of antidiuretic hormone by the

'I posterior pituitary gland, and lack of this hormone
•allows the kidneys to excrete increased quantities of

water.

I In most instances, these volume receptor reflex effects
' can cause the blood volume to return almost all the way
to normal within an hour or so, but the final determi*

’ nation of the precise level to which the blood volume
• will be adjust^ is still a function of the basic volume
3 control mechanism illustrated in Figure 3&-2. The rea-

^ son for this is that over a period of one to three days

; tho volume receptors adapt completely so that they no
- longer transmit any corrcctiie signals Therefore, they

!, arc of value only to help readjust the volume during the

first few hours or few days after an abnormality occurs,
^ but not for long-term monitoring ofvolume or for precise
^ adjustments of the long-term level of blood volume.
i Role of the Barorcceptors and Other Stretch Re-
' ceptors In the Volume Receptor Response. Ordinar-

ily, when the blood lolume increases, the systemic

arterial pressure and the pulmonary ortcnal pressure

,i also increase at least to some extent Therefore, the

baroreceptora located in the walla of the carotid, aortic,
' and pulmonary artencs are excited These, too. cause
' essentially the same reflex effects as the atnal volume

receptors. Therefore, the barorcceptors add still more to

> tho volume receptor reflex effect

f Possible Role of “Atrial Natriuretic Factor” in

i' Volume Control. Large numbers of cells in the walls

of the two atria, but especially in the right atnum,
contain a hormono-like substance called atnal natri’

j
urcfic factor, ^en this factor is infused into the circu-

lating blood. It causes as much as a three to ten times

I

increase m renal excretion of sodium And, concomitant
' with the sodium loss, both the extracellular fluid volume
^ and blood volume decrease slightly Therefore, it has

been suggested that atnal nalnuretic factor might play

a role in the regulation of blood volume. The theory is

that excess blood volume stretches the atnal walls, and
this promotes the release of atnal natnuretic factor that

in turn causes sodium excretion and reduction of the

j
blood volume. Unfortunately, the quantitative aspects

of this mechanism are yet unclear, but it could operate

m parallel with the volume receptor mechanism to help

regulate blood volume.

5
OTHIR FACTORS THAT HILP CONTROL

i BLOOD VOLUME

, Capacity of the Circulation. Any change in the

\ basic capacity of the circulatory system will automali*

, cally change the level to which the blood volume is

regulated. For instance, when a person develops severe

varicose veins, the total capacity of the circulatory

system may increase as much as 1 liter. And the volume-
’ controlling mechanisms will automatically control the

I

blood volume to this higher level.

Other factors that sometimes change the capacity of
' the system include vasoconstrictor factors, vasodilator

' factors, aneurysms, and so forth For instance, when a
' person is under the chronic influence of strong sympa-
^ thetic vasoconstrictor stimulation or of vasoconstnetor

hormones such as norepinephrine, the blood volume
^ becomes regulated to a lower level. That is, the volume

control system is geared to acljust to the volume of blood

to fill the capacity of the system itself.

Long-Term Effects of Antidiuretic Hormone and
Aldosterone on Blood Volume. The hormones anti-

diuretic hormone and aldosterone both play important
roles in some aspects of fluid and electrolyte economy of
the body. Therefore, both of them have been extolled as
very important blood volume regulators. However,
measurements show that these normally affect blood
volume relatively little, except for the temporary effect

of antidiuretic hormone in helping ac^'ust the blood
volume when the “volume receptors” are stimulated, as
noted earlier. Therefore, let us discuss only briefly their
effects on blood volume regulation.

Antidiurciic Hormone. ^Vhen the posterior pituitary
gland fails to secrete antidiuretic hormone, water ab-
sorption in the distal segments of the renal tubular
system is greatly decreased, thus allowing urine output
to increase as much as three to tenfold. This condition
IS called diabetes insipidus Despite this extreme in-

crease in urine output, the blood volume normally does
not decrease enough to be measurable. The reason is

that the thirst mechanism simply causes the person to
dnnk enough water to make up the difference. On the
other hand, if the person is prevented from obtaining
water to dnnk, then the blood volume is likely to
decrease considerably, and this can cause circulatory
shock However, this combination only rarely occurs.

Occasionally, antidiurctie hormone is secreted in tre«

mendous amounts. This condition is called syndrome of
inappropriate ADH secretion. However, here again, in
the chronic state of this condition the blood volume
increases almost imperceptibly—perhaps as much as 3
to 5 per cent. The reason for this minute increase is that
the slight volume increase that does occur increases the
arterial pressure enough to overcome the antidluretic
hormone’s effect on the kidneys of causing water reten-
tion. Experiments have shown that only a few millime-
ters of mercury rise in pressure—actually too little to
be measured without special care—causes enough pres-
sure diuresis to overcome the antidiuretic effect of an-
tidiuretic hormone
Aldosterone. Aldosterone causes excessive salt reab-

sorption from the late distal tubules, collecting tubules,
and collecting ducts of the kidneys, and this in turn
causes osmotic reabsorption of water. Therefore, the
immediate effect is to decrease unne output greatly.
The extracellular fluid volume and the blood volume
both begin to increase However, before these can in.
crease more than a few per cent, the basic feedback
mechanism for blood volume control (see Figpire 36-2)
comes into play and overbalances the retention of fluid
by the kidneys. It does this by raising the artenaj
pressure a few millimeters ofHg, increasing glomerular
filtration rate a few per cent, and therefore increasing
the unnary output back to the point at which it equal;
the intake of fluid.

Consequently, even in persons who have tremendous
secretion of aldosterone (patients with primary aldoster.
onism), the extracellular fluid volume and blood volume
rarely nse more than 5 to 10 per cent, at most. On the
other hand, in persons who have no secretion of aldn.
sterone (patients with Addison's disease) the late distal
tubules, collecting tubules, and collecting ducts fail m
reabsorb salt and water, and the kidneys lose tremen-
doua quantities of fluid into the urine. If the, *

\

enough salt and drinks a concomitant

the blood volume will still be regulated
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range. But if salt and water intakes are not sufficient,

the patient can develop severe dehydration and hypo-

volemia with resultant circulatory shock

CONTROL OF EXTRACELLULAR
FLUID VOLUME

It is already clear from the foregoing discussion

of the basic mechanisms for blood volume control

that extracellular fluid volume is controlled at the

same time. That is, fluid first goes into the blood,

but it rapidly becomes distributed between the

interstitial spaces and the plasma TTierefore, it is

impossible to control blood volume to any given

level without controlling the extracellular fluid

volume at the same time. Vet, the relative volumes
of distribution between the interstitial spaces and
the blood can vary greatly, depending on the phys-
ical characteristics of the circulatory system and
of the interstitial spaces. Under normal conditions,

the fluid in the interstitial spaces is bound in a
gel-like matrix of hyaluronic acid molecules, and
there is essentially no free fluid. At other times,

however, abnormal conditions can cause edema to

occur. Those abnormal conditions were discussed

in detail in Chapter 31. The principal factors that

can causo edema are (1) increased capillary pres*

sure, (2) decreased plasma colloid osmotic pressure,
(3) increased tissue colloid osmotic pressure, or (4)

increased permeability of the capillaries When-
ever any one of these conditions occurs, a very
high proportion of the extracellular fluid becomes
distributed to the interstitial spaces.

Normal Distribution of Fluid Volume Be-
tween the Interstitial Spaces and the Vaseniar
System. Figure 36-3 illustrates the approximate
normal relationship between extracellular fluid

volume and blood volume When an extra amount
of fluid accumulates m the extracellular fluid

riITKACrUUV*l> FlUIO VOI.UW£ llrfml

Os'*** Sa-i. Rtlattonshlp betwmi wjja«Bular BuW volume
and blood volume, showing a nearly linear relallonst^ M the
normal tange but IndlcatSng (atture of the Wood volume 10
condnue rising when the extracellular fluid volume becomes

space, cither os a result of intake of too much flui

or because of decreased kidney output of fluii

about one sixth to one third of the extra fim

normally stays in the blood and increases the hloo

volume. The remainder of the fluid is distribut?

to the interstitial spaces. However, when the «
tracellular fluid volume rises considerably abm

normal, there comes a point, as shown hi tl

figure, beyond which very little of the additicci

fluid will remain in the blood—almost all of

instead going into the interstitial spaces. Tfcj

occurs when the interstitial fluid pressure risi

from its normal negative (subatmospheric) vak

to a positive value, l^ause only a few msiiiraete

ofHgcan cause the tissues to swell so greatly th

they may then hold as much as 10 to 30 liters ^

extra fluid. That is, the interstitial spaces literal

become an “overflow” reservoir for excess fiui

This obviously causes edema, as was explained i

Chapter 31, but it also acts as an important ove

flow release valve for the circulatory system,

well-known phenomenon that is utilized daily I

the clinician to allow administration of almo

unlimited quantities of intravenous fluid and y
not to force the heart into cardiac failure.

To summarize, extracellular fluid volume is mi

trolled simultaneously with the control ofWot

volume, but the relative ratio of the exlracelluh

fluid volume to blood volume depends upon tf

physical properties of the circulation and ofu

interstitial spaces, and especially on the dynanui

of fluid exchange through the capillary me®

branes.

CONTROL OF EJORACtLLULAR
FLUID SODIUM CONCENTRATION
AND EXTRACELLULAR FLUID
OSMOLALITY

The sodium ion concentration of the extracel ‘

Jar fluid is normally about 142 mEqfliter; to

rarely rises or falls more than 2 to 3 per fci

above or below this level, illustrating the

effectiveness of the control systems for

the extracellular fluid sodium concentration r

thermore, the osmolality of the extracellular n

is normally very near 300 mOsm per liter,

this too rarely changes more than i 3 per «
because the regulation ofsodium ion

j
and extracellular fluid osmolality are .®\i,

linked to each other, as will be explained m
following few sections.

x. i- ^ l

Relationship of Sodium Concentration

Extracellular Fluid Osmolality. The „

of the extracellular fluids is determined a

entirely by the extracellular fluid sodium co
,

tratioB. The reason for thisis ihal

far the most abundant positive ion of the s’”
,

lulfir fluid, representing over 90 per cent oi

ions. Furthermore, various renal control m
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figure 36—4. Control of extracellular fluid osmolality ^id
3dium Ion concentration by the osmosodlum receptor-anodi-

retic hormone feedback control system

Hypothalamus

/.>^upraoptic
T nucla

yExcited by
concenfrofecJ

extrocetlulor

fluid(excess Na'^}

Antidiuretic hormone
releosed by posterior

pituitary gland

Excess reobsorption of water
corrects excess concentration
of extrocellulor fluid ond
excess Na*

Urine decreased but concentroted

lisms, especially the fact that every time a positive

on is reabsorbed a negative ion also is reabsorbed,

idjust the negative ion concentration of the body
luids to equal that of the positive ions. Therefore,

n effect, the control of the positive ions controls

he total ion concentration. Also, the glucose and
irea, which are the most abundant of the non-
onic osmolar solutes m the extracellular fluids,

lormally represent only 3 per cent of the total

ismolahty, and even then the urea exerts veiy
Ittle effective osmotic pressure because it pene-
rates cells too easily to cause significant osmotic

•esults. Therefore, m effect, the sodium tons ofthe
vdracellular fluid determine either directly or in-

iirectly over 90 per cent of the osmotic pressure of
he extracellular fluid. Consequently, we can gen-
irally talk in terms of control of sodium concentra-

ion and control of osmolality at the same time.

Two separate control systems operate in close

association to regulate extracellular sodium con-

lentration and osmolality. These are (1) the os-

nosodium receptor-antidiuretic hormone system,

ind (2) the thirst mechanism

OSMOSODIUM RlCEPTOft-
XNTIDIURETIC HORMONE fEEDBACK
CONTROL SYSTEM

Figure 36-4 illustrates the osmosodium recep-

tor-antidiuretic hormone system for control of ex-
tracellular fluid sodium concentration and osmo-
lality. It is a typical feedback control system that
operates by the following steps:

(1) An increase in osmolality (mainly excess

sodium and the negative ions that go with it)

excites osmoreceptors located in the supraoptic

nuclei of the hypothalamus.
(2) Excitation ofthe supraoptic nuclei causes the

posterior pituitary gland to release antidiuretic

hormone.
(3) The antidiui-etic hormone increases the

permeability of the late distal tubules, the collect^

ing tubules, and the collecting ducts, as explained
in the previous chapter, and therefore causes in-

creased conservation ofwater by the kidneys.

(4)

The conservation of water but loss ofsodium
and other osmolar substances in the urine causes
dilution of the sodium and other substances in the
extracellular fluid, thus correcting the initial, ex-
cessively concentrated extracellular fluid.

Conversely, when the extracellular fluid be-
comes too dilute (hypo-osmotic), less antidiuretic

hormone is formed, and excess water is lost in
comparison with the extracellular fluid solutes,

thus concentrating the body fluids back toward
normal.
The Osmoreceptors (or Osmosodium Recep-

tors). Located in the supraoptic nuclei of the an-
terior hypothalamus, shown in Figure 36-5, are
specialized neuronal cells called osmoreceptors.
These respond to changes in osmolality of the
extracellular fluid. When the osmolality of the
extracellular fluid becomes low, osmosis of water
occurs into the osmoreceptors, causing them to

swell. This decreases their rate of impulse dis-

charge. Conversely, increased osmolality in the
extracellular fluid pulls water out of the osmore-
ceptors, causing them to shrink and thereby to

increase their rate of discharge.
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0 5 10 15 20
PER CENT CHANGE

figure Lff^ect of changes In plasma osmolaUiy or blood
volume on the level of plasma ADH (argin)ne vasopressin—Avr)
(From Dunn, etal / Qln Invest. 523212, 1973)

The osmoreceptors respond to changes in extra-

cellular fluid sodium concentration but very little

to changes m potassium concentration and only

slightly to changes in urea and glucose concentra-

tions. Therefore, it must be emphasized again that,

for all practical purposes, the osmoreceptors are

actually sodium concentration receptors—hence the

name osmosodium receptors

The impulses from the osmoreceptors are trans-

mitted from the supraoptic nuclei through the
pituitary stalk into the posterior pituitary gland
where they promote the release of antidiuretic

hormone (ADli); further details of the secretion

end release of ADH will be discussed m Chapter
75 iti celation to the endocrinology of the pituitary

gland; what is important here is that increased
amounts of this hormone now act on the kidneys

Earlier in the chapter it was pointed out that
nervous signals from the volume receptors in the
heart and also from the baroreceptors help control

antidiuretic hormone secretion; this is in addition
to the effect of changes in extracellular fluid os-

molality in controlling its secretion Figure 3&-6
illustrates quantitatively the effects of these two
separate stimuli on the concentration of ADH
(.“arginine vasopressin”) in the plasma. The open
circles show the effect of plasma osmolality, illus-

trating that an increase in plasma osmolality of
about 6 per cent will Increase the plasma ADH
concentration to 10 to 20 times normal. The effect

of decreased blood volume is illustrated by the
solid circles, showing that relatively little increase
in antidiuretic hormone concentration occurs until
the blood volume is decreased more than 5 to 10
per cent. Since this much decrease occurs only

a person bleeds severely, one can see that

normally antidiuretic hormone secretion is

trolled almost entirely by the changes in plasm;

osmolality.

Summary of the Antidiuretic Hormoa
Mechanism for Controlling Extracellula

Fluid Osmolality and Extracellular Fluid

dtutn Concentration. From these discussions,

»

can reiterate once again the importance of

antidiuretic hormone mechanism for controlling!

the same time both extracellular fluid osmolalit

and extracellular fluid sodium concentration. Th!

IS, an increase in sodium concentration esaa*

almost an exactly parallel increase in osmolalit)

which m turn excites the osmoreceptors of th

hypothalamus. These receptors then cause tlve«

cretion of antidiuretic hormone, which markecl

increases the reabsorption of water in the rei^^

tubules. Consequently, very little water is lost iW

the urine, but the urinary solutes continue to o

lost. Therefore, the relative proportion of water i

the extracellular fluid increases, whereas the pn

portion of solutes decreases. In this way, the *

dium ion concentration of the extracellular

and the osmolality as well, decrease toward s

normal level. This is a very powerful mechanic’

for controlling both the extracellular fluid osiW

lality and the extracellular fluid sodium conc«f

tration

function of the Antfeffuretfe Hormone
MeehJinlsm In SpedAj Conditions

Water Diuresis. When a person drinks a 1^
amount of water, a phenomenon called uoler ewre^

occurs, and a typical record of this is shown in

30-7. in this example, a man drank t liter of wster,

»

approximately 45 minutes later his urine ou^ut B

Increased to eight times normal. It

level for two hours—that is, until the osmolality ol w

extracellular fluid returned essentially to «
delaym onset of water diuresis is caused partly oy
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1

'tn absorption of the water from the gastrointestinal
s tract but mainly by the time required for destruction of

the antidiurctic hormone that had already been rcleas^
jby the pituitary gland prior to drinking the water.

^ Syndrome of Inappropriate ADH Secretion. Cer*

.^tain t>'pe3 of tumors, especially bronchogenic tumors of

1 the lungs or tumors of the basal regions of the brain,

'‘often secrete antidiuretic hormone or a similar hormone.
'This condition is called the syndrome of inappropriate

''ADff secretion. This excess ADH causes only a slight

rincrease in extracellular fluid volume, as pointed out

pearlier. Instead, its principal effect is to decrease greatly

-^the sodium concentration (and the osmolality) of the

^extracellular fluid. The explanation of this effect is the

..following: The ADH at first causes a decrease in urine

"output and a simultaneous slight increase in blood

i^volume. This in turn causes a slight rise in arterial

-'pressure, which then causes a secondary increase in

‘•urinary output. Yot, tho urine that \4 excreted etill

i tremendously concentrated because the antidiuretic hor*

zmone is still causing excessive reabsorption of water by
,ithc kidney tubules. Consequently, the kidneys excrete

^
extreme amounts of sodium and other ions into the

unne but keep the uatcr in the extracellular fluid.

" Therefore, the sodium concentration becomes seriously

'‘reduced, sometimes falling from a normal value of 142

'^mEq/liter to as low os 110 to 120 mEqditer At values

^this low, patients frequently die sudden deaths bccau&e

V ofcoma and convulsions

: This disease is especially instructive because it Ulus*

trates the extreme importance of the antidiuretic her*

mone mechanism for control of sodium concentration

and extracellular osmolality and yet its relatively mild

effect on control of body fluid volume.

I THIRST, AND ITS ROU IN CONTROLLING
fSODIUM CONCINTRATION AND
I'SxntAcmuiAR nwo osAiOLunr

f The phenomenon of thirst is equally os irapor*

f
tant for regulating body water, sodium concentra-

j lion, and osmolality as is the osmoreceptor-renal

mechanism discussed above, because the amount
of water in the body at any one time is determined
by the balance between both mfafee and output of

water. Thirst, the primary regulator of the intake

of water, is defined as the conscious desire for

water.

NeuTAf Integration of Thirst—
The ‘Thirst” Center

Referring again to Figure 36-5, one sees a small

area located slightly anterior to the supraoptic

nuclei in the lateral preoptic area of the hypothal*

i amus, which is called the thirst center. Electrical

\
stimulation of this center by implanted electrodes

\
causes an animal to begin drinking within seconds

and to continue drinking until the electrical stim-

/ ulus is stopped. Also, injection of hypertonic salt

* solutions into the area, which causes osmosis of

water out of the neuronal cells, thus shrinking the

cells, also causesdrinking.Thus, the neuronal cells

of the thirst center function in almost the

same way as the osmoreceptors of the supraoptic
nuclei.

An increase in osmotic pressure of the cerebro-

spinal fluid in the third ventricle has essentially

the same effect of promoting thirst as an increase

in the osmotic pressure of the circulating extracel-

lular fluid. Therefore, it has been suggested that
the primary site for detecting changes in osmolal-

ity might be at the surface of the third ventricle

and that appropriate signals are then transmitted
to the thirst center to cause drinking. However,
the importance of this is still debated.

Basic Stimulus for Exciting the Thirst Cen-
ter—Intracellular Dehydration. Any factor that
will cause intmccHuiar dehydration will in general
cause the sensation of thirst. The most common
cause of this is increased osmolar concentration of
the extracellular fluid, especially increased sodium
concentration, which causes osmosis of fluid from
the neuronal cells of the thirst center. However,
another important cause is excessive loss of potas-
sium from the body, which reduces the intracellu-

lar potassium of the thirst cells and therefore

decreases their volume.

Other Stimuli That Lead to Thirst

Stimulation of Thirst by Angiotensin. Excess an-

giotensin II in the urculating body fluids often increases

the rate of drinkiog by animals as much as two- to

threefold. Therefore, almost any circulatory condition

that leads to increased production of angiotensin U will

also lead to thirst and dnnking In addition, injection of

angiotensin into the third ventricle has an especially

strong elTect on promoting dnnking, but this can be
prevented by destroying the anteroventral surface of the

third ventricle. Therefore, it has been suggested that

the major site of action of angiotensin in causing drink-

ing is not on the thirst center itself but instead on a
specialized center located immediately beneath the sur-

face of the third ventricle, and that signals are conducted
from this area to the thirst center to increase dnnking.
Stimulation of Thirst by Hemorrhage and Low

Cardiac Output. A small amount of hemorrhage ordi-

naniy does not cause thirst, but loss of as much as 10
per cent of the blood volume, which also reduces the
cardiac output sigiuflcaiitly, usually does lead to thirst.

Also, patients with low cardiac output resulting from
cardiac failure frequently develop intense thirst. In both
of these conditions excessive amounts of angiotensin II

are formed, and it is possible that this is the stimulus
for the thirst

Dryness of the Mouth. Almost everyone is aware
that a dry mouth is often associated with thirst. The
probable explanation for this is that the same factors

that cause intracellular dehydration and therefore stim-
ulate the thirst center also cause a dry mouth. Therefore,
we have come to associate a dry mouth with the thirst
sensation. However, in opposition to this concept is the
fact that in animal experiments in which a dry mou^
has been achieved by blocking secretion by the salivaiy
glands, the animals do not dnnk excessively except
under one conditiotu when they ace eaUng food. Tbia
seems to result from the need for water to lubricate the
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swallowing of the food and not from thirst. The same

effect occurs ici human beings whose salivarj* glands do

not secrete saliva.

TemporAry Relief of Thirst CAUsed by the

Act of Drinking

A thirsty person receives relief from thirst im-

mediately after drinking water, even before the

water has been absorbed from the gastrointestinal

tract. In fact, in persons who have an esophageal

opening to the exterior so that the water is lost to

the outside and never goes into the gastrointes-

tinal tract, partial relief of thirst still occurs fol-

lowing the act of drinking, but this relief is only

temporary, and the thirst returns after 15 or more
minutes. If the water does enter the stomach,

distension of the stomach and other portions ofthe

upper gastrointestinal tract provides still further

temporary relief from thirst. For instance, simple

inflation of a balloon m the stomach can relieve

thirst for 5 to 30 minutes.

One might wonder what the value of this tem-
porary relief from thirst could be. but there is good

reason for its occurrence After a person has drunk
water, as long as one half to one hour may be
required for all the water to be absorbed and
distributed throughout the body. Were the thirst

sensation not temporarily relieved after drinking
water, the person would continue to drink more
and more. IVhen all this water should finally

become absorbed, the body fluids would be far more
diluted than normal, and an abnormal condition

opposite to that which the person was attempting
to correct would have been created. It Is well
known that a thirsty animal almost never drinks
more than the amount of water needed to relieve

its state of dehydration. Indeed, it is uncanny that
the animal usually drinks almost exactly the right
amount.

Role of Thirst In Controlling ExtrAcellulAr

fluid OsmolAllty And Sodium
Concentratfon

Threshold for Drinking—-The Tripping
Mechanism. The kidneys are continually excret-
ing fluid; also water is lost by evaporation from
the skin and lungs. Therefore, a person is contin-
ually being dehydrated, causing the volume of
extracellular fluid to decrease and its concentra-
tion of sodium and other osmolar elements to rise

When the sodium concentration rises approxi-
mately 2 mEq/liter above normal (or the osmolality
rises approximately 4 mOsm/liter above normal)
the drinking mechanism becomes “tripped"; that
is, the person then reaches a level of thirst Uiat is

strong enough to activate the necessary motor
effort to cause drinking. This is called the Ihresh-
old for drinking. The person ordinarily drills

fy the required amount of fluid to bring the

extracellular fluids back to normal—that is, t!

state of satiety. Then the process of dehydrall

and sodium concentration ^gins again, and al

a period of time the drinking act is tripped aga

the process continuing on and on indefinitely.

In this way, both the sodium concentration?

the osmolality of the extracellular fluid aren
precisely controlled.

COMSINID ROIES Of THl ASTJDWRniC
AND TUIRST MCaiANtSMS fOR CONTROL
OF EXTRACILLULAR FLUID SODIUM
CONCFNTRATIONAND OSMOIAUTY

When either the antidiuretic hormone raecl

nism or the thirst mechanism fails, the oil

ordinarily tan still control both sodium coMtat

tton and extracellular fluid osmolality with reas

able cffectivene.ss On the other hand, if both

them fail simultaneously, neither sodium nor

molality is then adequately controlled.

Figure 36-fl illustrates dramatically theorei

capability of the ADH-thirst system to cent

extracellular fluid sodium concentration. This 1

ure demonstrates the ability of the satne amt

to control its extracellular fluid sodium concent

tion in two different conditions. (1) in the non

state, and (2) after both the antidiuretic horro

and thirst mochanisms had been blocked h

that in the normal animal (the solid curw

sixfold increase in sodium intake caused the

dium concentration to change only two thirds c

per cent (from 142 mEqfliter to 143 mEqliter

an excellent degree of sodium concentration c

SODIUM INTAKE )

Hsute 36-e. Oft the fluid sodium

don hi dogs caused by treiftendous change* In sodium in*^

undet normal condSeat^, and (1) after the anrtdhJrtSc

*nd thirst feedback systems had been blocked This figure^

lack of sodium Ion control tn the abser>ce of these Sj*

(Courtesy of Dr David B Young}
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'irol. Now note the dashed cur^e of the figure,

Jivhich shows the change in sodium concentration

::vhen the ADH-thirst system W{^ blocked. In this

rsase, the sodium concentration increased IQ per

Cicnt with only a fivefold increase in sodium int^e
ca change in sodium concentration from 137

l,nEq/liter to 151 mEqditer), which is an extreme
hange in sodium concentration when one realizes

hat the normal sodium concentration rarely rises

_)r faWs more than \ per cent, from day to day.

^
Therefore, the major feedback mechanism for

®*ontrol of sodium concentration iand also for ex*

Tacellular osmolality) is the ADH-thirst mecha*
^ aism. In the absence of this mechanism there is

^10 feedback mechanism that will cause the b<^y

jjO increase water ingestion or water conservation

.Jjy
the kidneys when excess sodium enters the

"jjody. Therefore, the sodium concentration simply

.increases.

7lfnCT OFALDOSTEKONE ON SODIUM
.CONCENTRATION

A second honnonal system that plays a small role m
^MtitroUing extracellular fluid sodium concentration U
Sthe aldosterone feedback system. Figure 36-9 illustrates

: how slight tho effect of the aldosterone system is m
licoRtroUing plasma »dium concentration. This figure

jShows the effect on sodium concentration of more than

.a sixfold increase in sodium intake in the same dog (a)

"Tiundei nonnal conditions, and lb) after the aldosterone

'system had been blocked—that is, the adrenal glands

“^had been removed and the animals were infused at a

^•constant rate of aldosterone that could neither change

S' upward nor downward. Note that in the normal state

xthe sodium concentration changed exactly 1 per cent,

while when the aldosterone system was blocked it

changed exactly 2 per cent In other words, even without

a functional aldosterone feedback system (because the

aldosterone could neither change upward nor downward)

sodium concentration was still very well regulated.

100-

^Normal—

^

'^Aldotlerone system blocked'/

_ _0 60 90 120 150 ISO 210

SODIUM INTAKE ImEq/doy)
' ngute 36-9. Ufect on exlracenular fluid sodium concentrarton

in dogs caused by tremendous cflangcs In sodium Intake (I)

under normal conditions, and (2) after tne aldosterone feedback

system had been blocked. Note that sodium Is exceedingly well

controlled with or without aldosterone feedback control (Cour-

(esy of Dr. David B Young

)

Because of the great effect that aldosterona has on.

tubular sodium reabsorption, this lack of importance of

aldosterone for regulation of sodium concentration

seems to be a paradox, but it results from the following

simple effect: When the aldosterone causes increased

sodium rcabsorption from the tubules, as was discussed

in the previous chapter, this causes a simultaneous

reabsorption of water and an increase in extracellular

fluid volume. An increase of only a few per cent in the

extracellular fluid volume eventually leads to an. in-

crease in arleriai pressure, and the increase in arteriai

pressure to increased glomerular filtration rate, a well

knovm effect in the presence of excess aldosterone. The
rapid flow of filtrate down the tubular system then

compensates for the excessive reabsorptive effect of the

aldosterone and thereby almost completely nullifies the

effect of aldosterone on extracellular fluid sodium con-

centration.

Furthermore, as was explained above, the ADH-thirst

system is an extremely powerful controller of sodium
concentration—much more powerful than the aldoster-

one feedback system—so that the ADH-thirst system

greatly overshadows the aldosterone system for sodium
control under normal conditions. Indeed, even in pa-

tients who have primary aldosteronism (these patients

secrete tremendous quantities of aldosterone) the so-

dium concentration still rises only 2 to 3 mEq/Iiter above

normal

CONTROL or SODIUM INTAKE-
APPETITE AND CRAVING EOR SALT
Maintenance of normal extracellular sodium requires

not only the control of sodium excretion but also the
control of sodium intake. Unfortunately, we know very
little about this except that salt-depleted persons (or

persons who have lost blood) develop a desire for salt;

as an example, this occurs in persons who have Addi-
son’s disease, a condition in wMch the adrenal cortices

no longer secrete aldosterone so that the salt stores of
the body become depleted. The salt-depleted pet&aa
craves and eats naturally salty foods. Likewise, it is

well known that animals living in areas far removed
from the seashore actively search out "salt licks." This
craving for salt is analogous to thirst, and it is also
analogous to appetite for other types of foods, which is

still another homeostatic mechanism that will be dis-
cussed m Chapter 73.

REGULATION OF POTASSIUM ION
CONCENTRATION

It is especially important to control the extra-
cellular fluid potassium concentration because
very alight changes in concentration often can
alter nervous and cardiac functions seriously as
discussed in Chapter 10 for peripheral nerves* in
Chapter 46 for the central nervous system, and
Chapter 13 for the heart. The normal concentra-
tion is about 4.5 mEqfliter, and this rarely rises
or falls more than :t 0.3 mEq.
Two major factors play important roles in con-

trolling the potassium ion concentration: '

direct effect of increased extracellular
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sium concentration in causing increased secretion

of potassium into the tubules, and (2) an effect of

aldosterone in increasing potassium secretion.

The Direct Ufect of IxtracelfulAr fluid

Potassium Concentration on Potassium

Secretion Into the Tubules

Potassium is secreted into the tubular fluid in

the late distal tubules and cortical collecting tu-

bules. This secretion is coupled with the active

transport of sodium by the basolateral membranes
of the tubular epithelial cells because potassium

ions are transported in the opposite direction Also,

sodium transport from the interior of the epithelial

cells into the interstitial fluids decreases the intra-

cellular electrical potential to about -70 milli-

volts, and this negativity causes additional diffu-

sion of the positively charged potassium ions from

the interstitial fluid to the interior of the epithelial

cells. Then, because the luminal border of the

epithelial cells is reasonably permeable to potas-

sium, the excess potassium diffuses the rest of the

way into the tubular fluid Since it is partly the

electrical potential that causes the potassium
movement, the rate of transport is determined to

a great extent by the concentration of the potas-

sium ions in the interstitial fluid of the kidneys,

which is part of the body’s extracellular fluid.

Consequently, as the extracellular fluid potassium
concentration increases, the rate of pot^stum se-

cretion into the tubules also increases markedly.
This is illustrated by the lowest curve in Figure
3&-10. which shows that even a slight increase of

the potassium ion concentration, from 3.2 to 4.4

rnEq/liter, increases urinary potassium excretion
aimost eightfold. This obviously functions as an
automatic means for reducing the extracellular

fluid potassium ion concentration back toward nor-

mal

effect of Aldosterone on Tubular Secretion

of Potassium tons

The hormone aldosterone not only increases so-

dium reabsorption by the late distal tubuies and
collecting tubules, but at the same time it also

Increases potassium ion secretion into these tu-

bules. This IS illustrated by the top curve of Figure
36-10, showing that an increase of plasma aldo-
sterone secretion to flve times normal causes an
increase in urinary potassium excretion some^vhat
over three times

It is believed that the aldosterone increases
potassium secretion secondarily to its effect on
sodium reabsorption. That is, the greater the so-

dium reabsorption, the more rapid is the transport
of potassium ions into the tubuies.

Effect of Potassium loti Concentration on
Hate of Aldosterone Secretion. In any properly

•ctionina feedback control svstem. the factor

EXTBACEILULUR POMSSIUM CDUCEUmriMImEl/l
nsur« 36-tO. pTecc of (a) pU5nu aldosceroM concern

«od (b) txnaccllulsr potasUum Ion concenesflon on th« Oi

witoary powssium excrettea These are tfie two most Imp®

laciors resularlng the rate ol potAsstum exaeiloo In the “

(Drawn hotn data in Young- Am } Ptystol i44JZ8. 1933

)

that is controlled almost invariablyhasa feed^

effect for control of the controller. In the cas

the oldosterone-potassium control system, the J

of aldosterone secretion by the xona glomeruJ

cells of the adrenal cortex is controlled t

strongly by the extracellular fluid potassium!

centration. Figure 3&-11 illustrates this, show

that an increase m the potassium concentrstiOJ

slightly more than 2 mEq/liter can increase

plasma aldosterone concentration from almost'

as high as 60 nanograms per 100
plasma, a concentration almost ten times noro

SERUM POTASSIUM CONCENTRATION mfO/O'*'

ngure J6-I (. Effect on extracellular fluid aldosteforje ee^

tiattonof potassium Ion concentration changes. Note

titans^ in aldosterone concentration for very minute chAnj
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Emitting the effects illustrated in Figure 36-11
gether with the fact that aldosterone greatly

creases renal excretion of potassium (as shown
I Figure 36-10), one can construct a very simple

//stem for negative feedback control of potassium
'iincentration, illustrated in Figure 36-12. That
tj

,

an increase in potassium concentration causes
[la increase in aldosterone concentration in the
'/rculating blood (Block 1). The increase in aldo-

I .erone concentration then causes a marked in-

rease in potassium excretion by the kidneys

3lock 2). The increased potassium excretion then
ecreases the extracellular fluid potassium concen-

ration back toward normal (Blocks 3 and 4).

Importance of the Aldosterone Feedback
lystem for Control of Potassium Concenira*
ion. Without a functioning aldosterone feedback
^ystem, an animal can easily die from hyperpotas-

emia.
* Figure 36-13 illustrates the potent effect of the
*” .. .o feedback system in controlling potas*

'^ium concentration. In the experiment of this fig-

'ire, a series of dogs was subjected to an almost

^^venfold increase in potassium intake m two
iiifferent states: (1) the normal state, and (2) after

he aldosterone feedback system had been blocked

3y removing the adrenal glands and the animals
'^'ven a fix^ rate of aldosterone infusion.

3 Note that in the normal animal the sevenfold

[increase in potassium intake caused an increase

in plasma potassium concentration of only 2.4 per
^ent—from a concentration of 4.2 mEqfliter to 4.3

.mEq/Iiter. ihus, when the aldosterone feedback
system was functioning normally, the potassium

[Concentration remained very precisely controlled

tdespite the tremendous change in potassium in-

[take.

} On the other hand, the dashed curve in the

jflgure shows the effect after the aldosterone system
had been blocked. Note that the same increase in

potassium intake now caused a 26 per cent in-

crease in potassium concentration! Thus, the con-

trol of potassium concentration in the normal an-

imals was many times as effective as in the

animals without an aldosterone feedback mecha-
nism.

O

Hture 3&»I2. Simpli5ed schenva of it>c aJdo&teronc system
For control of exttacefluUr fluid poUulum cortcenuation.

O 30 60 90 120 ISO ISO 210

POTASSIUM INTAKE ( mEq/day)
n^ure 36-13. Effect on extracellular fluid potaulum concen-

tration of tremendous changes In potassium Intake (I) under
ctormal conditions, and (2) after the aldosterone feedback Qrstem

had been blocked. This figure demonstrates that potassium con-

centration Is veiy poorly controlled after block of the aldosterone

system. {Courtesy of Dr David B. Young.)

Eft'ect of Primary Aldosteronism and Addison’s
Disease on Extracellular Fluid Potassium Concen-
tration. Fnmary aldosteronism is caused by a tumor of

the zona glomcrulosa of one of the adrenal glands, the

tumor secreting tremendous quantities of aldosterone.

One of the most important eftects of this disease is a
severe decrease m extracellular fluid potassium concen-

tration, 80 much so that many of these patients experi-

ence paralysis caused by failure of nerve transmission,

as was explained m Chapter 10.

Conversely, in Addison's disease the adrenal glands

have been destroyed, and the extracellular fluid potas-

sium concentration frequently rises to as high as double

normal. This is often the cause ofdeath in these patients,

resulting in cardiac arrest

OTHER /ACTORS THATAFFECTPOTASSIUM
ION CONCENTRATION

Other factors that alTect the extracellular fluid potas-

sium ion concentration include (1) changes in the hy-
drogen ion concentration (because hydrogen competes
with potassium for secretion by the kidney tubules), and
(2) the level of Eodium intake ibecause sodium is recip-

rocally transported through the late istal tubule, col-

lecting tubule, and collecting duct epithelium in ex-
change for potassium). However, the eflects of both these
factors are much less than the efrects of extracellular
potassium concentration and of aldosterone.

CONTROL OF THE EXTRACELLULAR
CONCENTRATIONS OF OTHER IONS

ResuUdoa of Oddutn Ion Concentr*don

The role of calcium in the body and control of its

concentration in the extracellular fluid will bo discxused
in detail m Chapter 79 in relation to the

' '
* .
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of parathyroid hormone, calcitomn, and bone However,

briefly, it va the following-

The day-by-day calcium ion concentration remains

within a few per cent of 2.4 mEq'liter and is controlled

principally by the effect ofparathyroid hormone on bone

rcabsorptwn. When the extracellular fluid concentration

of calcnim falls too low, the parathyroid glands ate

directly stimulated to promote increased secretion of

parathyroid hormone This hormone in turn acts directly

on the bones to increase the reabsorption of bone salts,

thus releasing large amounts of calcium into the extra-

cellular fluid and elevating the calcium level back to

normal On the other hand, when the calcium concen-

tration becomes too great, parathyroid hormone secre-

tion becomes depressed go that almost no bone teobsotp-

tion then occurs. Yet, the osteoblastic system for forming
new bone does continue to deposit calcium, thus remov-
ing calcium from the extracellular fluid, in this way
reducing the calcium ion concentration back to normal
However, the bones are not an inexhaustible supply

of calcium, and eventually the bones will run out of

calcium Therefore, long-term control of calcium lon

concentration results from the effect of parathyroid

hormone on reabsorption of calcium from the kidney
tubules and absorption of calcium from the gut through
the gastrointestinal mucosa, both of which effects are

markedly increased by parathyroid hormone
The effect of parathyroid hormone on calcium han-

dling by the kidneys closely parallels the effect of aldo-
sterone on sodium handling by the kidneys. That »s,

even in the absence of parathyroid hormone, much of

the calcium is reabsorbed from the tubular fluid in the

proximal tubules, the loop of Henle. and the diluting

segment of the distal tubules, but about 10 per cent of

the Altered load of calcium still remains to enter the
late distal tubules Then, iflarge amounts of parathyroid
hormone are present m the body fluids, essentially all

the remaining calcium will be reabsorb^ from the late

distal tubules, the collecting tubules, and collecting

ducts, thus conserving the calcium in the body ^ the
principal mechanism for long-term control of calaom
ion concentration is low calcium in the exlrocellular
fluid leads to parathyroid hormone secretion and the
parathyroid hormone then promotes intense consenv-
tion ofcalcium by the kidneys and oiso greatly increased
calcium absorption from the gastrointestinal tract. These
effects will be discussed in more detail in Chapter 79-

Aegu/affein of MAgneslum lon
Concentration

Much less 15 known about the regulation of magne-
sium ion concentration than of calcium ion concentra-
tion Magnesium tons are reabsorbed by ail portions of
the renal tubules However, the magnesium ion itself
directly affects the tubular epithelial cells by decreasing
this rcabsorption, especially in the thick segment of the
ascending limb of the loop of Henle Therefore, when
the extracellular fluid magnesium concentration is high,
excess amounts of magnesium are excreted, and, con-
versely, when the magnesium concentration is low,
magnesium is conserved.

Regulation of Phosphate Concontratfon

Phosphate concentration is regulated primarily by an
jiow mechanism, which can be explained as follows:

The renal tubules have a normal transport mariiEi:

for absorbing phosphate of 0.1 millimole per ralnu!

When less than this “load" of phosphate is present

the glomerular filtrate, all of it Is reobsorW. Viii

more than this amount is present, the excess is excrelt

Therefore, normally phosphate ion spills into the uri

when its concentration in the extracellular fluid Ls^
the threshold value of approximately 0 8 milltnwltlrti

Since most people ingest large quantities ofphcisphi

day tn and day out, either in milk or in meat, ti

concentration of phosphate is usually maintained K
level of about 1 0 millimole/liter, a level at which the

IS continual overflow of excess phosphate into the anr

Hole of J*jJrnth>To/tf Hormone In Phosphate /i

l7e^/a{/on. Parathyroid hormone, which plays a duj

role in regulation of calcium ion concentration, as <

plained above, also affects phosphate ion concectrsii

in two different ways. First, parathyroid hormone pi

motes bone rmbsorption, thereby dumping large qin

titles of phosphate ions into the extracellular fluid fre

the bone salts Second, this hormone decreases I

transport maximum for phosphate by the renal tabu!

so that n greater proportion of the tubular phosphate

lost in the unne The combination of these fade

causes, at least acutely, marked loss of phosphata

the urine The interrelationships between phosphi'

calcium, and pnrathjroid hormone control will beo

cussed in Chapter 79
Iteguladon of Other Negative Ions. The Is-o mi

important negative ions in the extracellular flu’di

chloride loris iind bicarbonate lons The coneenWU®

of these ere normally 103 mEqflitcr and 28

respectively When the positive lons in the«xtra»!I«

fluid (inamly Uie sodium ions) increase, the total qm

tity of the negative ions inerease* at the

bemuse they are literally pulled through the toMl

epithelium by the electncal charges of the positiwW

However, the relative proportions of the chJonde a

bicarbonate ions ore determined mainly by the t)t

control mechanisms that control the hydrogen ion S’

centration \Vc will discuss these mechanisms in t

following chapter Other important negative lonsia t

body fluid include aulfates, nitrates, urates, lartaw

and the ammo acids Essentially all of these, like pW

phate, have definite absorptive transport

\Vhen the concentration of each is below its

threshold, it is conserved in the extracellular

when above this threshold the excess spills

unne. Thus, the concentrations ofmost of these

lons ore regulated by the overflow me^aw*®
same way that phosphate ion concentration is regui
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^^Rtguladon ofAcid-

Base Balance

When one speake of the regulation of acid-base

balance, regulation of hydrogen ion concentration

in the body fluids is actually meant. The hydrogen
ion concentration in different solutions can vary

from less than 10"'* equivalents per liter to higher

than 10^ which means a total vanation of more
than a quadrillionfold. On a logarithmic basis, the

hydrogen ion concentration in the human body is

approximately midway between these two ex-

tremes.

Only slight changes in hydrogen ion concentra-

tion from the normal value can cause marked
alterations in the rates of chemical reactions in

the cells, some being depressed and others accel-

erated. For this reason the regulation ofhydrogen
ion concentration is one of the most important
aspects of homeostasis. Later in the chapter the
overall effects of high hydrogen ion concentration

(acidosis) and low hydrogen ion concentration (al-

kalosis) are discussed. In general, when people

become acidotic they are likely to die in coma, and
when they become alkalotic they may die oftetany

or convulsions.

'^cJtfs and Bases—Their DednMons and
Meanings

An acid is defined as a molecule or an ion that can
function as a proton donor And a base is defined as a
molecule or an ion that can function asaprotanamptor.
Ifone will remember that & proton is actually ahydrogen
ion, one can restate these definitions in the following
ways
An aetd U a molecule or an ion that can contribute a

hydrogen ion to a solution Thus, HCl ionises in water
to form hydrogen ions and chloride ions tuid therefore
is the acid called hydrochloric acid. Likewise, II,COj
wniies in water to form H* and HCO,, thus also con-
tributing hydrogen ions to the solution, and is the odd
known as carbonic acid Other important acids in ttie

body are acetic acid, sodium acid phosphate, uric acid,

acetoacetic acid, and so forth

A base IS a molecule or an ion that will combine with
hydrogen ions to remove them from a solution. For
instance, the bicarbonate ion, HCOj, is a base because

*it can combine with hydrogen ions to form ILCOj.
HPO" IS a base because U can combine with

hydrogen ions to form H,POj. The proteins of the bo^;

also function as basesb^use certain ofthe amino ted

m the protein molecules function as negative ions tEi!

bind readily with excess hydrogen ions la fart, ^
hemoglobin in the red blood cells and the other prottia

in the other cells of the body are among the tneX

important of the b^/s bases. Commonly, moIecolH

su^ as sodium bicarbmste and sodium phosphate tv

called bases as well. However, the negative ionseftbm

molecules ore actually the real bases, according to tu

most-used definition of the word “base.”

Finally, one needs to understand the

between a “base" and an “alkali." An alkali iJt®

wmbmalion of one of the alkaline metals—aoato

potassium, or so forth—with a highly basic ioa n™

'

the hydroxy) ion lOH*). The basic portions of tw

molecules react vigorously with hydrogen Ions Mr®®*

them from the solutions and therefore arc typiww
Since alkalis are well known, the term alkali is P

quenlly used synonymously with the term base W
for similar reasons, the tern afAsIosis is used to tuea

the opposite of acidosis, (meaning excess removal'

hydrogen ions from the solution, in contr^ W ***

addition of hj-drogen ions in the state of scidostf-

Slrong and Weak Acids and Bases. A strong if

is one in which the molecule or loti that acts «
hydrogen ion donor has a very strong

sociate into ions and therefore to discharge its

ion inlo the solution. A typical example is hyarocniw

acid On the other h^d, acids that rele^ byon^

ions with far less vigor arc called weak acids.

are carbonic acid and sodium acid pheephate. A
base is one that reacts very powerfully with

ions and therefore removes these with extreme a

from the solution. A typical example b the hydniW

(OH") A typical weak base is the bicarbonate

(HCO,), for It binds much more weakly with hywW
ions. , ^
Most of the acids and bases that are «

normal regulation of acid-base balance in the
^

weak acids and bases, the most important of whicn

carbonic acid and bicarbonate base. .

Hydrogen Ion Concentrotion and pHaf

mal Body Fluids and in Acidosis
losis. TKa CftnCPTltration m
tracellu^ar litnd is~ normallyrrigulatM s ‘

CTnstanrvolue ofapprgximatelyujljL^
tKis value can vary It^ as low as 1.0 f

as high as 1.6 x 10“’ without causing
^
itj

From these values, it is already apparent
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xprcssing hydrogen ion concentration in terms of

ctual concentrations is a cumbersome procedure.

'herefore, the symbol pH has come fnto usage lor

xpressing the concentration, and pH is related to

ctual hydrogen ion concentration by the following

jrmula (when H* concentration is expressed in

quivalents per liter):

P** “ H‘
~
ronc.

' “ "'P®

Note from this formula that a low pH corre*

ponds to a high hydrogen ion concentration, which
s called acidosis; and. conversely, a high pH cor*

esponds to a low hydrogen ion concentration,

vhich is called alkalosis.

The normal pH of arterial blood is 7.4, whereas
he pH of venous blood and of interstitial duids is

ibout 7.35 because of extra quantities of carbon
iioxide-thfltTorm carbonic acid in these fluids.

Since the normal pH of the artcnul blood is 7.4,

j person is considered to have acidosis whenever
pH is below this value and to have alkalosis

A’hen it rises above 7.4. The lower limit at which

1 person can live more than a few hours is about

3.8, and the upper limit approximately 8.0.

Intracellular pH. On the basis of indirect meas*
urements, it has been found that the intracellular

pH usually ronpjcs between 6.0 and 7.4 in different

cells, perhaps averaging about 7^. A rapid rate of
rgetaio/tsm in cells increases the rate of acid for*

rhationrespcclally carbonic acid (HjCO,), and con*

sequently decreases pH. Also, poor blood flow to

any tissue causes acid accumulation and a decrease
in pH.

OmsSE AGAINST CHANGES IN
HYDkOClN ION CONCENTRATION

To prevent acidosis or alkalosis, several special

control systems are available: (1) All the body
fluids are supplied with acid-base buffer systems
that immediately combine with any acid or alkali

and thereby prevent excessive changes in hydro-

gen ion concentration. (2) If the hydrogen ion

concentration does change measurably, the respi-

ratory center is immediately stimulated to alter the
rate of breathing. As a result, the rate of carbon
dioxide removal from the body fluids is automati-
cally changed, and, for reasons that will be pre-

sented later, this causes the hydrogen ion concen-
tration to return toward normal. (3) When the
hydrogen ion concentration changes from normal,
the kidneys excrete either an. acid or alkaline urine,

thereby also helping readjust the hydrogen ion

concentration of the body fluids back to normal.
The buffer systems can act within a fraction of

a second to prevent excessive changes in hydrogen
ion concentration. On the other hand, it takes 1 to

15 minutes for the respiratory system to readjust
the hydrogen ion concentration after a sudden

change has occurred. Finally, the kidneys, though
providing the most powerful of all the acid-base

regulatory systems, require many minutes to sev-

eral days to readjust the hydrogen ion concentra-
tion.

rUNCTION OF
ACID-BASE BUFFERS

An acid-base buffer is a solution of two or more
chemical compounds that prevents marked
changes in hydrogen ion concentration when either
an acid or a base is added to the solution. As an
example, if only u few drops of concentrated hy-
drochloric acid are added to a beaker ofpure water,
the pH of the water might immediately fall to as
low as 1.0. However, ifa satisfactory buffer system
is present, the hydrochloric acid combines instan-
taneously with the buffer, and the pH falls only
slightly. Perhaps the best way to explain the action
of an acid-base buffer is to consider an actual
sir^le system, such as the bicarbonate

of acid-base balance in the body.

THE BICARBONATE BUTTER SYSTEM

A typical bicarbonate buffer system consists of
a mature of carbonic acid (HaCOj and sodium
bicarbonate (NaHCO.) in the same solution. It

must first be noted that carbonic acid is a very
weak acid for two reasons: First, its degree of
dissociation into hydrogen ions and bicarbonate
ions is poor in comparison with that ofmany other
acids Second, about 390 parts of 400 of any car-
bonic acid m 3 solution almost immediately dis-

sociate into carbon dioxide and water, the net
result being a hign~concentratiOD ofHTssoIved ccu:-

bon dioxide but only a low concentration of acid.

When a strong acid, such as hydrochloric acid,

IS added to a buffer solution containing bicarbonate
salt, the following reaction takes place:

HCl + NaHCO, — H,CO, + NaCl (2)

From this equation it can be seen that the strong
hydrochloric acid is converted into the very weak
carbonic acid. Therefore, addition of the HCl low-
ers the pH of the solution only slightly.

On the other hand, if a strong base, such as
sodium hydroxide, is added to a buffer solution
containing carbonic acid, the following reaction

takes place:

NaOH + HjCO, NaHCO, + H,0 (3)

This equation shows that the hydroxyl ion of the
sodium hydroxide combines with the hydrogen ion

from the carbonic acid to form water and that the
other product formed is sodium
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net result is exchange of the strong base NaOH
for the weak base NaHCO,.
Though this bicarbonate buffer system has been

illustrated in the above reactions as a mixture of
carbonic acid and sodium bicarbonate, in the in-
tracellular fluid, where little sodium bicarbonate
13 present, the bicarbonate ion is provided mainly
as potassium and magnesium bicariionate.

QuAntttAtive Dynamics of Buffer Systems

DbsMiation ofCarbonic Add. All acids are ionized
percentage of ionization iscalled the degree of dissociation. Equation 4 illuslralcs

the reversible relationship bctv.een undissociated car-bonic acid and the two ions that it forma, H' and HCO,

-log II* -logK' + log
. IlCO:

CO,

H.CO, zs H* • HCOj

A physicochemical law has been found to apply to thedisswation of all acids but as applied in this ca«

Sul?
^^ carbonic acid, is expressed by the following

H* X HCO: ..

H,CO,
“ ^ <5>

This formula states that in any mven ...j
solution the coneentrstion of hydrogen ions times thewncentPBtion of bicarbonate ions divided by the concen*

.s equaTTa

f"
impossible to measure the con-

undissociated carbonic acid in a solution
reversible equilibrium

th* «mA?. » ^S*'^**
dioxide In the solution dnimarily

400JiraeOhe,concentritinr;7^!.~,,;?npf^^
;

r7 *j 7;̂On the otheTEana. it k possiETrio’meal^tSlSiSS ? tarbon dioxide, and. since

ai^ = K.

^e only real difference between the ptecedine two

Formula 6 can be changed into the following form;

H* = If' .
00^

'' HC^ O)

If we teke the logarithm of each of the two oidea ofFormula 7, .1 becomes the following:
“ ‘

logH-.logK' + log^
18)

Now, the signs of the log H* and of the w u

and bicarbonate are inverted in the last te
™

wh,?b i,

SraS'
“ “^Eing Its sign also, giving the'followfag

It will be recall^ from earlier In the chapta-ilai .1

la ealted the pK ofa buffer. Therefore, this fonnuU cbe changed still further to the following:

pH - pK* +
(i:

Henderson-Ifasselbalch EquaUon.Fort*ak
wbonate buffer system the pK' is 6 1, and Formublmay be expressed as follows:

pH 6.1 + log.
HCO;

^Is IS called the Henderson-Hosielbalch wuatwn. lai
by using It one can calculate the pH of a solutioamd
roa»nable accuracy If the molar eoncentratiorj efb

V’”
"''i dissolved carbon dioxide are luum

‘ ^ ““^i»nate concentration U equal to the diswlrs
cai^n dioxide concentration, the second member efiii
nght-hand portion of the equation becomes log of I
men IS equal to zero Therefore, for equal coRcetin

Items the pH of the solution b equal to the pK'.
from the Henderson-Haiselbalch equation eeea

raaoily see that on inerrate In biearknetf ion eovr
tmtion rouses the pH to nte. or, in ether word*, »h;'

acid-base balance toward the alkaline side. On ta

hand, an inemse in the conetntratbn efduseh
rarfton dioti* deermses the pH. or shifts the edd Ui
balance toward the acid side It will be apparent liti

m this thaler that one can change theconcentratises

I” InertasifigordKnjrmg (he rate of respiration. In this way the rwpirztaj
astern can change to a certain extent the pH rftti
OMy fluids. On the other hand, the kidneys can inert**

iJL»
Hie concentration of bicar^nate ion lO t**My fluids, in this way increasing or decreasing the fH

bus, these two major mechanisms for regulating li.e

urogen ion concentration operate principally by altenri

one or ihe other of the two elements of the biesrhensa
buffer system
The ‘^ifration Curve” of the Bicarbonate

Sir n ./ 37-1 show3 the changes in pH of tS*

body Ilui^ w hen the ratio of bicarbonate ion to caib®
dioxide timngca Note that when the concentnitiou »
the two elemenU of the buffer are equal, the pH of*
solution IS 6.1. which is equal to the pK' of the biov
bonate buffer system. \\Tien base is added to the buffir

* proportion of the dissolved carbon dioxide *» i

car^ic acid is converted into bicarbonate ions, and w
rotio Is altered. As a result, the pH rises as indicsW
by the forward slope of the curve. On the other h*fA

when acid is added, a large proportion ofthe bicarbowt*

ton 18 converted first into carbonic arid and then
dissolved carbon dioxide so that the pH falls as ili.^

(rated by the downslope of the curve.
BuHering Power of the Bicarbonate Buffer S}*

tem. Refemng once again to Figure 37-1, note that^
me central point of the curve addition ofa slight enW'®*

i

« arid or base causes minimal change in pH. Howe'^.
|

toward each end ofthe curve addition ofa slight ai^'
of acid or base causes the pH to change greatly 1110*

the ao-called buffering power of the buffer syst*'" ®
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ealest when the pH is equal to ike pK‘, which is m the

act center of the curve The buifering power is still

asonably eOective until the ratio of one element of the

iffer system to the other reaches os much as 8 1 or

8, but beyond these limits the buITenng power dijmn-

hes rapidly. And, when all the carbon dioxide has been
n>erted into bicarbonate ion or when all the bicarbo-

ite ion has been converted into carbon dioxide, the

’Stem has no more buffering power at ail.

A second factor that determines the buffenng power

the concentrations of the two elements of the buflfer

ilution. the CO, and HCOi Obviously, if the concen*

ations ar« slight, only a small amount of acid or base

ided to the solution will change the pH considerably,

hus, the buffenng power of a buffer is also directly

roportional to the concentrations of the buffer sub*

dnees.

F/£ BUFFER SYSTEMS
*F THE BODY FLUIPS

The three major buffer systems of the body fluids

re the bicarbonate buffer, which was described

bove, the phosphate buffer, and the protein buffer.

lach of these performs major buffering functions

nder different conditions.

The Bicarbonate Buffer System. The bicar-

onate system is not an exceedingly powerful

lUffer for two reasons. FirsCthe pti in the extra*

ellular fluids is about 7.4, while the pK' of the

licacbonate buffer system is 6.1. This means that

ipproximately 20 times as much ofthe bicarbonate

luffer is in the form of bicarbonate ion as is in the

brm of dissolved carbon dioxide. For this reason,

he system operates on a portion of its buffering

lurve where the buffering power is poor. Second,

he concentrations of the two elements of the

licarbonate system, COj and HCOj, are not great.

Yet, despite the fact that the bicarbonate buffer

iystem is not especially powerful, it is actually more
mportant than all the others in the body because

'he concentration ofeach of the two elements of the

!»'cor6ona/e system can be regulated, carbon dioxide

oy the repiratory system and bicarbonate ion by

the kidneys. As a result, the pH of the blood can
be shifted up or down by the respiratory and renal

regulatory systems.

The Phosphate Buffer System. The phosphate
buffer system acts in almost identically the same
manner as the bicarbonate buffer system, but it is

composed of the following two elements: H2PO;
and HPO;". When a strong acid, such as hydro-
chloric acid, is added to a mixture of these two
substances, the following reaction occurs:

HCl + NajHPO, NaH^PO, + NaCl (12)

The net result of this reaction is that the hydro-
chloric acid is removed, and in its place an addi-

tional quantity of NaHjPO, is formed. NaH2p04 is

only weakly acidic, so that the added strong acid

is immediately traded for a very weak acid, and
the pH changes relatively slightly.

Conversely, if a strong base, such as sodium
hydroxide, is added to the buffer system, the fol-

lowing reaction takes place:

NaOH + NaHjPO, NajHPO, + H^O (13)

Here sodium hydroxide is decomposed to form
water and Na 2HP04 . That is, a strong base is

traded for the very weak base NajHPO,, allowing
only a slight shift in pH toward the alkaline side.

The phosphate buffer system has a pK of 6.8,

which is not far from the normal pH of 7.4 in the
body fluids; this allows the phosphate system to

operate near its maximum buffering power. How-
ever, despite the fact that this buffer system op-

erates in a reasonably good portion of the buffer

curve. Its concentration in the extracellular fluid

is only one-twelfth that of the bicarbonate buffer.

Therefore, its total buffering power in the extrocel-

lular fluid is even far less than that of the bicar-

bonate system.

On the other hand, the phosphate buffer is es-

pecially important in the tubular fluids of the
kidneys for two reasons; First, phosphate usually

becomes greatly concentrated in the tubules,

thereby also greatly increasing the buffering
power of the phosphate system. Second, the tubular
fluid usually becomes more acidic than the extra-

cellulsu' fluid, bringing the operating range of the
buffer closer to the pK of the system.
The phosphate buffer is also very important in

the intracellular fluids because the concentration
of phosphate in these fluids is many times that in

the extracellular fluids, and also because the pH
of the intracellular fluids is usually closer to the
pK of the phosphate buffer system than is the pH
ofthe extracellular fluid.

The Protein Buffer System. The most plentiful
buffer of the body is the proteins of the cells and
plasma, mainly because of their very high concen-
trations. There is a slight amount of diffusion of
hydrogen ions through the cell membrane, and
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even more important, carbon dioxide can diOuse

within seconds through cell membranes and bicar-

bonate ions can diffuse to some extent (the hydro-

gen and bicarbonate ions require several hours to

come to equilibrium in most cells other than the

red blood cells). The diffusion of the two elements

of the bicarbonate buffer system causes the pH in

the intracellular fluids to chan^ approximately in

proportion to the changes in pH in the extracellu-

lar fluids. Thus, all the buffer systems inside the

cells help buffer the extracellular fluids as well,

but may take several hottrs to do so. These include

the extremely large amounts of proteins inside the

cells. Indeed, experimental studies have shown
that about three quarters of all the chemical buf-

fering power of the body fluids is inside the cells,

and most of this results from the intracellular

proteins. However, except for the red blood cells,

the slowness of movement of hydrogen and bicar-

bonate ions through the cell membranes often

delays the ability of the intracellular buffers to

buffer extracellular acid-base abnormalities for

several hours.

The method by which the protein buffer system
operates is precisely the same as that of the bicar-

bonate buffer system. It will be recalled that a
protein is composed of amino acids bound together

by peptide linkages, but some of the different

amino acids have free acidic radicals that can
dissociate into base plus H*. Furthermore, the pKs
of a few of the protein buffering systems are not
far from 7.4. This, too, helps make the protein
buffering systems the most powerful of the body.

m ISOHYDRIC PfUSaPUL

Each of the above buffer syatenis has been discussed

as if it could operate individually in the body fluids.

However, they all actually work together, for the hydro-
gen ion IS common to the chemic^ reactions of all the
systems ITiereftre, whenever any condition causes the
hydrogen ion concentration to change, it causes the
balance of all the buffer systems to change at the same
time. This phenomenon, called the uohydne principle,

IS presented by the following formula;

K, X HA, K, X HA, K, x HA," “ A, “
A',

- Aj
(14)

in which K„ K„ and K, are the dissociation constants
of three respective acids, HA,. HA,, and KA„ and A^,
A;, and Aj are the concentrations of the fne negative
ions that constitute the respective bases of the three
buffer systems
The important feature of this principle is that any

condition that changes the balance of any one of the
buffer systems also changes the balance ofall the others,

for the buffer systema actually buffer each other by
thtfling hydrogen ions from one to 1^ other.

RESPIRATORY REGULATION
OF ACID-BASE BALANCE

In the discussion of the Henderson-Hasselbalt

equation, it was noted that an increase m corfe

dioxide concentration in the body fluids deerm.

the pH toward the acidic side, whereas a dccrca

in carbon dioxide raises thepH toward the alMv
side. It is on the basis of this effect that fi

respiratory system is capable of altering the p

either up or ^wn.
Balance Between Metabolic Formation i

Carbon Dioxide and Pulmonary Expirsdoni

Carbon Dioxide. Carbon dioxide is continual!

being formed in the body by the different intraa

lular metabolic processes, the carbon in the foK

being oxidized by oxygen to form carbon dioni

This in turn diffuses into the interstitial fluids ar

blood and is transported to the lungs, where

diffuses into the alveoli and then is transferred!

the atmosphere by pulmonary ventilation. Het

ever, several minutes are required for this passsj

ofcarbon dioxide from the cells to the atmospha

so that an average of 1.2 millimoles/liter ofdi:

solved carbon dioxide is normally in the e*tra«

lular fluids at all times.

If the rate of metabolic formation of

dioxide becomes increased, its concentration in u

extracellular fluids is likewise increased. Cot

versely, decreased metabolism decreases the eai

bon dioxide concentration.

On the other ^nd, if the rate of pulmonir

ventilation is increased, carbon dioxide is blar

off from the lungs and the amount of carte

dioxide in the extracellular fluids decreases.

Zflfecf of Increjulns orDetn*slng
AhreoUr Vendfedon on pH
of lxtr*ceIlu]*T fluids

If we assume that the rate of xaetebolic

tion of carbon dioxide remains constant, then tn

only factor that affects the carbon dioxide wnce

tratioD in the body fluids is the rate of the

ventilation, as expressed by the following for®’’

ro (15

Alveolar ventilation

And, since an increase in carbon dioxide decf^
the pH, changes in alveolar ventilation also ensng

the hydrogen ion concentration.

Figure 37-2 illustrates the approximate en^s

in pH in the blood that can be caused by

or decreasing the rate of alveolar ventilation,

that an increase in alveolar venUlation to

times normal raises the pH of the ^

fituda by about 0.23 pH unit. This means tn^
the pH ofthe body fluids had been 7.4 with norw^

I
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RATE OF ALVEOLAR VENTILATION
{Normal »n

' Hgure 37-2. Approximate change in bodyHuld pH caused by

or decreased cate of afveolar ventilation.

ilveolar ventilation, doubling the ventilation

•aises the pH to 7.63. Conversely, a decrease in

alveolar ventilation to one quarter norma! reduces

;.he pH 0.45 pH unit. That is, if at normal alveolar

yentilation the pH had been 7.4, reducing the

ventilation to one quarter reduces the pH to 6.95.

,Since alveolar ventilation can be reduced to zero

'ventilation or increased to about 15 times normal,

,one can reaily understand how much the pH of

the body fluids can be changed by alterations in

the activity of the respiratory system.

I

Ufdct of Hydrogen Ion ConcentrAtion

on AlveolAr VentiUtion

' Not only does the rata of alveolar ventilation

affect the hydrogen ion concentration of the body

fluids, but, in turn, the hydrogen ion concentration

affects the rate of alveolar ventilation. This results

from a direct action of hydrogen ions on the respi-

ratory center in the medulla Mongata that controls

i

1

i

>

;l ngure 37-3. Effect of blood pH on the fate of atveolar

ventilation, (Constructed from data obtained by Grays Pulmonary

VenClatlon and Its Regulation. Charles C Thomas

)

breathing, which will be discussed in detail in

Chapter 42.

Figure 37-3 illustrates the changes in alveolar

ventilation caused by changing the pH of arterial

blood from 7.0 to 7.6. From this graph it is evident

that a decrease in pH from the normal value of 7.4

to the strongly acidic level of 7.0 can increase the

rate of alveolar ventilation to as much as four to

five times normal, whereas an increase in pH into

the alkaline range can decrease the rate ofalveolar

ventilation to only a fraction of the normal level.

Feedback Regulation of Hydrogen Ion Con-
centration by the Respiratory System. Because
of the ability of the respiratory center to respond

to hydrogen ion concentration, and because
changes in alveolar ventilation in turn alter the

hydrogen ion concentration in the body fluids, the

respiratory system acts as a typical feedback reg-

ulatory system for controlling hydrogen ion con-

centration. That is, any time the hydrogen ion

concentration becomes high, the respiratory sys-

tem becomes more active, and alveolar ventilation

increases. As a result, the carbon dioxide concen-

tration in the extracellular fluids decreases, thus

reducing the hydrogen concentration back toward
normal. Conversely, if the hydrogen ion concentra-

tion falls too low, the respiratory center becomes
depressed, alveolar ventilation also decreases, and
the hydrogen ion concentration rises back toward
normal.
Efficiency of Respiratory ReguJatioa ofHy-

drogen Ion Concentration. Unfortunately, res-

piratory control cannot return the hydrogen ion

concentration all the way to the normal value of

7.4 when some abnormality outside the respiratory

system has altered the pH from the normal The
reason for this is that, as the pH returns toward
normal, the stimulus that has been causing either

increased or decreased respiration will itself begin

to be lost. Ordinarily, the respiratory mechanism
for regulation of hydiogen ion concentration has a
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control effectiveness ofbetween 60 and 75 per cent

(a feedback gain of 1 to 3). That is, if the hydrogen

ion concentration should suddenly be decreased

from 7.4 to 7.0 by some extraneous factor, the

respiratory system, m 3 to 12 minutes, returns the

pH to a value of about 7.2 to 7.3.

Bufferings Power of the Respiratory Systeau

In effect, respiratory regulation of acid-base bal-

ance is apftysioiogtcai type of buffer system having

almost identically the game importance as the

chemical buffering systems of the body discussed

earlier m the chapter. The overall "buffering

power” of the respiratory system is one to two

times as great as that of all the chemical buffers

combined. That is, one to two times as much acid

or base normally can be buffered by this mecha-
nism as by the chemical buffers.

RENAL REGULATION
OF HYDROGEN ION
CONCENTRATION

In the earlier discussion of the Henderson-Uas*

eelbalch equation it was pointed out that the kid-

neys regulate hydrogen ion concentration princi-

pally by increasing or decreasing the bicarbonate

ion concentration m the body fluid. To do this, a
complex senes of reactions occurs in the renal

tubules The following sections describe the differ-

ent tubular mechanisms that accomplish these

TUBULAR SECnmON
OFHYPROCES IONS

The epithelial cells of the proximal tubules,
thick segment of the ascending limb of the loop of
Henle, distal tubules, collecting tubules, and col-

lecting ducts all secrete hydrogen ions into the
tubular fluid The mechanism by which this occurs
is illustrated in Figure 37-4 The secretory process
begins with carbon dioxide that either diffuses into

or is formed by metabolism in the tubular epithe-
lial cells. The carbon dioxide, under the influence
of the enzyme carbonic anhydrase combines with
water to form corbonic acid This then dissociates

into bicarbonate ion and hydrogen ion Finally, the
hydrogen ions are secreted by a mechanism of
Na'-H' countertransport That is, when sodium
moves from the lumen of the tubule to the mterior
of the cell, jt first combines with a carrier protein
in the luminal border of the cell membrane, and
at the same time a hydrogen ion inside the cell

combines with the opposite side of the same carrier
protein Then, because the concentration of^ium
is much lower inside the cell than in the tubular
lumen, this causes movement of the sodium down
the concentration gradient to the interior, provid-
Jng at the same time the energy for moving the

nsur* 3 7-4. Chemical leacUoni for ( 1 )
hydregen ton JWt

(2) sodtum Ion absorption In exchange tot a hydrogen Ion.

(1) combirurlon of h^rogen Ions with Wcarbonaie (ons li

tubules

hydrogen ion in the opposite direction f

“counter" direction) into the tubular lumen.!

process can even transport the hydrogen i

against their concentration gradient,

In the collecting ducts hydrogen fon scotI

can continue until the concentration of hydro]

ions io the tubules becomes os much as 900 tn

that m the extracellular fluid or, in other wi

until the pH of the tubular fluids falls to sb

4.5 This represents a limit to the ability of

tubular epithelium to secrete hydrogen ions.
^

About 84 per cent of all the hydrogen i

secreted by the tubules are secreted in the pr

mal tubules, but the maximum concentration I

dient that can be achieved here is only about Hu

to fourfold instead of the 900-fold that cm

achieved in the collecting ducts. That is, tee

can be decreased only to about 6 9, 0 5 pn u

below 7.4, the pH of the glomerular filtrate,

j

distal tubules can decrease the pH to about 6

6 5, which is between that achieved by the pn

mal tubules and collecting ducts.

Regulation of Hydrogen Ion Secretion

the Carbon Dioxide Concentration m the

tracellular Fluid. Since the chemical mw’
for secretion of hydrogen ions begin with ear

dioxide, the greater the carbon dioxide

tion, the more rapidly the reactions procew.

the greater becomes the rale of hydrogen

cretion. Therefore, any factor that increas

carbon dioxide concentration in the
^

fluids, such as decreased respiration o*”
.

metabolic rate, also increases the tale ofay

ion secretion. Conversely, any factor that _

the carbon dioxide, such as excess
I

tilation or decreased metabolic rate, decreases

rate of hydrogen ion secretion. .

At normal carbon dioxide concentrfltio ,

rate of hydrogen ion secretion is

moles per minute, but this rises or falls dire

proportion to changes in extracellular caroo

ide.
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Uerdcdon of BIcArbonAte Ions

ith Hydrosen Ions In the Tubules—
ReAbsorption" of BlatrbonJite tons

The renal tubules arc not very permeable to the
>icarbonate ion because it is a large ion and also

9 elcclrically chained. However, the bicarbonate

on can, in elTect, be “rcabsorbwi’’ by a special

process which is also illustrated in Figure 37-4.

The reabsorption of bicarbonate ions is initiated

>y a reaction in the tubules bctw'ecn the bicarbo*

late ions and the hydrogen ions secreted by the
ubular cells, as illustrated in the figure. The
arbonic acid then dissociates into carbon dioxide

ind water. The carbon dioxide, having the capo*

)ility of diffusing extremely readily through all

ellular membranes, instantaneously diffuses

hrough the epithelial cells all the way into the
)lood and is then earned to the lungs where it is

)lown off into the air.

If we now note in Figure 37-4 the chemical

eactions that arc responsible for formation of the

lydrogen ions in the epithelial cells, we see that

:ach time a hydrogen ion is formed a bicarbonate

on also is formed inside these colls by the disso-

riation of H,CO} into H* and HCOi- This btcar*

xinate ion then diffuses into the extracellular fluid

n combination with a sodium ion that has been

absorbed from the tubule.

Thus, the net effect of all these reactions is a
mechanism for "rcabsorption" of bicarbonate ions

from the tubules, though the bicarbonate ions that

enter the extracellular fluid are not the same
bicarbonate ions that arc removed from the lubu*

lar fluid.

Titration of Bicarbonate Ions Against Uy*
drogen Ions in the Tubules. Under normal con-

ditions, the rate of hydrogen ion secretwn is about

3^0 millimoles/minute, and the rate offiltration of
bicarbonate ions in the glomerular filtrate is about
3.49 millimolesiminute. Thus, the quantities ofthe
two ions entering the tubules arc almost equal,

and they combine with each other and actually

annihilate each other, the end-products being car-

bon dioxide and water. 'Hierefore, it is said that

the bicarbonate ions and hydrogen ions normally
“titrate" each other in the tubules.

However, note also that this titration process is

not quite complete, for usually a slight excess of

hydrogen ions (the acidic component) remains in

the tubules to be excreted in the urine. The reason

for this is that under normal conditions a person’s

metabolic processes continually form a small

amount of excess acid that gives rise to the slight

excess of hydrogen ions over bicarbonate ions in

the tubules.

On rare occasions the bicarbonate ions are in

excess, as we shall see in subsequent discussions.

When this occurs, the titration process again is

not quite complete; this time, excess bicarbonate

ions (the basic component) are left in the tubules

to pass into the urine.

Thus, the basic mechanism by which the kidney
corrects cither acidosis or alkalosis is by incom-
plete titration of hydrogen ions against bicarbo-

nate ions, leaving one or the other of these to pass
into the urine and therefore to be removed from
the extracellular fluid.

From S5 to 98 per cent of this titration process
occurs in the proximal tubules, and the carbonic

acid formed by the titration reaction is then split

very rapidly into its end-products, carbon dioxide

and water. The water passes down the tubules,

and the carbon dioxide diffuses into the extracel-

lular fluid. To promote this rapid dissociation of
carbonic acid into carbon dioxide and water, the
luminal brush border surface of the proximal tu-

bules (but not of the other tubules) has a large
amount of attached carbonic anhydrase that accel-

erates the reaction.

ftUMi C0M£CT70^tf Of ACJDOSfS—
INCRTAST or BICARBONATt IONS
IN THt rXTRACmUIAJt fLUID

Now that we have diiscribed the mechanisms by
which the renal tubules secrete hydrogen ions and
reabsorb bicarbonate ions, we can explain the
manner in which the kidneys readjust the pH of
the extracellular fluids when it becomes abnormal.
The initial step in this explanation is to under-

stand what happens to the concentrations ofcarbon
dioxide and bicarbonate ions in the extracellular
fluids in acidosis and alkalosis. First, let us con-
sider acidosis. Referring again to Equation 11, the
Henderson-Hasselbalch equation, we see that in
octcfosis the ratio of carbon dioxide to bicarbonate
ions in the extracellular fluid increases. Therefore,
the rale of hydrogen ion secretion rises to a level
far ^eater than the rote of bicarbonate ion filtra-

tion into the tubules. As a result, a great excess of
hydrogen ions is secreted into the tubules, which
have far too few bicarbonate ions to react with.
These excess hydrogen ions combine with the buff-

ers in the tubular fluid, as explained in later
paragraphs, and are excreted into the unne.

Figure 37-4 shows that each time a hydrogen
ion is secreted into the tubules two other effects

occur simultaneously: first, a bicarbonate ion is

formed in the tubular epithelial cell and, second,
a sodium ion is absorbed from the tubule into the
epithelial cell. The sodium ion and bicarbonate ion
then are transported together from the epithelial

cell into the extracellular fluid.

Thus, the net effect of secreting excess hydrogen
tons into the tubules is to increase the quantity of
bicarbonate ions in the extracellular fluid. This
increases the bicarbonate portion of the bicarbo-

nate buffer system, which, in accordance with the

Henderson-Hasselbalch equation and the isohydric

pnnciple, shifts all the buffers in the alkaline
direction, increasing the pH in the process, and
thereby correcting the acidosis.



446 Body fluids *nd Kidneys

RESAt CORRlCnON OFALKALOSIS^
DtaOASl OF BlCARBOSATl IONS
IN WE EXTRACEUUIAR FLUID

In alkalosis, the rn^to of bicarbonate ions to

dissolved carbon dioxide molecules increases. The
effect of this on the titration process in the tubules

is to increase the ratio of bicarbonate ions filtered

into the tubules to hydrogen ions secreted. This
increase occurs because the high extracellular bi-

carbonate ion concentration increases the bicar-

bonate ions filtered in the glomerular filtrate while

at the same time the low carbon dioxide concen-

tration in the extracellular fiuid decreases the

secretion of hydrogen ions. Therefore, the fine

balance that normally exists in the tubules be-

tween the hydrogen and bicarbonate ions no longer

occurs. Imstcad, far greater quantities of bicarbo-

nate ions than hydrogen ions now enter the tu-

bules. Since no bicarbonate ions can be reabsorbed

without first reacting with hydrogen ions, all the

excess bicarbonate ions pass into the urine and
carry with them sodium ions or other positive ions.

Thus, in effect, sodium bicarbonate Is removed
from the extracellular fluid

I/)ss of sodium bicarbonate from the extracellu-

lar fluid decreases the bicarbonate ion portion of

the bicarbonate buffer system, and, m accordance

with the Plendcrson-Has.sctbalch equation, this

shifts the pH of the body fluids back in the acid

direction Furthermore, because of the isohydne
principle, all the other body buffers shift back m
the acid direction too Thus, the alkalosis is cor-

rected.

COMBINATION OT EXCESS HYDROGEN
IONS WFTH TUBULAR BUFFERS AND
TRANSPORT INTO THE URINE

When excess hydrogen ions arc secreted into the
tubules, only a small portion of these can be carried

in the free form by the tubular fluid into the urine.

The reason for this is that the maximum hydrogen
ion concentration that the tubular system can
achieve is 10 ‘ * molar, which corresponds to a pH
of 4.6. At normal daily urine flows, only 1 per cent

of the daily excretion of excess hydrogen ions can
be transported into the unne at this concentration.

Therefore, to carry the excess hydrogen ions into

the unne the hydrogen ions must be carried in

some other form than ns free hydrogen ions. This
is achieved by the hydrogen ions’ first combining
with inlratubular buffers and then being trans-

ported m this form.

The tubular fluids have two very important

bufler systems that transport the excess hydrogen

ions into the urine* (1) the phosphate buffer and
(2) the ammonia buffer. In addition, a number of

weak buffer systems such os urate, citrate, and
similar systems are of much less importance.

Transport of Excess Hydrogen Ions Into the
Urine by the Phosphate Puffer. The phosphate

buffer is composed of a mixture of HPO;" anc

HjPO;. Both ofthese usually become considerablj

concentrated in the tubular fluid because of theii

relatively poor reabsorption and because of re-

moval of water from the tubular fluid. Therefore
even though the phosphate buffer is very weak ir

the blood, it is a much more powerful buffer in the

tubular fiuid.

Another factor that increases the importance ol

the phosphate buffer in the tubular fiuids during

acidosis is that the pK of this buffer is 6.8. When
excess hydrogen ions are secreted, the tubular fluid

normally begins at a pH of nearly 7.4 in the early

proximal tubules and falls to about 6.0 in the

distal tubules and collecting ducts Therefore, in

these tubules the phosphate buffer functions in its

most effective range, very near its pK value, as

explained earlier in the chapter.

Figure 37-5 illustrates the manner in which
hydrogen ions are removed from the tubular fluid

by the phosphate buffer system and also how this

functions in the total picture of renal acid-base

control.

Transport of Excess Hydrogen Ions into the

Urine by the Ammonia Buffer System. Another
even more important, more complex, hydrogen ion

buffer system of the tubular fiuid is composed of

ammonia (NHj) and the ammonium ion (NHJ).
The epithelial cells of all the tubules besides those

of the thin segment of the loop ofHenle continually

synthesize ammonia, and this diffuses into the

tubules. The ammonia then reacts with hydrogen
ions, as illustrated in Figure 37-6, to form am-
monium ions These are then excreted into the

urine in combination with chloride ions and other
tubular anions. Note in the figure that the net

effect of these reactions is, again, to increase the

bicarbonate concentration in the extracellular

fluid

This ammonium ion mechanism for transport of

excess hydrogen ions in the tubules is especially

important for two reasons: (1) Each time an am-
monia molecule combines with a hydrogen ion to

form an ammonium ion the concentration of am-

tXrneCELLULAfi TUBULF
FLOIO
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cells, and reaction of the ammonia with hydrogen Ions in the

tubules.

motiia in the tubular fluid becomes decreased,

-which causes still more ammonia to diffuse from
the epithelial cells into the tubular fluid. Thus,
the rate of arnmnwia secretion into the tubular
fluid is actually controlled by the amount of excess
hydrogen ions to be transported. (2) Most of the

negative ions of the tubular fluid are chloride ions.

Only a few hydrogen ions could be transported

into the urine in direct combination with chloride,

because hydrochloric acid is a very strong acid and
the tubular pH would fall rapidly below critical

value of 4.5 below which further hydrogen ion

secretion ceases. However, when hydrogen ions
combine with ammonia and the resulting ammo-
nium ions then combine with chloride, the pH does
not fall signiflcantly because ammonium chloride

is only very weakly aciiiic.

Sixty per cent of the ammonia secreted by the

tubular epithelium is derived from glutamine, and
the remaining 40 per cent from other amino acids

or amines.

Enhancement of the Ammonia Buffer Sys-
tem in Chronic Acidosis. If the tubular fluids

remain highly acidic for long periods of time, the

formation of ammonia steadily increases during
the first two to three days, rising as much as
tenfold. For instance, immediately after acidosis

begins, as little as 30 millimoles ofammonia might
be secreted each day, but after several days as
much as 300 to 450 millimoles can be secreted,

illustrating that the ammonia-secreting mecha-
nism can adapt readily to handle greatly increased

loads of acid elimination. The principal cause of

the increasing ammonia formation is that local

acidosis ofthe tubular cells induces the production
of large amounts of the enzyme glutaminase that
is responsible for releasing ammonia from gluta-

mine.

RAPIDITY OFAaO-BASE REGULATION BY
THE KIDNEYS

The kidney mechanism for regulating acid-base

balance cannot readjust the pH within seconds as

can the extracellular fluid buffer systems nor
within minutes as can the respiratory compensa-
tory mechanism, but it is different from these other
two in that it can keep on functioning for hours or

days until it brings the pH almost exactly back to

normal. In other words, its ultimate capability to

regulate the body fluid pH, though slow to act, is

infinitely more powerful than that ofthe other two
regulatory mechanisms. The following few para-
graphs will explain the quantitative importance of

the kidneys for regulating the hydrogen ion con-

centration.

Figure 37-7 illustrates the effect ofextracellular
fluid pH on the rate at which bicarbonate ions are
lost from or gained by the body fluids each minute.
For instance, at a pH of 7.0, approximately 2.3

millimoles of bicarbonate ions are gained each
minute, but as the pH returns toward the normal
value of 7.4, the rate of gain falls to zero. Then,
when the pH becomes significantly greater than
7.4, bicarbonate ions are lost by the extracellular

fluids. For instance, at a pH of 7.6 about 1.5

millimoles of bicarbonate ions are lost each min-
ute.

The total amount of buffers In the entire body
(within the range ofpH 7.0 to 7.8) is approximately
1000 millimoles. If all these should be suddenly
shifted to the basic or acidic side by injecting a
base or an acid, the kidneys would be able to

return the pH of the body fluids back almost to

normal in one to three days. But most important
of all, this mechanism continues acting until the

pH returns almost exactly to normal rather than

a certain percentage of the way. Therefore, the
real value of the renal mechanism for regulating
hydrogen ion concentration is not rapidity ofaction
but instead its ability in the end to neutralize

completely any excess acid or alkali that enters

the body flui^, unless the excess continues to

enter.

Ordinarily, the kidneys can remove up to about

500 millimoles of either acid or base each day. If

greater quantities than this enter the body fluids.

figure 37-7. Effect of ex&aceOuUr fluid pH on the fste of toss

or gUn of bicarbonate Ions In the body fluids each minute
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the kidneys are unable to cope with the extra load,

and severe acidosis or alkalosis ensues.

Range of Urinary pH. In the process of adjust-

ing the hydrogen ion concentration of the extra-

cellular fluid, the kidneys often excrete urine at

pHs as low as 4.5 or as high as 8.0. When acid is

being excreted the urine pH falls, and when alkali

IS being excreted the pH rises. Even when the pH
of the extracellular fluids is at the normal value

of 7.4, a fraction of a millimole of acid is still lost

each minute. The reason for this is that about BO
to 80 millimoles more acid than alkali are formed

in the body each day, and this acid roust be

removed continually. Because of the presence of

this excess acid in the urine, the normal urine pH
is about 6.0 instead of 7.4, the pH of the blood.

RENAL RECULATtON OF PLASMA CHLORtDE
CONCENTRAnON-^THl CfUOlUOE TO
BICARBONATE RATIO
In the preceding discussions we have emphasized

the ability of the kidneys to conserve bicarbonate

ion in the extracellular fluids whenever a state of

acidosis develops, or to remove bicarbonate ions in

a state of alkalosis. Thus, the bicarbonate ion is

shuttled bock and forth between high and low
values as one of the principal means of adjusting

the acid-base balance of the extracellular buffer

systems and therefore also for adjusting the extra-

cellular fluid pK.
However, in the proce.ss ofjuggling the extracel-

lular fluid concentration of bicarbonate ion, it is

essential to remove some other anion from the

extracellular fluids each time the bicarbonate is

increased, or to increase some other anion when
the bicarbonate concentration is decreased. In gen-

eral, the anion that is reciprocally juggled up or

down with the bicarbonate ion is the chloride ion

because this is the anion in greatest concentration

in the extracellular fluid.

CCINICAL ABNORMALITIES OF
'ACID-'BASE BAUNCE

RESrtRATORT ACIOOSiS AND ALKALOSIS

From the discussions earhisr in the chapter it is

obvious that any factor that decreases the rate of pul-

monary ventilation increases the concentration of dis-

solved cailwn dioxide in the exlrflcellular fluid. And thw
in tom leads to increased carbonic acid and hydrogen
ions, thus resulting m acidosis Because this type of

acidosis la caused by an abnoimabty of respiration, it w
called respiratory acidosis

On the other hand, excessive pulmonary ventilation

reveroes the process and dcciessea the hydrogen ion

concentration, thus resulting in alkalosis; this conditicR

is called respiratory alkalosis

A person can cause respiratory acidosis in himseWby
simply holding his breath, which he can do until the pH

1C body fluids falls to as low as perhaps 7.0. On the

other hand, he can voluntarily overbreathe and caus>

alkalosis to a pH of about 7.9.

Respiraiory acidosis frequently results from patholog

ical conditions For instance, damage to the respirator;

center in the medulla oblongata that causes reduce<

breathing, obstruction of the passageways in the respi

ralory tract, pneumonia, dcCTeas^ pulmonary mem
brane surface area, or any other factor that interfere

svith thc..exchange of gases between the blood an<

alveolar air can result in respiratory acidosis.

On the other hand, only rarely do pathologic condi

tions cause respiratory alkalosis. However, occasionallj

a psyehoneurosis causes overbreathing to the eaten
that a person becomes alkalotic. Also, a physiologic typ<

of respiratory alkalosis occurs when a person ascends ti

a high altitude The low oxygen content of the ai

stimulates respiration, which causes excess loss of car

bon dioxide and development of mild respiratory alka

losis.

METABOLTC ACiOOSIS AND ALKALOSIS

The terms metabolic acidosis and metabolic olkalosii

refer to all other abnormalities of acid-base balance

besides those caused by excess or insufticjent carbor

dioxide m the body fluids Use of the word “metabolic'

in this instance is unfortunate, because carbon dioxidi

is also a metabolic product Vet, by convention, earbonit

acid resulting from dissolved carbon dioxide is called e

respiratory acid while any other acid in the body
whether it be formed by meubolism or simply ingested

by the person, is called a metabolic acid, or a fixed acid
Causes of Metabolic Acidosis. Metabolic aeidosti

con result from (1) failure of the kidneys to excrete the

metabolic acids normally formed In the body, (2) for-

mation of excessive quantities of netabolic acids in the

body. (3) intravenous administration of metabolic acids,

or <41 addition of metabolic acids by absorption from the

gastrointestinal tract MetaboUt atidcisw can result also

from <5) loss of base from the body fluids Some of the
specific conditions that cause metabolic acidosis are the
following"

Digrrhea, Severe diarrhea is one ofthe most frequent
causes of metabolic acidosis for the following reasons

The gastrointestinal secretions normally contain large

amounts ofsodium bicarbonate Therefore, excessne loss

of these secretions during a bout of diarrhea is exactly

the same as excretion of large amounts of sodium bicar-

bonate into the urine In accordance with the Henderson-
Hasseibakh equation, this results in a shift of the

bicaibonate buffer system toward the acid side and
results in metabolic acidosis. In fact, acidosis resulting

from severe diarrhea can be so serious that it is one of

the most common causes of death in young children.

Vomiting. A second cause of metabolic acidosis is

vomiting Vomiting of gastnc contents alone, which
sometimes occurs, obviously would cause loss of acid

because the stomach secretions are highly acidic and
would lead to alkalosis Out vomiting of contents from
deeper in the gastrointestinal tract, which often occurs

in much more quantity than loss of the stomach con-

tents, will cause loss of alkali and result in metabolic
andosis
Untnla. A third common type of acidosis Is uremic

fictdosis. which occurs In severe renal disease. The cause

of this is failure of the kidneys to rid the body of even

the normal amounts of acids formed each day by the

metabolic processes of the body.
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Diabetes MelUtus. A fourth and extremely important

cause of metabolic acidosis is diabetes melhtus. In this

condition, lack of insulin secretion by the pancreas
prevents normal use of glucose for metabolism. Instead,

fat is split into acetoacctie acid, and this in turn is

metabolized by the tissues for energy in place of glucose.

Simultaneously, the concentration of acetoacetic acid in

the extracellular fluids often rises very high, and large

quantities of it are excreted in the urine, sometimes as

much as SOO to 1000 millimoles per day.

Acidosis Caused by Carbonic Anhydrase InhibU
tors. Administration of the common carlMnie anhydrase
inhibitor acetazolamide (Diamox), a drug that is fre-

quently used to cause diuresis, also causes a mild degree
of acidosis. This occurs because inhibition of the carbonic
anhydrase on the luminal surface of the proximal tu-

bular epithelium prevents adequate ‘‘reabsorption” of

bicarbonate ions, uss of these ions into the unne causes

a decrease in bicarbonate ions in the extracellular fluid,

thus leading to acidosis.

Causes of Metabolic Alkalosis. Metabolic alkalosis

does not occur nearly as often as metabolic acidosis.

However, there are several common causes of metabolic

alkalosis, as follows:

Aika/osis Caused by Ad/nin/stering Diuretics (Ex-
cept the Carbonic Anhydrase Inhibitors). All di-

uretics cause increased flow of fluid along the tubules,

and this inaease usually causes a great excess ofsodium
ions to flow into the distal and collecting tubules, leading
also to rapid reabsorption of sodium ions from these

tubules. ‘Dlls rapid reabsorption is coupled with en-

hanced hydrogen ion secretion because of the Na*-H'
countertransport mechanism in the luminal membranes
of the tubular cells that links hydrogen secretion to

sodium absorption: hence excessive loss ofhydrogen ions

from the body and resultant extracellular fluid alkalosis

Excessive Ingestion of Aikaline Drugs. Perhaps
the second most common cause of alkalosis is excessive

ingestion of alkaline drugs, such as sodium bicarbonate,

for the treatment of gastritis or peptic ulcer.

Aikaiosis Caused by Lass ofChloride Ions. Exces-

sive vomiting of gastric contents without vomiting of

lower gastrointestinal contents causes excessive loss of

hydrodiionc acid secreted by the stomach mucosa This

loss leads to reduction of chloride ions and enhancement
of bicarbonate ions m the extracellular fluid The bicar-

bonate ions are derived from the stomach glandular

cells that secrete the hydrogen ions, for these cells form
bicarbonate ion m the same way that the tubular cells

do when they secrete hydrogen ions. The net result is

loss of acid from the extracellular fluids and develop-

ment ofmetabolic alkalosis This type of alkalosis occurs

in newborn children who have pylonc obstruction caused

by a greatly hypertrophied pyloric sphincter muscle.

Alkalosis Caused by Excess Aldosterone, When
excess quantities of aldosterone are secreted by the

adrenal glands, the extracellular fluid becomes slightly

alkalotic. This is caused in the following way; The
aldosterone promotes extensive reabsorption of sodium
ions from the distal segments of the tubular system, but

coupled with this is increased secretion of hydrogen ions

(as explained earlier), which promotes alkalosis.

EinCTS OF ACIDOSIS AND ALKALOSIS
ON THE BODY

Acidosis. The major clinical eiTect of addosis is

depression of the central nervous system. When the pH

of the blood falls below 7.0, the nervous system becomes
so depressed that the person first becomes disoriented

and, later, comatose. Therefore, patients dying of dia-

betic acidosis, uremic acidosis, and other types of aci-

dosis usually die in a state of coma.
In metabolic acidosis the high hydrogen ion concentra-

tion causes increased rate and depth of respiration.

Therefore, one of the diagnostic signs of metabolic aci-

dosis is increased pulmonary ventilation. On the other
hand, in respiratory acidosis, respiration is usually de-

pressed because this is the cause of the acidosis, which
is opposite to the effect in metabolic acidosis.

Alkalosis. The major clinical effect of alkalosis on
the body is overexcitability of the nervous system. This

occurs ^th in the central nervous system and in the

peripheral nerves, but usually the peripheral nerves are

affected before the central nervous system The nerves

sometimes become so excitable that they automatically

and repetitively fire ei’en when they are not stimulated

by normal stimuli. As a result, the muscles go into a

state of tetany, which means a sUte of tonic spasm. This

tetany usually appears first in the muscles of the fore-

arm, then spreads to the muscles of the face, and finally

all over the body. Extremely alkalotic patients may die

from tetany of the respiratory muscles.

Occasionally an alkalotic person develops severe

symptoms of central nervous system overexcitability.

'Rie symptoms may manifest themselves as extreme
nervousness or, m susceptible persons, as convulsions.

For instance, in persons who are predisposed to epileptic

seizures, simply overbreathing oflen results in an at-

tack Indeed, Uiis is one of the clinical methods for

assessing one’s degree of epileptic predisposition.

RESPIRATORY COMPENSATION OF
METABOLIC AODOSIS OR ALKALOSIS

It was pointed out earlier that the high hydrogen ion
concentration of metabolic acidosis causes increased
pulmonary ventilation, which in turn results in rapid
removal of carbon dioxide from the body fluids and
reduces the hydrogen ion concentration back toward
normal. Thus, this respiratoiy effect helps to compensate
for the metabolic acidosis However, this compensation
occuro only partway. Ordinarily, the respiratory system
compensates between 50 and 75 per cent. That is, if the
metabolic factor makes the pH of the blood fall to 7.0 at
normal pulmonary ventilation, the rate of pulmonary
ventilation normaJly increases sufficiently to return the
pH of the blood to 7.2 to 7.3, as was pointed out earlier

in the chapter.

The opposite effect occurs in metabolic acidosis. That
IS, alkalosis diminishes the pulmonary ventilation,

which in turn increases the hydrogen ion concentration
back toward normal. Here again &e compensation can
take place to about 50 to 75 per cent.

RENAL COMPENSATION OF RESPIRATORY
ACIDOSIS OR ALKALOSIS

Ifa person develops respiratory acidosis that continues

for a prolonged penod of time, the kidneys will secrete

an excess of hydrogen ions, resulting in an increase in

sodium bicarbonate in the extracellular fluids. After one

to SIX days, the pH of the body fluids will have returned

about 65 to 75 per cent of the way to normal even though
the person continues to breathe poorly.
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Exactly the converse erfect occurs in respiratory al-

kalosis, LarRC amounts of sodium bicarbonate are lost

into the unne, decreasing the extracellular bicarbonate

ion, thereby decreasing the pll also almost back to

normal.

FHrSIOLOGY OF TKFATMENT ISAODOSIS
OR ALKALOSIS

Obviously, the best treatment for acidosis or alkalosis

IS to remQ\e the condition causing the nbnorioahty, but,

if this cannot be effected, different drugs can be used to

neutrnhic the cxce-^ acid or alkali

To nrulralae rxreis ocid. large amounts of sodtum
bicarbonate can be'ingcsted by mouth This is absorbed

into the blood stream and increases the bicarbonate ion

portion of the bicarbonate buffer, thereby shifting the

pH toward the alkaline side Sodium bicarbonate is

occasionally used also for intravenous therapy, but this

has such strong and often dangerous physiological ef-

fects that other aubstancea arc often used instead, such

as todium lactate or sodium gluconate The lactate and
gluconate portions of the molecules arc metabolized in

the body. leasing the sodium in the extracellular fluids

in the form of sodium bicarbonate, and thereby shifting

the pH of the fluids in the alkaline direction

For treatment ofalkalostr, ammonium ehfonde is often

administered by mouth When this is absorbed into the

hioed, thf ammonia portion of the ammonium ehlonde

IS conserled by the liver into urea, this reaction liberates

hydruehlone acid, which immediately reacts with the

buffers of the body fluids to shift the hydrogen ion

concentration m the acid direction Occasionally, am-
monium chlondc IS infused intravenously, but (he am-
monium ion IS highly toxic and this procedure can be

dangerous Another substanco occasionally used is tysine

monahytiroehlortde

CUSICAL MFASURFMtSTS ASD ASALYSIS
or ACID BASFABSORMAimiS

pH McasuremenU. In studying a patient with aci-

do.si« or alkalosis it is desirable to know the pH of the

body fluids Thiscan bedetrnnined easily by measuring

the pH of the plfl«ma with a glass electrode pH meter

However, extreme care must be exercised in removing

the plasma and in making the measurement, because

even the slightest diffusion of carbon dioxide out of the

plasma into the air shifts the bicarbonate buffer system

in the alkaline direction, resulting m a much elevated

pH measurement
The pH-Bicarhonate Diagram. The so-called pH-

hscarbonate diagram, which is illustrated in Figure

37-fl, can be used to determine the type of acidosis or

alkalosis a person has and its teirnty Its use may be

explained as follows

The more vertical curves of the diagram depict dilTer-

enl carbon dioxide concentrations The normol carbon

dioxide concentrution of 1 2 mMliter is denoted by the

colored line Hhis i« e<tuivatent to a Pco, of 40 mm Hgl.

The points olong this line reprevnt the possible com-
binations of bicarbonate concentration and pl| that can
exist in the bo«ly fluids when the carbon dioxide concen-

tration II normal
The more hortronlal lines represent the concentrn-

tioni ef metabolic acids and bases m the body fluid*

„ The colored line, der.tited by the numeral rero, indicatea

b.ilance between both of lhe«« That is, the points of

n^are 37-8, The pH-bfeartsonate diagram for determining

leladve degrees of mecaboUc and resptratoiy acidosis or alkalosis

In a patient (Modified from Davenpiort The ABC of Acid Base

Chemlstty Unlveislty of Chicago Piessl

this line represent the possible combinations of bicar-

bonate concentration and pH that can occur as long as

the metabolic acids and bases m the body fluids ere
normal The upper two honzonwl lines indicate respec-

tively additions of 5 to 10 mM/liter of extra metabolic
base to the body fluids, and the two lower honzontal
lines indicate additions of 5 to 10 extra mM/liter of
metabolic acid

To use this diagram wc simply find the pH of the
blood and the bicarbonate concentration, then plot

the appropnaie point on the diagram. For instance, if

the pH IS found to be the normal value of 7.4 and
bicarbonate concentration the normal value of 2S
mM/Iitrr. we plot point A, which represents the normal
condition.

Now using data obtained from another patient, we
plot a new point with a pH of 7.63 and a bicarbonate
concentration of 2fl mM/liter. This is point B on the
diagram, which represents a carbon dioxide concentra-
tion of 0 8 mMiliter and 7 mMfliter extra metabolic
base Thus, this person has metabolic alkalosia because
of the conaidcratite extra metabolic base m the body
fluids, but the person also has respiratory alkalosis

because of overvcntilating to an extent that the carbon
dioxide concentration la considerably less than normal
Similarly, from other patients, we plot points C, D.

ond £ Point C represents 6 (nM/liler of metaMic
acidosis ond suflicicnt respiratory alkalosis to reduce the
carbon dioxide concentration to 0.7 mM/liter. A person
with such a finding ns this could have respiratory

alkalosis that has been partially compensated by meta-
bolic acidosis produced by the kidneys.
Point 0 repre«cnt8 mild roetabolie acidosis. 2

mMliter, combined with sctvre respiratory acidosis A
person could get into this state with severe primary
respiratory acidosis and mild metabolic addosis result-

ing from some other cause
Point E represents mifd mpi rotary ocidosis ond severe

metabolK alkalosis Presumably, in this cose the meta-
bolic alkalosis was primary, and respiratory compensa-
tion caused mild respiratory acidosis in an attempt to
compensate for the metabolic alkalosis.

In summary, by using the pH-bicarbonatc diagram,
one can determine both the degree of metabolic acidosis

or alkalosis and the degree of rcspirnUiry acidosis or

alkalosis in a patient at the same time
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Renal Disease,
Diuresis, and
Micturition

RENAL DISEASE

Renal disease can be classified into five difTerent

physiological categories' <11 acute rewol /aifure, m which
the kidneys stop working eniirelv^r altnoat entirely. (2)

cAronic renal failure, in which progressively more neph-
rons are destroyed until the kidneys simplv cannot
perform all the necessary funeti^s, (3> hypertensive

kidney dueoae, in which vascular or glomerular lesions

cause hypertension but not renal laiiure, <41 nephnitc
eyndrume, in which the glomeruli have beimme far more
permeable than normal so that largo amounts of protein

are lost into the_unne, and 15) epecifie tubular abnor-
malities that ca*us« abnormal reabsorption or lack of

reahsorption of certain substances by the tubules

ACUTE RENAL FAILURE

Almost any condition that seriously interferes with

kidney function can cause scute renal failure Two of

the.most common causes are (1) scute glomeruloneph-
ritis and (2) acute damage and obstruction of the ti^ules

Renal Failure Caused by Acute Glomeruldnepb-
ritis. Acute glomerulonephntis is a disease caused by
an abnormal Immune reaction In about 95 per cent of

the patients, Ihlt occuri'onc to three weeks following

an infection elsewhere in the body caused by certain

types of Group A beta streptococci The infection may
have been a streptococcal sore throat, streptiKoccal tom
•iilitia, or even streptococcal infection of the skm It is

not the infection itself that causes damage to the kid-

neys ]nsV?3d, as antibodies develop during the succeed-

ing fcwjrtcks against the streptococcal antigen, it is

believed that the antibodies and antigen react irttb eacb
other to form on insoluble immune complex that be-

comes entrapped in^iie glomerulus,-c^jKSTStly In the
basement membrane portion of the glomerulus. —

-

Once the immune complex has deposited in the glo-

meruli, all the cells of the glomerulus begin to prolifer-

ate, but mainly the epithelial cells and the mesangial
cells that lie between'the endothelium and e'^UiTtiro
In addition, large numbers of while blood ce lls become
enirappi-d in the glomeruli Many ol the glomeruli

become blocked entirely by this inflammatory reaction,

and those that arc not blocked usually Ix-come exeev
-~s.^*ively pemeabte. nllowing both nrotein n^ red blond

cells to leak into the glomerular filtrate. In a few of the

severest cases, either total or almost total renal shut-
down occurs.

The acute inflammation of the glomeruli usually sub-
sides in ten days to two weeks, and in most patients the

kidneys return to normal function within the next few
weeks to few months Sometimes, however, many of the
glomeruli are destroyed beyond repair, and in a small
percentage of the patients progressive renal detenora*
(ion continues indefinitely, similar to that desenbed for

chronic glomerulonephntis in a subsequent section.
Ikibular Necrosis as a Cause of Acuta Renal

Failure. Another tommen cause of acute renal shut-
down Is tubular neerosu, which means destruction of
epithelial cells in the tubules, as illustrated in Figure
3^1. Cdi^on causes ^tubular necrosis are (1) uanous

nsvre 38-1. Damage lo ihcdHuI cubuln as • resulc ol shock
(Modified (fom Maclean. Acute Renal Failure Charles C Thomas

)

1
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poisons that destroy the tubular epithelial cells, and (2)

severe acute ischemia of the kidnevs.

Renal Poisons^. AnuTii^ lliu diffurent renal poisons

are carbon lefracM^^de and the heavy metals such as

the These substances have specific neph-
rotoxic action on the tubular epithelial cells, causing
death of many of them. As a reault^the epithelial cells

slough away from the basement mcmbran^nd plug the

tubules. In some instances the bSsunreirnHemBrahe also

is destroyed, but, if not, new tubular epithelial cells can
usually grow along the surface of the membrane so that

the tubule becomes repaired withi Q^ 10 to 20 days
Severe Acute Renal Ischemi^ tiever^ iscnemia of

the kidney is likely to result from severe circulatory

shock. In shock, the heart simply fails to pump sufficient

amounts of blood to supply adequate nutrition to the
different parts of the body, and renal blood flow is

particularly likely to suiter because of strong sympa-
thetic constriction of the renal vessels. Therefore, lack

of adequate nutrition often destroys many tubular epi-

thelial cells and thereby plugs many of the nenhrons
Transfusion Reaction as a Cause of Acute Renal

Failure. A transfusion reaction normally results in

hemolysis of large amounts of red blood cells with

release of hemoglobin into the plasma The size of the

hemoglobin molecule is slightly leSs than that of the

pores in the glomerular membrane'so that much of the

hemoglobin passes through the membrane into the glo-

merular filtrate. Therefore, alter a transfusion reaction

the tubular load ofhemoglobm often becomes far greater

than can be reabsorbed by the proxirnal tubules The
excess hemoglobin is likely to precipitate in the nephron
and in this way cause blockage. In a4.dition, hemolysis

of red blood cells probably also releases vasoconstrictor

agents into the blood stream, .nnd it is believed that the

vasoconstriction can promote poor blood supply to the

tubules, this acting as a further cause oLtubular dam-
age.

Physloloslcal Effects ofAcute Renal Failure

When the degree of acute renal failure is moderate,
the major physiological effect is retention of salt*and
water. At first the*tissues beefime edematous but the
person has few other symptoms. However, within a few
days the patient also develops hypertension, usually
with a blood pressure increase of 30**cr40 mm this

usually continues until the acute renal failure subsides.

In the severest cases, uremic retention of waste prod-

ucts ensues and acidosis soon develops. In complete renal
shutdown without treatment, the patient dies within 8
to 14 days. Other effects of renal retention will be
discussed in the following section in relation to chronic
renal failure.

CHRONIC RENAL FAILURE—DECREASE IN
NUMBER OF FUNCTIONAL NEPHRONS

In many types of kidney disease large numbers of
nephrons are rip.«itrnvpd or Hflmarpf^ gn fipyprolv that the
remaining nephrons simplv cannot perform the normal

functions of the kidney. Some of the dilTerent causes of
this include chronic elon^ruloneohritis. traumatic loss

congenital polycystic'disease (in which large cysts de-
velop in the kidney^ and destroy surrounding nephrons
by compression), urinary tract obstruction resulting from

renal stones, pyelonephritis, and diseases of the renal

vaScutafufST
^ ^

Chronic Glomerulonephritis. Chronic glomerulo-
nephritis 18 caused by any one of several different

diseases that damage principally the giomeniH but often

the tubules as well. The basic glomerular lesion is

usually vety similar to that whic^ occurs m acute

glomerulonephritis . It seems to begin with accumulation
of precipitated antigen-antibody complex in the glomer-

ular membrane, though in only a few instances is this

caused by streptococcal infection. The result is inflam-

mation of the glomeruli The glomerular membrane
becomes progressively thickened and is eventually in-

vaded by flbrouf tissue. In tiie later stages of the disease,

the glomerular flltfation coefficient becomes greatly

reduced because of decreased numbers of filtering cap-

illaries in the glomerular tuils and because of thickened

many of the glomeruli are completely replaced by fibrous

tissue, and the function of these nephrons is thereafter

lost forever

Pyelonephritis. Pveloncphntis i.q an mfeefinns and
inflyiinatorv process that'usuaiiy bp^na in the renal

pelvis but extends progressively into the renal paren-

efiyma The infection can result from many difrerent

types of bacteria, but especially from the colon bacillus

that originates from fecal contamination of the unnary
tract. Invasion of the kidneys by these bacteria results

m progressive destruction of renal tubules, glomeruli,

and any other structures in the path qf the invading

organisms Consequehlly, lar^e'porllons of the func-

tional renal tissue are lost

A particularly interesting feature of pyelonephritis is

that the invading infection usually affects the medulla

of the kidney more than it afleets the one
of the pnniai~y iunHIons oi me meaulla is to provide the

caunter-cuiTept me'cftanism ibr concentrating the urine,

patients with pyelonephritis frequently have reasonably

normal renal function except for reduced ability to

epneentrate their urine

uesiruction oi nepnrons by Renal Vascular Dis-

ease—Benign Nephrosclerosis. Though many differ-

ent types of vascular lesions can lead to renal ischemia
and death of the renal tissue^ in^most common of these

are: (1) atherosclerosis of the larger renal arteries with

progressive sclerotic bonSlnction of ihe vessels, u) fibra-

muscular hyper^asUl oftma ur more of the large artenes,

which aiso causes occlusion of these large vessels, and
(3) benign nephrosclerosis, a very common condition

caused by srierotic lesions of the smaller arteries and
arterioles.

Arteriosclerotic or hyperplastic lesions of the larger

arteries frequently affect one kidney more than the other

and therefore cause unilaterally diminished renal func-

tion.

Benign nephrosclerosis is believed to begin with leak-

age of plasma through the intimal membrane of the
small artenes and arterioles. This causes a fibrinoid

deposit to develop in the medial layers of these vessels
followed by progressive fibrous tissue invasion that
eventually constricts the vessel—in many instances to-

tally occluding it. Since there is essentially no collateral

circulation among the smaller renal artenes, destruction
of one of these also causes destruction of a comparable
amount of renal mass. Therefore, much of the kidney
tissue becomes replaced by minute areas of fibrous
tissue; the kidneys become greatly reduced in size and
progressively develop a nodular surface. This process
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Tlsure 38—2. LHect of aging on the DIodrut cleaiance ot the

kidneys (Modified from Wolstenholme et aI* Ctba Foundadon
Colloqula on Ageing Uttle, Brown and Co

)

Dgure 38-3. Development of fsosfhenurit In patients

decteased numbers of active nephrons

occurs at least to some extent in almost all persons in

old age and causes progressive decrease m both renal

blood flow and renal plasma clearance Figure 3ft-2

illustrates the Diodrast clearance of the kidneys (as a
measure of renal blood flow) of otherwise normal persona

at different ages, showing that even in the “normar
person, kidney blood flow decreases on the average to

about 45 per cent ofnormal by the age of 80 years, and
there is accompanying reduction of excretory function.

Abno/msd Nephron Function

In Chronic ItenAl FsJIure

Inability of Failing Kidneys to Maintain Normal
Blood Constituents. Tim most important effect of renal

failure ia the inability oTlhb kHJnyya to eupe wlilflarge

"loads" of electrolytes or other substances that- must be
excreted. Normally, only one third of the normsl number
of nephrons can eliminate essentially all the normal
load of waste products from the body without serious

accumulation ofany ofthese in the body fluids. However,
further reduction of numbers of nephrons leads to reten*

tion, especially of those waste products that depend on
a high glomerular flltration rate for excretion. The most
prominent of these are urea and creatinine Death usu-

ally ensues when the number of nephrons falls below 5
to 20 per cent of normal

Tunct'ion oT the 'Remaining T^ephrons lo 'Renal

Failure. In renal failure, tiie still-functioning nephrons
usually become greatly overloaded m several different

ways First, for reasons not understood, the blood flow

through the glomerulus and the amount of glomerular
filtrate formed by each nephron often increase 50 to 100
per cent Second, extra large concentrations ofexcretory

substances, such as urea, phosphates, sulfates, uric add.
and creatinine, accumulate in the extracellular fluid.

On entenng the glomerular filtrate of the few remaining
functioning nephrons, these constitute markedly in-

creased tubular loads of substances that are poorly
reabsorbed These increasing loads are partially com-
pensated for by as much as 50 per cent increase m
reabsorptive power oPeach tubule, but even this increase

is often far too little to keep pace with the loads, which
may be increased as much as 1000 per cent for each
nephron because of the very high concentrations of the
>^aste products in the plasma and glomerular filtrate.

Therefore, only a small fraction of the solutes Is reaV
sorbed, and the remaining solutes act like an osmotic
diuretic, resulting in rapid flushing of tubular fluid

the tubules Consequently, the volume ofunne

formation by each nephron can nse to as much a?

times normal, and a person will occasionally havP ®*

much os 2 (0 3 times normal total unne output desP'^
significant renal insufficiency. This paradoxical

tion is caused by a greater increase in urine volume
output per nephron than reduction in numbers of n^P^'

rons
tsosthenuritt. Another effect of rapid flushing of

through the tubules is that the normal cDnccnlTBHf>g

and diluting mechanisms of the kidney do not funcflm^

properiy This occurs mainly because of too rapid flow

of tubular fluid through the collectingducLs for adeqit^^^

water absorption to occur. Therefore, as progreasi*^*!/

more nephrons are destroyed, the specifle ^avity of

urine approaches that of the glomerular filtrate, approx-

imately 1 008 These eficcta are lUuatr&ted in Ft^^^
3$~3, which gives the approximate upper and low®^

limits ofunne specific gravity as the number ofnephi^*’*

decreases Since the concentrating mechanism is im*

paired more than the diluting meehamsm, an import’ant

renal function test is to determine how well the kidney*
can concentrate unne when the person is dehydrate*
for 12 or more hours.

Effects of Kent! fiJlure

on the Body fluids—UremU

The effect of renal failure on the body fluids depends
to a great extent on the water and fo^ intake of fhe

person Assuming that the person continues to in^t
moderate amounts of water and food after complete rc*^‘
shutdown, the concentration changes of different suj’-

stancea in the extracellular fluid are approximately
those shovm in Figure 38-4 The most important eff^l^

are (1) generalized edema resulting from water and
retention, (2) oetdosu resulting from failure of the lt'<^*

neys to rid the body of normal acidic products, (3) h'gh

conceiUmtions of the nonprotein nitrogens, especially

u^. pfpafinme. and uric acid, resulting from failure of

tno body to excrete the metallic end-products of p™*
teins, and (4) high concentraiion of other urinary

turn products including phenols, guanidine bases,

fates, phosphates, and potassium. This condition iscallo*^

uremia because of the high concentrations of norrO^I

urinary excretory products that collect in the body flui<“-

Water Retention and Edema. If treatment is beg^”
immediately afler acute renal failure, the total b<f^y

fluid content may not change at all. However, when
patient dnnks water in response to normal desire, fl'®

body* fluids begin increasing immediately and rapufly-
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If the patient takes in no electrolytes at the same time,
approximately five eighths of the water enters the cells

and three eighths remains in the extracellular fluids

Thus, a patient with edema in renal failure will usually
have boA intracellular and extracellular edema. On the
other hand, if the patient should ingest large amounts
of salt along with the water, the edema might be only

extracellular because of greatly increased amounts of
osmotically active substances in the extracellular com-
iiartment.

Acidosis in Renal Failure. Each day the metabolic

processes of the ^dy normally produce 50 to 80 miHi'

moles more metabolic aud than metabolic alkali There-

fore, any time the kidneys fail to function, acid begins

to accumulate in the body fluids Normally, the buffers

of the fluids can buifer up to a total of SOO to lOOO

millimoles of acid widiout severe depression of the

extracellular fluid pH. and the phosphate compounds in

the bones can buifer an additional few thousand milli-

moles, but gradually this buffering power is used up so

that the pH falls drastically. The patient becomes com-
atose at about this same time, and it is believed that

this IS partly caused by the audosis as is discussed

subsequently.

Increase in Urea and Other Nonprote in Nitrogens
(Azotemia) in Uremia. The nonprotem nitrogens in-

clude urea, uric acid, creatimnc, and a few less impor-

tant compounds. These, in general, are the end-products

of protein metabolism and must be removed from the

body continually to insure continued protein metabolism

in the cells. The concentrations of these, particularly of

urea, can nse to as high as ten times normal during one

to two weeks of renal failure. However, even these high

levels do not seem to affect physiological function nearly

so much as do the high concentrations of hydrogen ions

and some of the other less obvious substances such as

very toxic guanidine bases, ammonium ions, and others

Yet one of the most important means for assessing the

degree of renal failure is to measure the concentrations

of urea and creatinine.

Uremic Coma. After a week or more of renal failure

the sensorium becomes clouded, and the patient soon

progresses into a state of coma. The acidosis is believed

to be one of the principal factors responsible for the

as severe diabetes mellitus, also causes coma. However,
many other abnormalities could also be contnbutoiy

—

te generalized edema, the high potassium concentra-
tion, and possibly even the high nonprotein nitrogen
concentration.

The respiration usually is deep and rapid in coma,
which is a respiratory attempt to compensate for the
metabolic acidosis. In addition to this, during the last

day or so before death, the arterial pressure falls pro-

gressively, then rapidly in the last few hours. Death
occurs usually when the pH of the blood falls to about
6.8.

Anemia in Chronic Renal Failure. A patient with
chronic renal failure of severe degree almost always
also develops severe anemia. The probable cause of this

is the following: The kidneys normally secrete the sub-

stance erythropoietin that m turn stimulates the bone
marrow to produce red blood cells. Obviously, if the

kidneys are seriously damaged they are unable to form
adequate quantities of erythropoietin, which leads to

dwawnshed red blood cell production and consequent
anemia However, other factors, such as the high plasma
concentrations of urea, hydrogen ions, and other waste
products might also play important roles in causing the

anemia.
Osteomalacia in Renal Failure. Prolonged renal

failurt} illso causes osteomalacia, a condition in wWch
the bones are partially absorbed and therefore greatly

weakened, as will be explained in relation to the phys-

iology of bone m Chapter 79 The most important cause

of this condition is the following: Vitamin D must be

converted by a two-stage process, flrst in the liver and
then in the kidney, into 1,25'dibydroxycholecalciferol

before it is able to promote calcium absorption from the

intestine Therefore, serious damage to the kidneys
greatly reduces the availability of calcium to the bones.

Dialysis of Patients

with the Artificial Kidney

Artificial kidneys have now been used for almost 35
years to treat patients with severe renal failure. In

certain types of acute renal failure, such as that follow-

ing ji^Kuix.poi5omng or follovnng circulatory shock,

Artificial kidney is used simply to tide the patientthe'

over for a few weeks until the renal damage heals so

that the kidneys can resume function. Also, the artificial

kidney has now been developed to the point that many
thousand persons with permanent renal failure or even
total kidney removal are being maintained in health for

years at a time, their lives depending entirely on the
artificial kidney.

7?ie basic principle of the artificial kidney is to pass
blood through very minute blood channels bounded by
a thm membrane. On the other side of the membrane is

a dialyzing fluid into which unwanted substances in the

blood pass by diffusion.

Figure 38-5 illustrates an artificial kidney in which
blood flows continually between two thin sheets of cel-

lophane; on the outside of the sheets is the dialyzing
fluid. The cellophane is porous enough to allow all

constituents of the plasma except the plasma proteins

to diffuse Irecly in boui directions—irdni pl&£ind into
the dialyzing fluid and from the dialyring fluid back
into the plasma. If the concentration of a substance ik

greater in the plasma than in the dialyzing fluid, then?
will be net transfer of the substance from the
into the dialyzing fluid. The amount of the substance
that transfers depends on: (1) the difference between the
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In normal operation of the artificial kidjiey, blood

continually flows from an artery, through the kidney,

and back into a vein The total amount of blood in the
artificial kidney at any one time is usually less than
BQQ milliliters, the rate of flow may be several hundred

Stulftlitera per minute, and the total diffusing surface is

usually between 0,gjLnd2.6 square meters To prevent
coagulation of bloodinlhc artiflcisl kidney, a small
amount of heparin is infused into the blood as H enters

the "kidney^
The Ditdyzlng Fluid. Table 38-1 compares the eon-

stituenU m a typical dialyzing fluid with those in normal
plasma and uremic plasma Note that sodium, potas-

sium, and chloride concentrations m the dialyzing fluid

and in normal plasma are nearly identical, but in the
uremic plasma the potassium concentration is consid-

erably greater. This ion diffusea through the dialyzing
membrane so rapidly that its concentration falls almost
to equal that m the dialyzing fluid within only three to

four hours’ exposure to the dialyzing fluid.

On the other hand, there is no phosphate, urea, urate,
sulfate, or creatinine in the dialyzing fluid, but they arc
present in high concentrations in the uremic blood.

Therefore, when the uremic patient is dialyzed, these
substances are lost in large quantities into the dialyzing
fluid, thereby removing major proportions of them from
the plasma. * —
Thus, the constiluehts of the dialyzing fluid are chosen
tliat those substances in excess in the extracellular

fluid in uremia can be removed at rapid rates, while the

norma) electrolytes remain essentially normal.
Effectiveness of the Artificial lUdney. The effec-

tiveness of an artificial kidney is expressed in terms of

the amount of plasma that can be cleared of different

substances each minute, which, as will be recalled from
Chapter 35, is also the principal means for expressing

the functional effectiveness of the kidneys themselves
Most artifinal kidneys can clear 100 to 225 milliliters

ofplasma per minute of urea, which shows that, at least

in the excretion of this substance, the artificial kidney

Table 38-1. COMrARJSON OF DIALYZING FLUID
WITH NORMAL AND UREMIC PLASMA

Cenfdtvent
Norms!
nstms

Dis!yt)ng

mu
UrcBiiC

fUtras

Dectrolytes

(latiiTJterl

Na’ 141 142 142

K’ S 4 7

Ca“ 3 3 2

Ms” I 5 1.5 1 5

a 107 107 t07

HCO, 27 27 14

tactste* IJt 14 14
HPO;- 3 0 9

03 0 2
Sulfate"- 05 0 3

Nonelecirotytes

(mg'dl)

Glucose 100 125 100
Urea 26 0 200
Cwatfnine 1 0 6
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can function about twice as rapidly os the two normal
kidneys together, whoso urea clearance is only 70 milli-

Hters per minute. Yet the artificial kidney is normally

used for only 4 to 6 hours three times a week. Therefore,

the overall plasma clearance is still considerably limited

when the artificial kidney replaces the normal kidneys.

HYPlRTlNSIVe KIDNEY DISEASE

Many of the same types of kidney disease that lead to

chronic renal failure can also cause hypertension. How-
ever, this is not invariably true because damage to

certain portions of the kidney is very prone to cause

hypertension, whereas damage to other portions will

cause uremia without hypertension. A classification of

renal disease relative to its hypertensive or nonhyper-

tensive effects is the following:

Hypertensive Renal Lesions, Essentially all renal

lesions that cause diminished blood flow or diminished
glomerular filtration per nephron will cause hyperten-

sion. Both these conditions tend to cause retention of

salt and water, which eventually leads to hypertension

(see Chapter 22). Once the hypertension has developed,

the glomerular filtration rate may return entirely to

normal. If all the tubules are normal, the filtrate is ^en
processed normally in these so that urinary excretion

may be completely normal, and there may be absolutely

no sign of renal failure.

Renal Diseases That Lead to Renal Failure but
Might Not Lead to Hypertension. Loss of large num-
bers of whole nephrons, such as occurs from loss of one
kidney and part of another kidney, will always lead to

renal failure if the amount of kidney tissue lost is great

enough. However, if the remaining nephrons are com-
pletely normal, this condition frequently will not cause

hypertension because even a slight rise in arterial pres-

sure will increase the glomerular filtration rata suffi-

ciently to promote rapid water and salt loss in the

urine—even with few nephrons. On the other hand, a
patient with this type of kidney abnormality who eats

large quantities of salt will then develop very severe

hypertension because the kidneys simply cannot clear

adequate quantities of salt under these conditions

Kidney Lesions That Tend to Cause Hypotension.
An occasional person has a type of kidney disease that

leads to tremendous salt and water loss in the urine

even though there may be simultaneous retention of

waste products and a state of uremia This most fre-

quently results from disease of the renal medulla, which
prevents adequate absorption of fluid and electrolytes

by the loops of Henle and collecting ducts. For instance,

excessive long-term ingestiop of aspirin and other an-

algesics can cause toxic deslrtlehon of the deeper ^r-
tions of the medulla and lead to salt-wasting. As long
os the person ingests sulBcient quantities of salt, the

pressure will remain normal. Placing a patient of this

type on a low salt regime or on treatment with a diuretic,

however, tends to decrease the arterial pressure. At the

same time, excessive amounts of renin and angiotensm
are usually formed, and this keeps the pressure from
falling too much but leads to further uremic symptoms.
In this state, any further stress to the arterial pressure

control system can often lead to acute hypotension,

culminating in death within a few hours.

Hypertension Caused by Renal Secretion of
Renin. When one part of the kidney mass is ischemic

while the remainder is nonischemic (such as occurs when

one renal artery is severely constricted), the ischemic
renal tissue secretes large quantities of renin. This
secretion leads to the formation of angiotensin II, which
in turn leads to hypertension. The most probable cause
of the chronic hypertension, as was discussed in Chapter
22, is (1) the ischemic kidney tissue itself excretes less

than normal amounts of water and salt, and (2) the
angiotensin affects the nonischemic kidney tissue, caus-

ing it also to retain water and salt. (Many physiologists

have believed in the past that peripheral vasoconstric-

tion caused by the angiotensin was the cause of this

type of hypcTtension. However, recent experiments have
demonstrated almost conclusively that this is not the

case, as was discussed in Chapter 22. In fact, the blood

concentration of angiotensin is usually much too low to

cause much vasoconstriction, but it can strongly aftect

renal excretion.)

WHE NEPHROTIC SYNDROME—
\lCR£ASED GLOMERULAR PERMEABIUTY

Large numbers of patients with renal disease develop

a so-called nephrotic syndrome, which is charactenzed

especially by loss oflaree quantities ofplasma proteins

into the urine, In some instances this occurs without

evidence of any other abnormality of renal function, but

more often it is associated with some degree of renal

failure.

The cause of the protein loss in the urine is increased

permeability of the glomerular membrane. Therefore,

any disease condition that can increase the permeability

of this membrane can cause the nephrotic syndrome .

Such diseases include chronic slomeruloneBhritis. (in the

previous discussion, it was noted that this disease pri-

marily affects the glomeruli and often causes a greatly

increased permeability of the glomerular membrane),
amyloidosis, which results from deposition of an,abnor-

mal orotemoid substance in the walls of the blood vessels

and seriously damages the basement membrane of the

plompmluB/flBdJjpotij wgp>irosts. a diseagpfnnndmainly

in young children.

Lipoid Nephrosis. Lipoid nephrosis is also called

"minimal change lesion” because one can rarely discern
^

any abnormality of the glomerular membrane using the

light microscope. It is ^ry conmion in children, occur-

ring most often before the age of 4 years but occumng
occasionally in adults as well. Its basic cause is un-

known, but the resulting renal lesion increases the

permeability of the glomerular membrane and causes

loss of proteins into^ tne unne t his lesion, as seen in

electron micro^apAy, is Uie lollowing: The epithelial

cells that line the outer surface of the glomerulus have

highly distortedjbot processes It will be recalled from

the discussion ofthe glomerular membrane in Chapter

34 that the normal openings between these foot proc-

esses are very small slits, and it is believed that the

smallness of these slits is a mqjor factor m preventing

the passage of protein through the glomerular mem-
brane. Therefore, in the presence of abnormally shaped
foot processes, tremendous quantities of protein leak

into the tubules even though larger elements of the
blood, such as red cells, usually are prevented from
leaking.

The name “lipoid nephrosis” is derived from the fact

that small quantities of lipid droplets are seen in the
^idielial cells of the proximal luLules and also from
the fact thatThe concentration ot lipia substanc^ m the
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bl<^ is usuallyincreased Cthis Is also true ofgome other

types of nephrosis as well). injeHpid de^sits in the

tubules apparently play no roIeln^He mcrTaSediossuf
prptems.

The cause of lipoid nephrosis is unknown, but it

frequently occurs soon after an upper respiratory infec-

tion cau^ by a virus or after oUier conditions that

might elicit an immune response Therefore, most re-

sesiTcir workers beiieVC that Eotae Term of inimune re-

action is the cause of the basic glomerular lesion.

Administration of glucocoTticoida such as prednisone
will usually cause complete remission of the disease,

although glucocorticoids will not cause remission ofmost
other types of nephrotic syndrome
Protein Loss. In the nephrotic syndrome, as mudi as

5 to 20 grams of plasma proteins can be lost into the
unne each day Though the resulting low plasma protein
concentration stimulates the liver to pr^uce far more
plasma proteins than usual, nevertheless the liver often

cannot keep up with the loss. Therefore, in severe*,

nephrosis the colloid osmotic pressure sometimes falls

extremely low, often from the normal level of 28 mm
Hg to as low as 6 to 8 mm Hg
Edema. The low colloid osmotic pressure in turn

allows large amounts of fluid to filter into the interstitial

spaces and al8o*iHtg~the poientiat sjpees body,
thus causing aonou^ The untreated nephrotic
person has been known on occasion to develop as much
as 40 liters of excess extracellular fluid, and as much as
15 liters of this has been aseiUs in the abdomen. Also,

the joints swell, and the pleural cavity and the pericar-

dium become partially filled with fluid

In severe nephrosis, the loss of fluid into the intersti-

tial spaces causes the blood volume to diminish and the
arterial pressure to fall 10 to 20 mm Hg below the
pressure level m the absence of the nephrosis These
effects in turn lead to increased angiotensin and aldo-

sterone production, both of which cause the kidneys to

reabsorb excessive quantities of sodium chloride and
water, which further compounds the seriousness of the
edema
A nephrotic person can be greatly benefited by intra-

venous infusion of iarge quantities of concentfated

plasma proteins Yet this is of only temporary benefit

'»caw6 entfogVi pnAcin can \t)SV ^nVu \.\ie 'o'line

only a day or two to return the person to the owginal

predicament

snanc tubuiar disorders

In the discussion of active rcabsorption and secretion

by the tubules in Chapter 34, it was pointed out that
the active transport proces.-scs are carried out by various

tamers and enzymes in the tubular epithelial cells.

Furthermore, there are a number of diiTerent carrier

mechanisms for the different individual substances. In
Chapter 3 it was also pointed out that each cellular

enzyme and each tamer substance is formed in response
to a respective gene or genes in the nucleus. If any
required gene happens to be absent or abnormal, tl»
tubules might bo deficient in one of the appropriate
enzymes or earners For this reason many diflerenl

specific tubular disorders are known to occur for the
transport of individual or special groups of substances
through the tubular membrane Essentially all of these
;are hereditary disorders Some of the more important

's are.

I

Renal Glycosuria. In this condition the blood gliicca

roncentration may be completely normal, but the ti^ns

port maximum for reabsorption of glucose each minuti

is greatly limited. Consequently, despite the normal

bio^ glucose level, large quantities of glucose pass into

the unne each day. Because one of the tests for diabetes

meliitus (which results from lack of insulin secretion by

the pancreas) is the presence of glucose in the urine,

renal glycosuria (a benign condition which causes essen-

tially no dysfunction of the body) must always be r^led

out before making a diagnosis of diabetes meliitus.

Nephrogenic Diabetes Insipidus. Occasionally the

tenai tubules do not respond well to antidiuretic hor-

mone secreted by the supraopticohypophysial system,

and as a consequence large quantities of dilute urine

are continually excreted. As long as the person is sup-

plied with plenty of water, this condition rarely causes

any severe diOlculty. However, when adequate quan-

tities of water are not ingested, the person rapidly

becomes dehydrated.
Metabolic Acidosis Caused by Failure of th^ lo-

bules to Secrete Hydrogen Ions. In this condition the

person Is unable to secrete adequate quantities of hy-

drogen ions, and, as a result, large amounts of Bocliun

bicarbonate are continually lost into the urine for res-

sons discussed in the preceding chapter, This causes a

continual state of metabolic aciaosis. However, adequate

replacement therapy by continual administration tff *1'

kail can maintain normal bodily function

Rena] Hypophosphatemia. In renal hypophospha-

temia the renal tubules fail to reabsorb adequate quan-

tities of phosphate ions even when the phosphate
centration of the body fluids falls very low. fhis

condition does not cause any serious immediate abnor-

malities, because the phosphate level of the extracellular

fluids can vary widely without significant cellular dys-

function. However, over a long period of time the 1^
phosphate level results in diminished calcification of Ihe

bones and causes the person to dev^p nekets. Furll'or-

more, this type of rickets is refrilmry to vitamin D
therapy in contrast to the rapid response of the u^ual

type of rjckels, which is discussed in Chapter 79.

Aminoacidurias. Some amino acids share mutual
carrier systemsfbrlbabsorption, while other ammo atlds

sy^^«t5a ul wr>. ’9^^' *•

condition called generalaed aminoaciduria results

deficient rcabsorption of all amino adds, but, B^ore

frequently, defidencies of specific carrier systems <nay

result in (1) essential cystinuna, in which large amounts
of cystine fail to be reabsorbed and often crystalliz® jn

the unne to form renal stones, (2) sirapie glyctnuri<f> in

which glyanc fails to be reabsorbed, or (3) beta-ami'>0'

tsobutync aciduria, which occurs in about 6 per ceP^ nf

all people but apparently has no clinical significance-

RENAL FUNCTION TESTS

The renal function tests can be divided into th*^
categories. {!> determination of renal clearances, <2)

measurement of substances in the blood that are
tnally excreted by the kidneys, and (3) chemical and

physical analyses of the urine
Renal Clearance Tests. Any of the renal clearao^

tests, including clearance of para-amlnohippuric srid.

Diodrast, tnuliti, mannitol, or other substances, as do-

sCTibed in Chapter 35, can be used as renal function
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tests. Indeed, if all these are performed one can deter-

mine the glomerular filtration rate, the effective blood

flow through the kidney per minute, the filtration frac-

tion, and many other ch^actenstics of renal function.

However, because most of these clearance tests are

difficult to do, several other clearance tests in which
radiopaque or radioactive substances are excreted from
the blood into the renal pelvis are usually employed.
Some of these are the following:

Intravenous Pyelography. Several substances con-

taining large quantities of iodine in their molecules

—

Diodrast, Hippuran, and lopax—are excreted into the

urine both by glomerular filtration and by active tubular

secretion. Consequently, their concentration in the unne
becomes very high wi^in a few minutes after intrave-

nous injection. Also, the iodine in the compounds makes
them relatively opaque to x-rays. Therefore, x-ray pic-

tures can be made showing shadows of the renal pelves,

of the ureters, and even of the urinary bladder. Ordi-
narily, a sufficient quantity is excreted withm five

minutes after injection to give good shadows of the

kidney pelves. Failure to show a distinct shadow within

this time indicates depressed renal clearance.

Radioactive Clearance Studies. If any of the above
substances for many others) is prepared with radioactive

iodine or some other radioactive nuclide, one can meas-
ure the radioactivity from both renal pelves by placing
appropriate radioactivity counters over the kidneys.

Only a trace amount of the substance need be ii\jected

intravenously and the degree of radioactivity recorded
during the following few minutes to determine roughly
the renal clearances.

A special value of both x-ray and radioactive pyelog-
raphy is that they measure function of each ludney
independently of the other rather than total function of

both kidneys together, as is measured by the other renal

function tests.

Blood Analyses as Tests of Renal Function. One
can also estimate how well the kidneys are performing
their functions by measuring the concentrations of var-

ious substances in the blood. For instance, the normal
concentration of urea in the blood is 26 mg/dl. but id

severe cases of renal insufficiency this can rise to as

high as 300 mg/dl. The normal concentration of creati-

nine in the blood is 1.1 mg/dl, but this. Coo, can increase

as much as tenfold. To determine the degree of metabolic
acidosis resulting from renal dysfunction, one can use
the pH-bicarbonate diagram or some other similar pro-

cedure, as discussed in the preceding chapter. Ihough
these different tests are not as satisfactoiy as clearance
tests for determining the functional capabilities of the

kidneys, they are easy to perform, and they do tell the

physician how seriously the internal environment has
been disturbed.

Physical Measurements of the Urine as Renal
Function Tests. Obviously, one of the most important
urinary measurements is the volume of urine formed
each day. In acute renal failure this can fall to zero, and
in chronic renal failure it often is diminished. On the

other hand, moderate renal failure may actually in-

crease the urinary output, as was described earlier,

because of vast overfunction of the remaining nephrons
when the majonty have been destroyed.

A second factor frequently measured is the specific

gravity of the urine. Depending on the types of si^
stances being cleared, this can vary tremendously; its

upper extreme can go as high as 1.045 and it can fall to

as little as 1.002. To test the ability of the kidneys to

dilute the unne, the patient drinks large quantities of
water, and measurements are made of the nummal
specific gravity that can be attained. Then, at another
time, the patient goes without water for 12 or more
hours, and the maximum concentration of the unne is

measured. Referring back to Figure 38-3, note that the
concentrating ability of the kidneys is especially com-
promised as the number of nephrons decreases.

DIUREnCS AND MECHANISMS OF
THEIR ACTIONS

A diuretic is a substance that increases the rate of

unne output. Most diuretics act by decreasing the rate

of reabsorption of fluid from the tubules.

The pnncipal use of diuretics is to reduce the total

amount of fluid in the body. They are especially impor-
tant in treating edema and hypertension.

When using a diuretic it is usually important that the
rate ofsodium loss m the urine also be increased as well

as the rate of water loss. The reason for this is the
following: If water alone were removed from the body
fluids, the fluids would become hypertonic and eliut an
osmoreceptor response, followed by marked secretion of

antidiuretic hormone. This hormone would then cause
lai^e amounts of water to be reabsorbed from the tu-

bules. which would nullify the effect of the diuretic.

However, if sodium is lost along with the water, this

nulbfication will not result. Therefore, all valuable di-

uretics caused marked nalriuresis (sodium loss) as well

as diuresis.

Several significant types of diuretics are the following:

The Osmotic Diuretics. Ii\]ection into the blo^
stream of urea, sucrose, mannitol, or any other substance
not easily reabsorbed by the tubules causes a great
increase in the osmotically active substances m the

tubules. The osmotic pressure of these then greatly
decreases water reabsorption, so that large amounts of

tubular fluid flush on into the unne
The same effect occurs when the glucose concentration

of the blood rises to very high levels in diabetes mellitus.

Above a glucose concentration of about 250 mg/dl very
little the extra glucose is reabsorbed by the tubules;

instead it acts as an osmotic diuretic and causes rapid

loss of fluid into the unne. The name “diabetes” refers

to the prolific urine flow.

Diuretics That Diminish Active Reabsorption.
Any substance that inhibits earner systems in the

tubular epithelial cells and thereby diminishes active

reabsorpUon of tubular solutes increases the tubular

osmotic pressure and causes osmotic diuresis. Some of

the most commonly used drugs of this t>'pc arc the

following:

The “Loop" Diuretics, Furosemide and Ethac-
rynic Acid. Furosemide and ethacryntc acid arc the

most powerful of all the clirucally us^ diuretics. They
are called loop diuretics because they block reabsorption

of sodium chlondc ions from the ascending limb of the

loop of Hcnle os w-ell as from all the remainder of the

diluting segment of the distal tubule. Thu blockage of

reabsorpUon ofsodium and chlonde ions causes diuresis

fortworeasons: (1) It allows greatly increased quantities

of solutes to be delivered into the distal portions of the

nephrons, and these then act os osmotic agents to
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prevent water reabsorption as well 12) Failure to absorb

sodium and chloride ions from the loop of Henle into

the medullary intcrstitium decreases the concentration

of the medullary interstitial fluid Consequently, the
concentrating ability of the kidney is greatly decreased

so that the reabsorption of fluid is further decreased

Because of these two effects as much as 20 to 30
cent of the glomerular filtrate may be delivered into the
unne, causing under acute conditions urine outputs as
great as 25 times normal for a period of a few inmutes.

Chlorothiazide. Chlorothiazide and other thiazide

derivatives act primarily on the distal tubules to prevent
active sodium reabsorption; under favorable conditions

they cause as much as B per cent of the glomerular
filtrate to pass into the unne.
Carbonic Anhydrase JnhibHors-^Acetazolamid^,

Acetazolamide (Diamox) and other carbonic anhydrase
inhibitors primarily block reabsorption of bicarbonate

ions from the proximal tubules. They do this by inhih.

itidg the carbonic anhvdrase that lines the luminaj

border of the tubular epithelial cells and normally c^.

talyzes the dissociation of carbonic acid into water and
carbon dioxide. This prevents removal of bicarbonate

ions from the tubular fluid, and these remain in the
tubules to act as an osmotic diuretic However, use of
this drug also causes some degree of acidosis because of
excessive loss of bicarbonate ions from the body fluids.

Competitive Aldosterone Inhlbitora—£p/rono)ac*
tone, Spironolactone and several other similar sul^

stances compete with aldosterone for receptor sites in

the distal nephron epithelial cells and thereby block the
sodium reabsorption«pnimoting efl'cet of aldosterone As
a consequence) the si^iuro remains in the tubules aqd
acts as an osmotic diuretic These drugs also block the
effect of aldosterone to promote potassium secretion mte
the tubules. Therefore, in some instances, the extrace).

lular fluid potassium concentration becomes danger,
ously elcvat^

MICTURITION

Micturition is the process by which the urinary blad.

der empties when it becomes fllled. Basically the bladder

til progressively fills until the tension in its walls ns^s
above a threshold value, at which time (2) a nervous
reflex called the “micturition reflex" occurs that either
causes micturition or, if it fails in this, at least causes
a conscious desire to urinate.

PHYSIOLOCIC ANATOMYA\D NERVOUS
CONNECTIONS OF THE BLADDER

The urinary bladder, illustrated in Figure 38-6. is a
smooth muscle chamber composed of two pnnci pal parts

(1) the My, which is the major part of the bladder, m
which the unne collects, and (2) the n«ft, whkh is e
funnel-shaped extension of the body, passing inferiorly

and anlcnoTly into the urogenital triangle and connect,

ing with the urethra. The bladder neck is also called

the poilertor urethra because of its relationship to the
urclhra-

Thc smooth muscle of the bladder is knonm as the
detrusor muscle. Its muscle fibers extend in all directioiis

' when contracted, can increase the pressure in the
^.hnes to as high as 40 to GO Run Hg Tbqs.

it IS the detrusor muscle that empties the bladder. The
smooth muscle cells of the detmsor muscle fuse with
each other so that low resistance electrical pathways
exist from one to Oie other. Therefore, an action poten-

tial can spread throughout the detrusor muscle to cause
contraction of the entire bladder at once-

On the posterior wall of the bladder, lying immedi-
ately above the bladder neck, is a small triangular area
called the trigone The lowermost apex of the trigeme
lies at (he bladder neck, and the two ureters enter the
bladder at the uppermost angles of the trigone. The
tngone can be identified by the fact that lU mucosa Is

very smooth, m contrast to the remainder of the bladder
mucosa which is folded to form rugae, Where each ureter
enters the bladder, it courses obliquely through the
detrusor muscle and then passes still another 1 to 2
centimeters underneath the bladder mucosa before emp-
tying into the bladder
The bladder neck (posterior urethra) U 2 to 3 centi-

meters long, and its wall is composed of detrusor muscle
interlaced among a large amount of elastic tissue. The
muscle in this area is frequently called the internal

sphincter. Us natural tone normally keeps the bladder
neck empty of urine, and therefore prevents emptying
of the bladder until the pressure m the body of the
bladder rises above a critical threshold.
Beyond the bladder neck, the urethra passes through

the urogenital diaphragm, which contains a layer of

muscle called the external sphincter of the bladder. This
muscle IS a voluntary skeletal muscle in contrast to the
muscle of the bladder body and bladder neck, which is

entirely amooth muscle. This external muscle is under
voluntary control of the nervous system and can be used
to prevent urination even when the involuntary controls

are attempting to empty the bladder.
Innervation of the Bladder. The principal nerve

supply to the bladder is by way of the pelme nerves,

which connect with the spinal cord through the sacral

plexus, mainly connecting with cord segments S-2 and
S-3 Coursing through the pelvic nerves are both sensory
nerve fibers and motor fibers. The eensory fibers mainly
detect the degree of stretch of the bladder walls Stretch
signals from the bladder neck are especially strong and
are mainly responsible for initiating the reflexes that

cause bladder emptying.
The motor nerve fibera transmitted in the pelvic

nerves are parasympathetic fibers. These terminate on
ganglion cells locat^ in the wall of the bladder. Short
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postganglionic nerves then innervate the detrusor mus-
cle.

Aside from the pelvic nerves, two other types of

innervation are important to bladder function. Most
important are the motor fibers transmitted through tl^e

pudendal nerve to the external bladder sphincter. These
are somatic nerve fibers that innervate the skeletal

muscle of this sphincter. In addition, the bladder re-

ceives sympathetic innervation from the sympathetic

chain through the hypogastric nerves, connecting

mainly with the L-2 segment of the spinal cord These
sympathetic fibers probably stimulate mainly the blood

vessels and have very little to do with bladder contrac-

tion, Some sensory nerve fibers also pass by way of the

sympathetic nerves and may be important for the sen-

sation of fullness and perhaps pain in some instances

TRANSPORT OF URINE
THROUGH THE URETERS

The ureters are small smooth muscle tubes that orig-

inate in the pelves of the two kidneys and pass down-
ward to enter the bladder. Each ureter is innervated by
both sympathetic and parasympathetic nerves, and each
also has an intramural plexus of neurons and nerve
fibers that extends along its entire length
As urine collects in the pelvis, the pressure in the

pelvis increases and initiates a peristaltic contraction

beginning in the pelvis and spreading downward along
the ureter to force urine toward the bladder. A penstaltic

wave, traveling at a velocity of about 3 cm/sec, occurs

from once every 10 seconds to once every 2 to 3 minutes
The peristaltic wave can move urine against an obstruc-

tion with a pressure as high as SO to 100 mm Hg.
Transmission of the peristaltic wave is probably caused

by action potentials passing along the smooth muscle
syncytium of the ureteral wall. However, parasympath-
etic stimulation can increase and sympathetic stimula-

tion can decrease the frequency of the waves and prob-

ably also can control the intensity of contraction
At the lower end, the ureter penetrates the bladder

obliquely through the trigone, as illustrated m Figure
38-6. The ureter courses for several centimeters under
the bladder epithelium so that pressure in the bladder

compresses the ureter, thereby preventing backflow of

urine when pressure builds up in the bladder during
micturition.

Pain Sensations from the Ureters, and the Ure*
terorenal Reflex. The ureters are well supplied with

pain nerve fibers. When the ureter becomes blocked, as

by a ureteral stone, intense reflex constriction associated

'viLh very severe pain occurs. In addition, the pain

impulses probably cause a sympathetic reflex back to

the kidney to constrict the renal arterioles, thereby

decreasing urinary output from that kidney. This effect

IS called the ureterorenal reflex', it obviously is important
for prevention of excessive flow of fluid into the pelvis

of a kidney with a blocked ureter.

TONE OF THE BLADDER WALL,
AND THE CY5TOMETROCRAM
DURING BLADDER HLUNC

The solid curve of Figure 38-7 is colled the eyttame-

trogram of the bladder. It shows the changesm intraves-

ical pressure os the bladder fills uith unne. When no

figure 3S-7. A normal cysiomecrogram showing also acute

pressure waves (the dashed curves) caused by mlccurlcion re-

flexes.

unne at all is m the bladder, the intravesical pressure

IS approximately zero, but by the time 30 to 50 milliliters

of unne has collected, the pressure will have risen to 5

to 10 cm water. Additional urine up to 200 to 3CH)

roillilitera can collect with only a small amount of

additional rise m pressure; this is caused by intrinsic

tone of the bladder wall itself. Beyond 400 to 500
milliliters, collection of more unne causes the pressure

to nse very rapidly.

Superimposed on the tonic pressure changes during
filling of the bladder are periodic acute increases in

pressure, which last from a few seconds to more than a
minute The pressure can nse only a few centimeters of

water or it can nse to over 100 cm water. These are

mictuniion waves in the cystometrogram caused by the
micturition reflex, which is discussed next

THE MICTURITION REFLEX

Refemng again to Figure 38-7, one secs that as the

bladder fills, many supenmposed micturition contrac-

tions begin to appear These are the result of a stretch

reflex initiated by stretch receptors in the bladder wall,

especially by the receptors in the bladder neck when
this neck begins to fill with urine at the higher bladder

pressures. Sensory signals are conducted to the sacral

segments of the cord through the pelvic nencs and then

back again to the bladder through the parasympathetic

fibers in these same nerves.

Once a mictuntion reflex begins, it is “self-regcncra-

live " That is, initial contraction of the bladder further

activates the receptors to cause still further increase in

olTerent impulses from the bladder, which causes further
increase in reflex contraction of the bladder, the cycle

thus repeating itself ogam and again until the bladder
has reached a strong degree of contraction. Then, after

a few seconds to more than a minute, the reflex begins
to fatigue, and the rcgcncraUve cycle of the mictuniion
reflex ceases, allowing rapid reduction in bladder con-
traction. In other words, the mictuntion reflex is a single
complete cycle of (a) progressive and rapid inenase in
pressure, (b) a penod of sustained pressure, and (c)

return of the pressure to the basal tonic pressure of the
bladder. Once a mictuntion reflex has occurred and has
not succeeded in emptying the bladder, the nervous
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elements of this reflex usually remain in an inhibited

state for at least a few minutes to sometimes as long as

an hour or mote before another micturition reflex occurs.

However, as the bladder becomes more and more filled,

micturition reflexes occur more and more often and more
and more powerfully.

Once the micturition reflex becomes powerful enough
and the fluid pressure in the bladder great enough to

force the bladder neck open despite the tonic contraction

of the bladder neck muscle, stretch of the neck not only

greatly exacerbates the intensity of the micturition

reflex itself but causes still another reflex as well This

reflex passes to the sacral portion of the spinal cord and
then back through the pudendal nerve to the external

sphincter to inhibit it. If this inhibition la more potent

than the voluntary constrictor signals from the brain,

then urination will occur. If not, urination atill will not

occur until the bladder Alls still more and the micturi-

tion reflex becomes more powerful.

Control of Micturition by the Brain. The micturi-

tion reflex is a completely automatic cord reflex, but it

can ^ inhibited or facilitated by centers in the brain

These include (a) strong facihlatory and inhi&ifory cen-

ters in the brain stem, probably located m the pons, and
(b) several centers located in the cerebral cortex that are

mainly inhibitory but can at times become excitatory.

The micturition reflex is thebasic cause of micturition,

but the higher centers normally exert final control of

Tnkturition by the following means-.

1. The higher centers keep the micturition reflex

partially inhibited all the time except w hen it is desired

to micturate

2. The higher centers prevent micturition, even if a
micturition reflex occurs, by continual tonic contraction

of the external bladder sphincter until a coovenient

time presents itself.

3 NVhen the time to urinate arrives, the cortical

centers can (a) facilitate the sacral micturition centers

to help initiate a micturition reflex, and <b) inhibit the

causes constrictive fibrosis around the dorsal nerve niot

fibers where they enter the spinal cord and, subse-

quently, destroys these fibers. This condition is called

tabes ^rsalts. and the resulting bladder condition is

called a tabetic bladder. Another common cause of this

condition is crushing injuries to the sacral region of the

cord

The Automatic Bladder. If the spinal cord is dam-
aged above the sacral region but the sacral segments

are still Intact, typical micturition reflexes still occur.

However, they are no longer controllable by the brain.

During the first few days to several weeks after the

damage to the cord has occurred, the micturition reflexes

are completely suppressed because ofthe state of “spinal

shock” caused by the sudden loss of facilitatory impulses

from the brain stem and cerebrum. However, if the

bladder is emptied penodically by catheterization to

prevent physical bladder iiyury, the excitability of the

micturition reflex gradually increases until typical mic*

tuntion reflexes return

It is especially interesting that stimulating the skin

in the genital region can sometimes elicit a mictuntlon

reflex in this condition, thus providing a means by which

some patients can still control urination.

T^ninh‘Mtrd Nriirncpnifl Another
^ifiinop'abnormality of mictuntion is the so-called “un-

rfnliilMted neurogenic bladder," which results in frequent

andrelatively uncontrollable micturition ThiscondUlon
derives from partial damage in the spinal cord or bmii'

stem that interrupts most of the (nhibitoiy signals.

Therefore, facilitatory impulses passing continually

dowTi the cord keep the sacral centers so excitable that

even a very small quantity of urine will elicit an uocon-

trolUble micturition reflex and thereby promote urina-

tion.

REFtRINCES

externa] urinary sphincter so that urination can occur

However, even more important, voluntary unnation is

usually initiated m the following way. First, the person
contracts his abdominal muscles, which increases the

pressure of the unne in the bladder At the same lime,

the peivu floor muscles are relaxed, which leuglhena
the bladder neck and allows extra urine to enter the
neck under pressure, thus stretching its walls This then
excites the stretch receptors, which exotes the micturi-

tion reflex and simultaneously inhibits the external
urethral sphincter. Ordinarily, all the unne will then
bo emptied, with rarely more than 6 to 10 milliliters

left in the bladder.

ABNOMfAUTIES OFMICTUUmON /
The Atonic Bladder. Destruction of the sbtbory

nerve fibers from the bladder to the spinal cord prevents
transmission of stretch signals from the bladder and,
therefore, also prevents micturition reflex contractions
Therefore, the person loses all bladder control despite
intact enferent fibers from the cord to the bladder and
despite intact neurogenic connections with the brain
Instead of emptying penodically, the bladder fills to
capacity end overflows a few drops at a time throu^

-vlhe urethra. This is called overflow dribbling.

,

'

The atonic bladder was a common occurrence when
.''is was widespread, because syphilis frequently
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Pulmonary
Ventilation

The process of respiration can be divided into

four major mechanistic events. (1) pulmonary ven-
tilation. which means the inflow and ouliiow oTair

Setw^n the atmosphere and the lung alveoli. (2)

diffusion ol oxygen and carbon dio^i-^o KaIwoow

the alveoU and The biood. ta) transport of oxygen
and carbon dioxide in the blood and body fluids to

flnri fmm thi»ei»lts anti 141 r<»pil^irtn eifvrn itlatiftn

and other t'acele oF respiration. The present chapter
and the three loilowmg discuss, respectively, these

four major aspects of respiration In subsequent
chapters pulmonary disorders and special respira-

tory problems related to aviation medicine and
deep sea diving physiology are discussed to illus-

trate some of the basic principles of respiratory

physiology

MECHANICS OF
PULMONARY VENTILATION

BASIC MECHASISM5 OF LUSC EXPANSION
AND CONTRACnON

The lungs can be expanded and contracted in

two ways. (1) by downward and upward movement
of the diaphragm to lengthen or shorten the chest

cavity, and (2) by elevation and depression of the

ribs to increase and decrease the anteroposterior

diameter of the chest cavity. Figure 39-1 illus-

trates these two methods
Normal quiet breathing is accomplished almost

entirely by the first of the above two methods, that

is, by movement of the diaphragm During inspi-

ration, contraction of the^aphragm pulls "the
Ibww surfaces of the lungs dow^ardTThen, dar-

ing ex|iii:|S^, the diaphragm simply relaxes and
the elastic rgcoil of the lungs . cKeat-^all, and
abdomina l structure.s comprises the lunp. Dur-
ing heavyjjreatbing, however, the ela^ic forces

are not ^werful enough to causeJhe necessary
rapid expiration, so that tHIsIs achieved mainly
by confraciion of the abdominal muscles, whi^
forces the abdominal contents upward against the
bottom of the diaphragm.

466

The second method for expanding the lungs

:

to raise the rib cage. This expands the lunj

because, m the natural resting position , the nl

slant down^rd, thu^allowing the sternum to7a

backward towardithe spinal column , liut whe

the riB cage is elevated, the ribs project direct!

forward so that the sternum now also moves fo

ward away from the spine, making the antcropo

terior thickness of the chest about 20 per cei

greater during maximum inspiration than durir

expiration. Therefore, those muscles that eleva'

the chest cage can be classified as muscles <

inspiration and those muscles that depress 11

chest cage, as muscles of expiration. The muscli

that raise the rib cage include (1) the stemoele

domastoid muscles that lift upward'on the ate

num, (2) the onienor sclroli that lili many oft!

ribs, (3) th^.sco/eni tnailnfTBA-first two riljs, ar

iht external tntercostals, the function ofwhiclpi
be explained later. The muscles that pull the r

cage downward during expiration are-d)
dominal recti, which have the powerful effect

'

pullmg^ownward on the lower riba at the'san

njure 3S>— I. Expinslon arwi contraction of the thoradc caj*

Uor^ expiration and Insplrarloa Illustrating especially dlaphraj

mafic contraction, elevation of the rib cage, and function of the

hitercostals.
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time that they and the other abdominal muscles

also compress the abdominal contents upward to*

ward the diaphragm, and (2) the mfernaZ tnfercos-

tals, ~

Figure 39-1 illustrates the mechanism by which
the external and internal intercostals act to cause

inspiration and expiration. To the left, the ribs

during expiration are angled downward and the

external intercostals are elongated in a forward

and downward direction. As they contract, they

pull the upper ribs forward in relation to the lower

ribs, and this causes leverage on the ribs to raise

them upward. Conversely, in the inspiratory posi-

tion, the internal intercostals are elongated, and
their contraction pulls the upper ribs backward in

relation to the lower ribs. This causes leverage in

the opposite direction and lowers the chest cage

RBSPIRATORY PIUSSURES
^

Intra-Alveolar Pressure. The respiratory mus-
cles cause pulmonary ventilation by 'alternatively

compressing and distending the lungs, which in

turn causes the pressure in the alveoli to rise and
fall. During inspiration the intra-alveolar pressure
becomes slightly negative respect to atmos-
pheric pressurgj^ normally slightly less thaiv^l
mmj^, and this causes air to flow inward through
the respiratory passageways. During normal ex-_

piration, on the other hand, the intra-atvei^ai^

pressure rises to sliehtlv less thaiT -i- 1 mm. Hg.

which causes alr^to flow outward through the,
respiratory passagewavs-.Note, especially. nWjjt--
tle pressure is required to move thT^r into and,
out^of thg nt^gTTung.i though many times as
muehgjressure is required in some types of lung
diseases.

During max|mum expiratory effort with the
glottis closed 'me' intra-alveolar pressure can be
increased to as much as I4,n^ n^p| HtUn the strong.

healthy man, and during maximum inspiratory

eflb^Lcan be reduced _to aa low as - IQQ mmiJig.
Recoil Tendency ot the Lungs, and the In-

trapleural Pressure. The lungs have a continual

elastic tendency to collapse and therefore to pull

away^from the chest wal ir.This is called th«»-recoil

tendency of the lungs, and it is caused by two
different factors. First, throughout t>iP lunga are_

many olnsiir
, fibers that are stretched-bv. lupfc-

inflation and therefore attempt to shorten . ^conJ.
and even more importgnt, the surface tension of

the fluid lining the alveoli also causes a continual

elasUc tendency for the alveoli to collapse. Hus
effect is caused hy |ntpnnn]nr.iil3P nttmftinn. he--

tween the surfa**^ the alveolar fluidp

that is, each molecule pulls on the next one so that

the whole lining sheet of fluid on the alveolar

surfaces acts like many small elastic balloons con-

tinually trying to'wllap^ the

Ordinarily, tKo'glasticiibcrs in the lungs account

for about one third of the recoil tendency, and the

surface tension phenomenon accounts for about
~twd thirds. '

~ —~-
~^'i'he total recoil tendency of the 1ungs^can be_
measured by the amountof negative~Tirgs^Pr6~in
•thfe pleural space required^ l^v^t collapse of

tfro~rangs; ttus pressure is callecTtfae pleurntyres-
sure or, occasionally, the luns recoil presso^It is—normalTv dbout|— 4 mm ||tlg. ’i'tiat \sj~£~nesative.

pressure of ~4 mm rig piTthe oater“sdrfaces of
the lungs is required to keep them expanded to

normal size. When the lungs are stretched to very
large size, such as at the end ofjeep inspiration ,

the pleuralpressure required then may be as great,

as - 12 to - 18 mm Hg
•suriactant" m tue Alveoli, and Its Effect

on the Collapse Tendency. A lipoprotein mix-
ture rallpd “surfactant" is secretedW special

f^tant-secr^viM cells (thp'type U granular pneu-
mocytes'7 that 'are comMnent parts ot cne alveolar^
epithelium. This mixture, containing especially

the phospholipid dipalmitnvl lecithin^ fieffeasp^he—

surfdQe tensionof'tke fluid LimnsJhe dTveoh. In the
dlisence oTsurlactant, lung expansion is extremely
difficult, often requiring negative pleural pres-

sures as low as -20 to - 30 mm Hg to overcome
*>iA frtl1ftp<8A,tandengy~of°tEalveoli. This illus-

'

trates that surfactant is exceedingly important for

minimizing the effect ofsurface tension in causing
collapse of the luhgs.

A few newborn babies, especially premature ba-

bies, do not secrete adequate quantities of surfac-

tant, which makes lung expansion difficult. With-
out immediate and very careful treatment, most
ofthese die soon after bi rth because of inadequate
ventilation. This condition is called hyaline mem-
bnine diseas^^OT respiratory distress' syndrome.,,

^unactant acis^y decreasing the' fnreeabetween
the surface molecules of the alveolar fluid . In the

absence ot suriactant, this interface~has a surface

tension of about 50 dynes/^. By contrast, with
surfactant, the surtace iension varies betiyeen_5_

and 30 dvnes/cm. averamng about four times less

than in the absence nf snrfngt.mt- P cr
Role of Surfactant in “Stabilizing” the Sizes of

the Alveoli. The effect of surface tension in .causing

collapse of an alveolus becomes very much greater as

the diameter of the alveolus decreases This^yiTcct-js
explained bv the law ofLaplace, whichWas discussed m
'chapter IB in relation to th^^ood vessels. That is, the

pressure that is required to keep the ^Ivcolus c2U3andcd

is directly proportional to the tension in the alveolar

wpH (jn this instance, the 'surface tension of the fluid)

divided by the diameter. Therefore, as the diameter

becomes less, the pressure required to keep the alveolus

from collapsing further becomes proportionately greater.

Now, let us see what would happen if two occluded

alveoli were connected together and one of them were
slightly"smaller than the other. Obviously the pressure

generated in the air in the because of

the greater collapse ten'donev of th^ ymall alveolus.

wouidT>e congidcrnhlv rrenter than the pros-surc cencr-

ated m the larger alveolus. ConyoueMiv. nirw^ld bo

displaced irom the smalfcr alveolus into Uie larger one.
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and theLsmaller alveolQ8 would thus beconie stiH smaller,

and its_prt%ure stiirgregter wmi^thylarger^tvcgWa
u,-g»T^P.-nmP (arger but [tyinTTSTury lMr~And~drtr
process would continue until the smaller alveolus would

collapse entirely while displanng all of its air into the

lai^er one. This phenomenon is called insfafet/ify of the

nli^olL ~ '

On the other hand, surfactant plays a very important

role m preventing this unstable condition Experiments

Nvith surfactant have shown that as an alveolus becomes
smaller and the surfactant becomes more concentrated

at the surface of the alveolar lining fluid, the surface

tension becomes progressively more reduced On the

other hand, as an alveolus becomes larger and the

surfactant vs spread more thinly on the fluid surface,

the surface tension becomea much greater Thus, this

special charactenstic of surfactant helps to ’‘stabilize”

the sizes of the alveoli, causing the larger alveoli to

contract more and the smaller ones to contract less. This
effect obviously helps to insure lhat the alveoli m any
one area of the lung all remain approximately the same
size.

Still another factor also helps to insure tha t the alveoli

maintain approximately equal diameteryThis^s the

phenomenon called interrffpendence *niat is_the walls

of flitjacent alveoli are mutually attached to each other;
tl?crciorc, II IS (Jillicuil physically Jor one alveolus to

contract without the other one contracting at the same
lime, this also helps assure equality of alveolar size.

Role of Surfactant in Preventing Accumulation
of Edema Fluid in the Alveoli. The surface tension of

the fluid fn the alveoli not only tends to cause collapse

of the alveoli, but vt tends to ouU fluid vata the
al^pqll frniw tHo nlvenlar walL ln the normal luncTwhen
there are adequate amounts'of ^rfactant, the surface
tension evetr-chen pulls fluid away from the wall with

an Bvciuge pressure ot mm ilg^urtunatelv. though,
there is normally an even more negative pressure in the
pulrnonaryuBterstitium, avjrggine .'lOout •9 rem Hg.
thaTTfoo-. pi nbsorb'nuid from the sTveo li : this is wha^
keeps the alveoli dry isee Chapte^3i) On the other

^ nand, in theabsence if surfactant, the average surface

tension force tending to pull fluid into the alveoli may
become as great as -10 to -gfl mm.Hg, and tius is now
^ouRtv.tajiawse put. prt!iv&

^uiW wad capdlaries mu» cne aivyoli. i.nu>. niung'itl^

alveoli withTIuid 'fhercforc, one of the consequences of
the~irbsence ol''surfactai‘ll lUil tv _^Lme-PuliilulUiry

ror lnatance.' m the respiratory distress svn-
Alroine of .^hc newtem, the amoun t of surfactant is

greatly dec^sed. and a mhTor'iiiht'lLer uf~ttlg~aIveoli

are filled with fluid
, this lluid is one of the lactors that

cau«e the severe re*’pimt5n’ distress

IXPANSIBIUTY or THl LUNGS AND
THORAXr “COAfriMNa"

rr.ss»rc. The compliance ui me nornmi
I thorax combined is 0 13 liter per centi-

of water pressure. Tba{ is, evei>‘ time the
’veoUr pressure is increased by 1 cm of water,

the lungs expand 130 millilitars.

Compliance of the Lungs Alone. The lungs

alone, when removed from the chest, are almost

twice as distensible as. the lungs and thorax to-

gether, because the thoracic cage itself must also

be stretched when the lungs are expanded m situ.

Thus, the compliance of the normal lungs when
removed from the thorax is about 0 22 liter per cm
water. This illustrates that the muscles ol inspl*

ration must expend energy not only to expand the

lungs but also to expand the thoracic cage around

the lungs.

Measurement of Lung Compliance. Compli-

ance of the lungs is measured in the following

way The person's glottis inu.st first be completely

open and remain so, so that the alveolar pressure

will be equal to atmospheric pressure Then air la

inspired in steps of approximately 50 to 100 ml a t

a time, and pressure measurements'are made st

the end of each step from an Intraesophageal

balloon (which • measures almost exactly me
pleural pressure). Then the air is expired, also in

steps7untii the lung volume returns to the original

expiratory resting level. The relationship of lung

volume to pressure is then plotted as illustrated

in Figure 39-2. This graph shows that the plot

during inspiration is a different curve from that

dunng expiration, which is caused by the viscous

properties of the lungs The average complianc^o
represented by the Mshed line in the figure. Thus,

tn the normal-sited person the lung volume in*

creases abOUt^20 mi fur h rhanpf. I'n fi-onnlung

pressure (atmos^ene pressu ^o ip »b«i nlwoll of

the lung minus intraesophagpa l nr&fiRurel of 1 CM
water, rheretore, the compliance in this instance

IS 0.22 liter per cm water. ‘

Slight modifications of this procedure can be

used to measure the compliance of the lungs and
thoracic cage together.

Factors That Cause Abnormal Compliance.
Any condition that destroys lung tissue, causes it

to become fibTotit_Dr edematous, blocks the bron-

PLEURAL PRESSURE (cm HaO)

tlfure 39-2. Compllarwe diagram In a normal person.

(nagram shows the compiianco ol the longs alone



39 Pulmonaiy VentiUtlon U 469

chicles, or in any other way impedes lung expan-

sion and contraction causes decreased lung com-

pliance. When considering the compliance of both

the lung and thorax together, one must also in-

clude any abnormality that reduces the expansi-

bility of the thoracic cage. Thus, deformities of the

chest cage, such as kyphQsis,-sexere scoliosis, and
other restraining conditions such as fibrotic plen-

risy or paralyzed and fihmUo Tnngplp’g-r.m all re-

duce the expansibility of the chest and thereby

reduce the total pulmonary compliance.

THE "WORK'’ of BREATHISG

rompliance work that is required to expand rhp Innpq
against the elastic forces. This can be calculated by
multipiving the volume of expansion times the average
pressure required to cause^lhe expansion, and this is

equal to the area represented by the'dots. That is,'

r> I- ,
a>V*AP

Compliance work =—~

—

where AV is the increase in volume, and AP is the
increase in intrapleural pressure'.

Tissue Resistance Work. The area represented by
the vertical bars is proportional to the work expenditure
required to overcome the viscosity of the lungs and chest

We have already pointed out that during normal quiet

respiration respiratory muscle contraction occurs only

during inspiration, whereas expiration is entirely a
passive process caused fav elagtic recoil of the binfr A ird

chest cage structures. Thus, the respiratory muscles

normally perform “work" only to cause inspiration and
not at all to cause expiration.

The work of inspiration can be divided into three

diH'erent fractions: (1) that required to expand the lungs
against its elastic forces, called compliance work or

elastic work), (2) that*re^ii-cd to overcome the viscosity

of the lung and chest wall structures, called tissue

resistance work, and (3) that required to overcome air-

way resistance during th'e moven^nt of air into the
lungs, called^iruiQy resistance worn, inese tnree diilcr-

ent types of work are illustrated gTiiiphically in Figure

39-3. In this diagram the curve labeled "inspiration"

illustrates the progressive change in pleural pressure

and fling lolume during inspiration, and the total Shaded
area of the figure represents the total work peiformed
by the expiratory muscles during the act of inspiration.

Ihe shaded area, m turn, Is divided into three dinierent

segments representing the three different types of work
performed during inspiration. These can be explained
as follows:

Compliance Work. The dotted area represents the

Airway Resistance Work. Finally, the area in Fig-

ure 39-3 illustrated by the horizontal bars represents
the work required to overcome the resistance to airflow
through the respiratory passageways.
Comparison of the Different Types of Work. It is

clear from Figure 39-3 that during normal quiet breath-
ing most of the work performed by the. respiratory

muscles is used si^ly to^pand the lungs. A small
amount, normally only a few per cent of the total work,
is used to Overcome tissue resistance (tissue'vigcf^itvl,

and somewhat more loosed to overcome airway jps ib.

tance On the oth^ hand, during very heavy breathing,
when air must flow through the respiratory passageways
at very high velocity, the greater proportion of the work
IS then used to overcome airway resistance.

In pulmonary disease, all three of the different types
of work are frequently vastly increased. Compliance
work and tissue resistance work are especially increased

by diseases that cause fibrosis of the lungs, and Airway
resistance work is especiaJJy increased by diseases that
obstruct the airways.

During normal quiet respiration, no muscle “work" is

performed dunng expiratio^ecause expiration results
from elastic recoil of the lungs and chest But in heavy
brea'thing or when airway resistance and tissue resis-

tance are great. Uien expiratory work does of course
ocCnr and sometimes becomes even greater than inspi-

ratory work. This is especially true m asthma , which
often increases airway resistance manvtoid during ex-

piration but mucli less so during inspiration tor reasons
that will be explained later

‘or Respiration. During normal

CHANGE IN PLEURAL PRESSURE (mmHg)

njure 39—3. CraphloJ representation of the three different

types of work accomplished dutlng Inspiration (t) compliance
work. (2) tissue resistance work, and (3) airway resistance wock-

Oii the other hand, pulmonary diseases thaftiecrease

the pulmonary compliance, that increase airway resis-

tance, or that increase the Viscosity Of the lung or chest

wall can at times increase thb work of breathing so

much that one thiid or more ofthetotal energy expanded
by the body is for respiration alone. Such respiratory
diseases can proceed to the point that this excess work
load alone is the cause of death.
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THE rULMONARY VOLUMES
AND CAPACITIES

RICORDINC CHANCES IN PULMONARY
VOLUME—SnUOMtTRY

A simple method for studying pulmonary ventilation

Is t
" yx^rtrd the volume movement of air intn and out of

the lungs, a pwe^calleci egiromW/y A typical spiro-

meter la illustrstM in nguro HIM. This consists of o

drum inverted over a ehambor of water, with the drum

counterbalanced by a weight In the drum is a breathing

mixture of gases, usually air or oxygen; a tu^ conne<to

the mouth with th< gas chamber, lirtien one breathes in

and out 9f thexhamber the d^m rises and falls, and an

appropriate recording is made on a moving sheet of

P«P^
Figure S9-£ illustrates a spirogram showing changes

in lung volume under dilTerent conditions of breathing

For ease m describing the event# of pulmon^ venti-

lation, the air In the lungs has been subdivided at

different points on this diagram into four different

itjfumcs and four different capaciUts, which ore:

n/£ PULMONARY •VOLUMES'’

To the left, in Figure 39-6 are listed four differ

ent pulmonary lung “volumes” which, when added

t<^ether, equal the TnaxiinuTn volume to which tht

lungs can be expanded. The signilicance of each ol

these volumes is the following:'

1. The tidal volume is the volume of air ij^red
or exmr^ with feach_nn^ai_ bye^h7*and it

amountto about 500 milUUters in the average

young adult man.
^

2. The, insp/mtory ryse^e volume, is the extra

volume o'? air that can he inspirM over andJoevond

the normar tidal volume, and it is usually equal

to flporoximatelv 3000 milliliteri.

3. 'TTm^pimfoJy'reservcTioTume is the amount

of air that can still be expired bv forceful expirS'

tioo after the end of a normal tidarexpiration; this

4. TiS^'ivsidual volume is the volume of air stil]

remaining in the lungs after the most forceful

expiration. This volume averages about 1200 mtlli-

IJtc^

me PULMONARY "CAPACmES” •

In describing events in the pulmonary cycle, it

Is sometimes desirable to consider two or more ol

the above volumes together. Such combinations

are called pulmonary eapaefties. To the right in

Figure 39-^ are listed the different pulmonary

capacities, which can be described as follows*

1. The mspipTforv copacirv-pguals-the tidal vol-

ume plus the insptrotop' >fcsenfe uofume. This is

the amount of air (about 3500 m il that a person

can breathe beginning at the normal expiratory

level and distending the lungs to the maximum
amount.

lrtfpl/4tlon and muclrru] ezpirarlon.TIME
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2. The functional residual capacity equals the
orptm/z^fv rfisprro i^rfJiirpe plus ^he residiial Volume.

This is the amoiint of air remaining in the iungs

at the end of normal expiration (about 2300 mlV

3. The vital capacity equals the inspiratory re-

serve volume plus the tidal volume plus the erpj.

ratory reserve volume^ This js the TnaximiiTn

amount of air that a person can expel from the
lungs after fir^ tilling the limp to their maximum
extent and then expiring to the maximum extent
fflbnut 4finfl mil

4. The total lung capacity is the maximum vol-

ume to which the lungs can be expanded with the
greatest possible inspiratory effort (about '5800

ml); it is equal to the vital, capacity plus the
residual volume. ^

All pulmonary volumes and capacities are about
20 to 25 per cent less in women than in men, and
th'ey obviously are greater in large and athletic

persons than in small and asthenic persons.

Resting Expiratory i-evel. r'lormal pulmonary
ventilation is accomplished almost entirely by the

'

muscles of inspiratira. On rel^ation of the inspi-

ratory muscles the4lastic properties of the Jungs
and thorax cauSe 'the. lungs to contract pasi^vely.

Therefore, when all ^inspiratory muscles are com-
pletely relaxed the lungs return to a relaxed state

called the resting eiointorv level . The volume of
air in the 'lungs at This ^evel is equal to the
functional resiHiml enpacitv. or

liters iiTthfl^oungad^lt. i'7

SlCSmCASCE or THEfULMOSARV
VOLUMES ASD CAPACtTIES

In normal persons the volume of air in the lungs,

depends primarily on body size and build. Furthermore,'
the different "volumes” and "capacities" change with
the position of the body, roost of them decreasing when
the person lies down and i ncreasing "" stnnflipfr tus
change u-uh position is caused by two ra^or factors:

hrst, a tendency for the abdominal contents to press

} upward against the diaphragm in the lying position,

and, second, an increase in the pulmonary blood volume
m the lying position, whidi^corres^naingly decrease
the space available for pulmonary air.

Siguiffcance of the Residual VoIum^^The residual

volume represents the air that cannot be removed from
the lungs even by forceful expiration. This is important
because it provides air in the alveoli to aerate the blood
even between breath^. Were it not for the rcsidu3l_a ir.

the concentrations of oxygen and carbon dioxide inthc
blood would rise and fall markedly with each respira-

tion. which would certainly be disadvantageous to the
respiratory process.

Significance of the Vital Capacity. Other than the
anatomical build of a person, the major factors that

.
affect vital capaaty are (1) the position of the person

* during the vital capacity measurement, (2) the strength
of the respiratory muscles, and (3) the distcnsibihty of
the lunt3 and chest cage, which is called “pulmonary
oropliance."

The average vital capacity in the young adult man is

about 4 6 liters, and in the voung adult woman about
<i^>-ga>-thDUgh these values ore much greaterm some

persons of the same weight than in others. A tall,-thin-

person usually has ^ hiphr»r vitai-eaoaci ty than an obegg,

person, and a well-developed athlete may have a'vital

capacity as greaTas 30~to 40 per cent abQvg_normal—
that is. fi to 7 liters.

Vital Capacity Following Paralysis of the Respi-
ratory Muscles. Paralysis of the respiratory muscles,

which often occurs following spinal cord injuries or

poliomyelitis, can cause a great decrease in vital capac-

ity, to as low as 500 to 1000 millihterb—barely enough
to maintain life. This decrease may be even lower in

the case ^ respirator patients.

Decreased Vital Capacity Caused by Diminished
Pulmonary Compliance. Obviously, any factor that

reduces the ability of the lungs to expand also reduces

the vital capacity Thus. tuberfufo»ii<. chronic aftihtna.

lung cancer, chronic bronchitis, and fihrotic pleurisy can
atl leduce the pulmonary compliance and thereby de-

crease tK?viial'E.'iBJi:ltv._For <.it-il~7;;p.Tpifv

measurements arc among the most important and yet

simplest of~5ll ' clililCAl respiratory-measureinents for

assessing thV progress oi diiierent t^os of pulmonary
ffbrotic disuses.

Changes io Vital Capacity ResulUng from Pul-

monary Congestion. Injeft heart failure otasy other

disease that causes pulmonary vascular conges t ion and
edema! the vital capacity becomes reduced because ex-

cess fluid m the lungs deergases lung compliance.

Vital capacity measurements made neno^cally in

lefl-sided heart failure ore d gooS means for determining
whether the person's condition is deteriorating or get-

ting better, for these measurements can indicate the

ftf puliTifinn rV^rfpma-

ABBREVIATIONS AND SYMBOLS USED IN
PULMONARY fUNCTION STUDIES

Spirometry is only one of many measurement proce-

dures that the pulmonary physicFan uses daily. Some of

the more important of these will be present^ as we
continue with our discussions ofpulmonary phyiiology.

U will become clear as we proceed that Uie clinical

practice of respiratory^cdicine rests very heavily on
basic physiologiul principles. Furthermore, wc shall sec

that many of the measurement procedures depend heav-

ily on mathematical computations; one such computa-
tion will be given in the following section describing the

measurement of functional residual cap.'icitv. To sim-

plify pulmonary function data7a number of abbrevia-

tions and symlMls have become standardized. Some of
the more important of these are given in Table 39-1.

Using these symbols, we present here a few simple
algebraic exercises showing some of the interrelation-

ships among the pulmonary v olumcs and capabties; the
student should think through and verify these interre-

lationships:

VC « IRV +• Vt + ERV
VC - IC -t- ERV,
TLC « VC + nv
TLC = IC + FRC
FRC = ERV + RV
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TiibJe 39-1. UST OF ABBREVIATIONS AND SYMBOLS FOR PULMONARY FUNCTION

Vl tidal verfume Pb atmospheric pressure

FRC functional residual capacity Calv alveolar pressure

ERV expiratory reserve volume PPl pleura] pressure

RV residual volume 1*0, parbat pressure of oi^gen

1C ir*pitatoty capacity R:o, partial pressure of carbon dioxide

IRV Inspiratory reserve volume Pn, partial pressure of nitrogen

TLC total lung capacity partial pressure of oxygen In arterial blood

VC vita) capacity partial pressure of carbon dioxide tn

Raw resistance of tracheobronchial tree to Row arterial blood

of air Info the lung partial pressure of oxygen In alveolar gas

C comptlance partial pressure of carbon dioxide In

Vd volume of dead spate gas alveolar gas

Va volume of alveolar gas partial pressure of water in alveolar gas

Vi Inspired volume of ventilation per minute R respiratory exchange ratio

Vt expired volume of ventilation per minute Q cardiac output

Va alveolar ventilation per minute Qs shunt flow

Vo, rate of oxygen uptake per minute dot concentration of oxygen In arterial blood

Vco, amount of carbon dioxide ellmiruted per Cvo, concentration of oxygen In mixed venous
minute

Vco rate of carbon monoxide uptake per So, percentage saturation of hemoglobin with

minute oxygen

Dioi diffusing capacity of the lung for oxygen Sa<„ percentage samratlon of hemoglobin with

tX<p diffusing capacity of the lung for carbon oxygen in arterial blood

monoxide

DmRMISATION Of FUNCTIONAL
RESIDUAL CAPAOTY-^mF HUIUM
DILUTION METHOD

functional residual capacity. Also, the total lung
ity can be detemined by adding the inspiratory cap8<‘^

to the functional residual capacity That is,

The functional residual capacity, which la the volume
of air in th? lungs at the end of normal eiPiration. is

also the volume of air that normally remains in the
lUngs between breaths, which is very important to lung
(linction Its Value ghflng<.< markedly in some types of
pulmdnary disease, for which reason it is otten desirable

to measure this capacity However, the spirometer can*

not measure the residual volume of the lungs (the

volume remaining after maximun^ expiration), and this

volume composes about half the functional residual

capacity. Therefore, an indirect method must be used,

usually itje ^elium dilution method.
A spiromeier oi Known volumels filled with air mixed

with helium at a known concentration Before breathing
Mite prsssr* wqntes K\

the end of this expiration the remaining volume ofgases
in the lungs is exactly equal to the functional residual
capacity. At this point the subject immediately begins
to breathe from the spirometer, and the gases of the*

spirometer begin to mix with the gases of the lungs As
a result, the helium becomes diluted by the functional
residual capacity gases, and the volume of the functional
residual capacity can then be calculated from the degree
of dilution of the helium, using the following formula:

FRC

in which
. ^

FRC is funelional residual capaeity

Ci,i.u tnUial concentration ofhelium in the spiramefrr
Cfa. IS final concentration of helium in the spirometer

IS tntlial volume of the spirometer

Once the functional residual capacity has been deter*
mined, the residual volume can then be determined by
subtracting the expiratory reserve volume from the

RV - FRC - ERV

and •

TLC « FRC + IC

THE MINUTE RESPIRATORY
VOLUME—RESPIRATORY RATE
TIMES TIDAL VOLUME

The minute respiratory ->« tho

amount of new air moved intn the. respiraU>^

passages each mmute. and this is equal to

tidal volume is about 500' milii liters, and t"®

normal respiratory rate is approximately
breaths per minute. Ttiereiore, the minute rtsP^'

ratory volume uvtfugea about 6 liters per

A pe^n can occasionally live tor snort periods

time '^h a minute respiratory volume as low ^
1.5 liters per minute and with a respiratory rAtc

as low as~tWo to four breaths per minute.

/ "t fie respiratory rate occasionally rises to as hiB"

/as 40 to 50 per minute, and the tidal volume
' become as great as the vital capacity, about

milliliters in the young adult man. However,
rapid breathing rates a person usually cam’®*

sustain a tidal volume greater than about one hsn

the vital capacity.

ALVEOLAR VENTILATION

The ultimate importance of the pulmonary
tilatory system is to renew continually the air



The rate at which new air does reach these areas

is called alveolar ventilation. Strangely enough,
though, during normal quiet respiration the vol-

ume of air in. the tidal air is only enough to fill

the respiratory passageways down as far as the

terminal bronchioles, with only a very small por-

tion of the inspired air actually flowing all the way
into the alveolC Ther^ore, hoW does new air move
this last short distance from the terminal bron-

chioles into the alveoli? The answer is: by diffu-

sion. Diffusion, is caused by the kinetic motion of

molecules, each gas molecule moving at high ve-

locity among the other molecules, fortunately, the

velocity of movement of the inolecules in the res-

piratory air is -so greaf^nd the distance~sQ short i

from the tenninal hronchioles'to the alveoli that (

the gases move this remaining distance m only a
-J

fraction of a second.

The Dead Space, and Its Effect

on Alveolar Ventilation

way into expiration, as
.
the alveolar air reaches the

nitrogen meter, the nitrogen concentration rises, in this

instance up to 60 per cent, and then levels off. The total

voluiRe.of air expired in this instance was 500 milliliters,

and it can readily be seen that the area covered by the
dots represents the air that has no nitrogen in it.

Therefore, this area also represents the dead space
portion of the expired air. The area covered by the
hatching represents the air containing nitrogen and
therefore is the alveolar portion of the expired air. Thus,
one, can determine the amount of dead space air from
the following equation'

yjj
Area of dots x Ve

Area of hatching + Area of dots

where Vd is dead space air, and Vs is total volume of
expired air.

Let U3 assume, for instance, that the area of the dots

on the graph is 30 cp;i*, the area of the hatching is 70
cm*, and the total volume expired is 500 ml. The dead
space then would be

Unfortunately, some of the air that a person
breathes never reaches the gas exchange areas but
instead goes to fill the rGsmratorv passages. This
air is called rfead^pace'mr'because it is not useful

for the gas exc'hange process: the respirat^ pas-
sages where no gas exchange takes place is'^Ued
the dead space.

On expiration, the air in the dead space is

expired first before any of the air from the alveoli

reaches the atmosphere. Therefore, the dead space
is equally disadvantageous for removal of the ex-
piratoiy gases from the lungs.

Measurement of the Dead Space Volume. A simple
method for measuring dead space volume is illustrated

by Figure 30-6. In making this measurement the subject

first breathes normal air and then suddenly takes a
breath of oxygen. This, obviously, fills the entire dead
space with pure oxj^en, and some Of the 'oxygen also

figure 39-0. Continuous record of the changes In »nosen
concentration In the expired air foUowlng a previous Inspiration

of pure oxygen. This record can be used to calculate dead spsce,
as discussed In the texL

30
°°

,0
X 500. or 150 ml , x

Normal Dead Space Volume, The normal dead
space air m the young adult is about JfiO milli-

liisEs-Jhis increases slightly with age.

Anatomic Versus Physiologic Dead Space.
The method just described for measuring the dead
space measures the volume of all the space of the

respiratory system besides the gaS exchange ar^as,

and this is called the dnatomic'dead space. On
occasi^. however

, some ot me alveoli tnemseTves ..

are not functional or are on ly o^rii^iViunctiona

I

Decause ot ab^ni or poor blQQd.HQW thrnuph .id-.

jacent puimonarv' caoillanes. I'herefore. from a

~tuhctionarpomi oi yiewnhese alveoli mu.st also-

be considerprf fobfe dead space, When the alveolar

dpad space is included in the total mp.'istiremant

oT^ead ponre. this is then called pAvx£oZrrgr'r»

space.' in contradistinction to the anatomic dead
space. In the normal person, the anatomic and the
physiologic dead spaces are nearly equal because
all alveoli are functional in the normal lung, but
in persons with partially functional or nonfunc-
tional alveoli in some" parts"of the lungs, the
physiologic dead space is sometimes as much as
ten times the anatomic dead space, or as much as
I to 2 liters. These problems will be discussed
further in Chapter ^6 in relation to pulmnnfMy
gaseous exchange an^in Chapter 43 in relation to

certain pulmonary diseases.

RATE OF ALVEOLAR VESTIIATIOS

Alveolar ventilation per minute is the total vo l-

ume new air entering the alvtoJi ' ' other
adjacent gas exchange areas; .
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equal to the respiratory rate times the amount />f

new air that enters the alveoli with each breath:

where Va is the volume of alveolar ventilatio/i.per

minute, Freq is the frequent of rnpiraUon_ixr

minute, Vt is the tidal volutjie.sri^ Vp Is thje dead

space volum^
Thus, with a normal tidal volume of 500 milli-

liters. a iTW=mal dead space of 150 milliliters, and

a respiratory rate of 12 times per minute, alveolar

ventilation equals 12 x (500 - 150), or 4200.^
mihiliterg per minute.

Theor^cally, when the tidal volume falls to

equal the deat^ space volume, no new air at all

should enter thtfalvedli with each breath, and the

alveolar ventilation per minute should become icro

however rapidly the person breathes. However,

this is not entirely true because the flow patterns

ill the passageways allow some alveolar air to be

expired before all the dead space air is expired.

Also, the same is true for inspiration. Therefore,

there con be aalight amount ofalveolar ventilation

even with tidal volumes of as little aa fiQ to 75

millilitcrfL.
" Oir the other hand, when the tidal volume is

several liters, the effect of dead space voiumc on
alveolar ventilation obviously becomes almost In-

significant,

Alveolar ventilation is one of the major factors

determining the concentrations of oxygen and car-

bon dioxide m the alveoli. Therefore, almost all

discussions of gaseous exchange in the following

chapters emphasise alveolar ventilation. TAe rvs->

pira/ofy rate, the tidal volume, and the minute

respiratory volume are mainly of importance only

insofar as they affect alveolar ventilation .

FUNCTIONS OF THE RESPIRATORY
PASSAGEWAYS

mt TRACHU, BRONCHI, AND BRONCHIOLES

Figure 39-7 illustrates the respiratory system, show-
ing especially the respiratory passageways After pass-

ing through the nose and pharynx, the air is distributed

to the lungs by way of the trachea, bronchi, and bron-
chioles. The trachea is called the first generation respi-

ratgry pas'sgjjgi^y, and^he two riuimyigkT OITd left

6roncmarethe second generation', then each division

thereafter is an additional generation There are be-

tw-een 20 and 25 generations before the air flndly

reaches the avcoli. The final few generations of passage-
ways, after the passageways becomh smaller than I to

^t-fi mm in diameter, are called biygidiioles', all the

intermediate generations between the trachea and the
bronchioles are the broneh t.

One of the most important problems in all the respi-

ratory passageways is to keep them open to allow easy
passage of the air to and from the alveoli To keep the
trachea from collapsing, multiple cartilage rings extend
about fivejixths of the wav around the trachea In the
walls of the broncni are less extensive eartilaga pistes

that also maintain a reasonable amount of rigidity yet
allow sufficient motion for the Jungs to expand and
contract. These plates become progressively less exten-

sive in the later ^enerotiops of bronchi and are com-
pletely gone in the bronchlbJes The bronchioles, on the
other hand, are not prevented from collapsing by any
rigidity of their walls Instead, they are expanded by
the same transpulmonary pressures that expand the

flSB'S 30-7. The fesplfitwy pssMges
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alveoli. That is, as the alveoli enlarge, so also do the

bronchioles enlarge.

The Muscular Wall of the Bronchiole and Its

Control. In all areas of the trachea and bronchi not

occupied by cartilage plates, the walls are composed
mainly of smooth muscle. The walla of the bronchioles

are almost entirely smooth muscle, with the exception

of the most terminal bronchiole, called tEe~respiralory

bronchiole, that has only a few smooth muscle fibers.

Many obstructive diseases of the lung cause narrowing
of the muscular bronchioles, ofleiiJiixausa^ excessive

contraction of the smooth muscle itself Therefore, it has
become quite important to understand tho^c factors that

control broncluoiaiLCQiitraction.

Under normal respiratory conditions, the bronchioles

remain mainly in a relaxed condition, and air flows

easily through ,these so that less than^a 1 mm Hg air

pressure gradient from'the alveoli to the'trachea is

sulhcicnt to cause all the air flow required for quiet

breathing. But this is not true during disease For

instance, in asthma the degree of contraction is some-

times so great that 20 times as much pressure may be
required to provide adequate air flow; this Is especially

true during expiration, as we shall see later.

Nen’oua Control of the Bronchioles. The only im-

portant nervous control of the bronchioles is by way of

parasympathetic neni'e fibers carried in the vagus
nen-ea. These nerves secrete acetylcholine and when
activated cause mild-to-mnderate constriction of the

bronchioles. Though it is doubtful that parasympathetic

stimulation by itself ever causes serious broathiolar

constnction, nevertheless, when disease processes have

conditions, administration ofdrugs inatoiocK the effects

of acetylcholine, such as the' drug atropine, often can
relax the bronchioles enough to relieve the obstruction.

Humoral Control of the Bronchi. Several different

humoral substances arc often quite active m causing

bronchiolar constriction. Two of the most important of

these are histamine and the eiit%.;tnnfo ^/nm ce.

active substance of anaphylaxis '. Both of these are re-

leased in the lUng tissuerbv mast cells during allergic

reactions, especially allergic reactions to polten br^thed
in the air. TherefS^tney p^ay key roies in causing the

airway obstruction that occurs in allergic asthm^ this

is eapeciallv true of the ^ow reactive substance of

anaphylaxis. Also, irritants entering the airways—such
as smoke, dust, sulfur dioxide, and some of the acidic

elements in' smog—can all initiate similar local reac-

tions that cause obstructive constrir^mn of tbp._bfnn-

chioles.

In contrast to the humoral substances that constrict

the bronchioles, two other hormones, epinephrine and
noremnephrine both of which are secreted by the ad-
renal glands in response to sympathetic stimulation,

relax the bronchioles. Therefore, activation ot the syin-

pathetic nervous system is often valuaoie m relaxing
the airways and preventing obstruction Foernstance.
this occurs when the sympathetic nervous system is

activated during heavy exercise, in addition, imection
V of one of these two'Substances intravenously is often of

value in treating severe respiratory obstruction.

The Mucous Coat of the Respiratoi^ Passage-
ways, and Action or Cilia to Clear the Passageways.
All the respiratory passages, frem the nose to the ter-

minal bronchioles, are kept moist by a layer of mucus
that coats the entire surface. This mucus is secreted

partly bv individual goblet cells in the epithelial lining

ofiE pnssngrpjt nnd partlyhv small submucous glands.
Id addition to keeping the surfaces moist, the mucus
also traps small particles out of the inspired air and
keepsmost of these from ever reaching the alveoh .

Then, the mucus itself is renioveti from the passages in

the following manner:
The entire surface of the respiratory passages, both

in the nose and in the lower passages, is lined with
ciliated epithelium , with about 200 cilia on each epithe-

lial cell. Thpgn_beat continually at a rate of 10 to 20
tiroes per second by the mechanism explainea in Chapter

2, ahd the direction of their “power stroke” is always
toward the pharynx. That is, the cilia in the lower
respiratory beat ii mivard while thosg^ in the

nose beat downward This continual beating causes the
coaformucuTEoKlow slowly, at a velocity of about 1 cm
per minute, toward the pharynx. Then the mucus and
its entrapped particles are either swallowed or coughed
to the exterior.

The Cough Reflex

The.brondu-and the trachea are so sensitive to light

touch th.1t (^xcpssiye amounts of any foreign mattp~or
Shy other cause of irritation initiate the cough reflex.

The larynx and fcann^ fthe point. where. the traebpa

divides inunnChroncKn aro o»ppeial)v sen^j^iya, and
Che terminal bronchioles and alvebli are very sensitive
to corrosive chemical stimuii such as sulfur dioxide gas
and chlorine Afferent impulses pass irom ine respira-

fory’pHssSgSTmainly through the vagus nerves to the
medulla. There, an automatic sequence ot events is

triggered by the neuronal ^rcuits of the medulla, caus-
ing the following effects:

First, about~2“5 liters of air is inspired. Second, the
epiglottis close s. and_the yncnl cords ghut hghtlv to

entrap the air within~tKe lungs. Third, the abdomiiml'*

muscles contractl^efullv, Dushing~against 'tKa dia-

phragin while other expiratory muscles, such, as the
InteroaT mtercostaTs, also cogtrac*^ tnrppfuHy Conse-
quently, the pressure in the lungs rises to as high as
100 or more fffih tig f ourth. the vocal cords and the
epiglottis siiggehly open widelv^iTthat air under pfel^
sur6 in thg~linigs-exiiftrges outward . Indeed, this aif~iR

sometimes expelleT at velocities as high as JS to inn

miles an hour r urthermore. and very import.int the

"strong compresaion of the lungs also collapses the bron-

chi and trachea by causing the noncartilaginous parts

of these to invaginate inward so that the exploding air

actually passes through bronchial and tracheal aftls . The
rapidly moving air usually carries with it foreign
matter that ia-DrESEaLia-tnp hrnnr.hi or trache^

"

ITie Sneeze Reflex

Hie sneeze reflex is very much Iikejhe cough reflex

except that it applies to the nasal passageways instead

of to the lower respiratory passages The_TKTrmTTn?
stimulus ol the sneeze reflex is irritation in the na«»>1

passageavavs, the afferent {Wiping in the'lhflfTT
1-n thp-meiliilla where, the reflex is tngg^d. A

senes of reactions similar to those for thfTbiigK' reflex"

tak§a'place;' however,' the uvula is depressed scT’thaf"
large amounts ofaiFpass* rapidly‘through the nosej_as
well as througlrihejiiouth, thus helping cTeartKenasal
Paiges of foreign~inatter.

"
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MAXIMUM VCriRATORr FLOW

!n many respiratory diseases, especially m asthma:,

thcjEsiataacftlaair flow becomes est^iallv great during

csD^ration. sometimes causing trpfperKirms difTieultv in

breathing For jhis reasort- a decided attempt has been

made to understand the factors that have unique efTects

in limiting a person's ability to expire air from the

iupgs This has led to~the concent called the wiaiimnm
eipiroforv llow. which can be defined ns follows* When
a person expires vrith great force, the expiratory air flow

reaches a rnaximum flow Ee^nd which the now cannot

be' increased even 'with greatly inereasecFacliitional

force This is the'maximunr expiratory 1low7 tiowever.

tKe maximlim ei^iratory flow is much prrMter.when the

lungs flfg' filled v-ith a large volume or air than when
they are almost empty . These principles can be under*

stood by refemng to Figure 39-8.

Section A of Figure 39-8 illustrates the effect of

pressure applied to the outsides of the alveoli and the

passageway s caused by compressing the chest cage The
arrows on both the outsides of the alveoU and the

outsides of the respiratory bronchioles indicate that the

same amount of pressure is applied to the outsides of

both the alveoli and the bronehaoles Therefore, not only

does this pressure force air from the alveoli into the

bronchioles, but it tends also to collapse the bronchioles

at the same time, thus greatly inaeasing the airway

resistance and opposing the movement of the air to the

extenor. That is. the expiratory force is opp«)«ed by

increased resistance. Once the bronchioles have become
almost completely collapsed, further cxpiratory^force

cen~hiiH grcatlyincrease the alveolar oreasure. but it

also fnereaaea the airway resistance by an equal amount,

thua preventing any turther increase in flow Therefore,

beyond a critical degree of expiratory force, the maxi-

mum expiratory flow has been reached.

Section B of Figure 39-8 illustrates the effect of

bronchiolar collapse ofhhe maximum expiratory flow.

The curve recorded in this section shows the maximum

njnre 39-8. A. CdLipfe of the resplraioiy pasMgewiy during
maximum explrstoty effort, *n effect that limits the expiratoiy

(low rate ft Efleci of lung volume on the nvjclmum rx{^atofyA
Row, showtng decreasing nvulmum explraroiy flow as rite

lung volume becomes smaller

ngure 39-9. Effect of fwo different resptratoiy abnorma

des—constricted lungs and airway obstruction—on the maximu
expiratory flow-volume cutve

expiratory flow achieved by a normal person who fir

inhales as much air as possible and then expires wi
maximum expiratory effort until he can expire no mot
Note that he quickly reaches a maximum expiraloiy a

flow of over 400 liters-'min. But it does not matter ho
much additional expiratory effort he exerts, this is sti

the maximum flow that he can achieve.

Note also that as the lung volume becomes smalji

this maximum expiratory flow also becomes less jl
main reason for this is that in the enlarged lung tl

bronchi and bronchioles are held open partially v:

elastic pull on their outsides by lung structural el>

ments', however, as the lung bmmes smaller, thei

structures are relaxed so that the bronchi and broi

chioles collapse more easily.

Abnormalities of the Maximum Expiratory Flov
Volume Curve. The maximum expiratory flow-voluir

curve IS often recorded in the pulmonary function labi

ralory to determine abnormalities of pulmonary vent
lation Figure 39-9 illustrates once more the normi
curve and curves recorded in two different types of lun

diseases (1) constricted lungs and (2) airway obstru'

tion

Note that the conslncterf funf’s haw, bnih reduce
total lung^pacitv iTLCf and r^uced resirfuaf vofum
(RVj. Furthermore,* since th^uhg cannot expand to it

normal volume, even with the greatest possible expm
tory effort the maximal expiratory flow cannot nse t

equal that of the normal curve Constricted lung disease

include flbrotic diseases of the lung itself such as tube/

cul^ts. Silicosis, and others, and also diseases the

constrict the chest cage such as. kyDffosts. scoliosis, an
fibfpUo-pleurisy.

^
'

In diseases with oiruciy obstruction, it is usually muc!
more difTicuIt to expire than to inspire because th
closing tendency of the airways is greatly increased b,

the positive pressure in the chest during expiratior

while the negative pleural pressure of inspiration at

tually Upulls" the airways open at the same time that i

expands the alveoli. Therefore, air tends to enter th
lung easily but then become trapped in the lungs Ove
a pericd of months or years, this effect increases hotl

the total lung capacity and the residual volume, a
illustrated in Figure 39-9. Also, because of the obstmc
tioR of the airways and also because these collapse mor
easily than normal airways, the maximum expirator;
flow IS greatly reduced. The classic disease that cause:
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severe airway obstruction is asthma. However, senous
airway obstruction also occurs in some stages of emphy^
sema.

FORCED EXPIRATORY VITAL CAPACITY AND
FORCED EXPIRATORY VOLUME

Another exceedingly useful clinical pulmonary test,

and one that is also very simple, is to make a record on

Such a record is illustrate in Figure 39-lOA for a
person with normal lungs and in Figure 39-lOB for a
person with airway obstruction. In performing the forced

expiratory vital capacity maneuver the person first in-

spires maximally to the total lung capaaty, then exhales

into the spirometer with maximum expiratory effort as
rapidly and as completely as possible. The total excur-

sion of the record represents the 'Ybrecd vital capadty."

as illustrated in the figure. ^
- Now, study the difTerencc between the two records,

for normal lungs and airway obstruction. The forced

vital capacities are nearly equal, indicating only mod-
erate difference in basic lung volumes in the two per-

sons. On the other hand, there is a major difference in

the maYimum flow rate at which the persons can expire,'

especially during the first second Therefore, it is cus-

tomary to record the forced expiratory volume during

the first second (FEV|) and to use this for comparison

between the normal and the abnormal In the norroal

person the percentage of the forced vital capacity that

is expired in the first second <FEV,/FVC‘S) is about 80^
However, note in Figure 39-lOB that with airway ob^'
struction this value was decreased to only 47 per cent.

In serious airway obstruction, as often occurs m acute

asthma, this can decrease to less than 20 per cent.

RESPIRATORY FUNCTIONS OF THE NOSE

As air passes through the nose, three distinct func-

tions are performed by the nasal cavities First, the air

A NORHAl

HUMUti

tlgure 39—10. Recordings during a forced vital capacity ma-
ncuver. A. In the normal person, and B. In the person with airw<y

obstruction.

it wormed bv the extensive surfaces of the conchae and
septum, a total area oi about 16U cm^ which are illus-

tr^d in f igure Hecond, the air is almos t com-
pletely humidified even before it passes bevond nose.

Thirdj^ the air is filtered. All these functions together
are called the air conditionw

^
r funrtinn of the upper

respiratory p^sageways. Ordinarily, the air rises to

within 2 to 3 per cent of body temperature and within

2 to 3 per cent of full saturation with water vapor before

it reaches tne tracnea wnen a person breathes air

through a tube directly into the trachea (as through a
tracheostomy), the cooling and, especially, the drying

effect in the lower lung can lead to senous lung crusting

and infection.

Filtration Function of the Nose. The hairs at the

entrance to the nostrils are important for the removal

of large particles. Much more important, though, is the

removal of particle.s by turbulenti^ienmliihan. That
the air passiiT^through the nasal passageways hits

many obstructing vanes, the conchae (also called “tur-

binates” because they cause tujhulence of th^air), the

septum, and the pharyngeal wall. Each time air hits

one of these obstructions it must change its direction of

movement, the particles suspended m the air, having

far more mass and momentum than air, cannot change
their direction of travel as rapidly as can the air.

'Iherefore. they continue forward, striking the surfaces

of the obstruction wnere tnev become entrapped in the

mucous coatmgTnd an? frarteparted bv the ciha to the

pharynx and swallowed
5ize of Particles Entrapped in the Respiratory

Passages. The nasal turbulence mechanism for remov-

ing particles from air is so effective that almost no

particlo^ larger than 4 to 6 microns in diameter enter

tlie lungs through the nose This size is smaller than

the size of red blood cells Consequently, by far the

greater proportion of dust and other large particles in

air is removed before the air finally reaches the lungs.

Of the remaining particles, many of sues between 1

and 5 microns settle out in the smaller bronchioles as a
result of prai-ifafionaL nrrrimlntion For instance, ter-

minal bfonchiolar disease is very common in coal miners
because of^ettled dust particles Some ot the stilJ smaller

particieV (smaller than 1 micron in diameter) diffuse

the walls of the alveoli and adhere to the

micron in diameter remain suspended iri the alveolaiu

air and are later expell^ by expiration.J''or instance,
the particles of cigarette smoke have a particle size of

approximately 0 3 min-pn. Almost none ot these are

precipitated m the respiratory passageways before they
reacn tne alveoli nowevef, up tet one third of them do
precEpICafeTn the alvMli bv the diffusion nr^esa, with
the, balance remaining suspended and expelled m the
exp'ired air.^

Particles that become entrapped m the alveoli are
removed mainly by alveolar wacropftnges . as explained
in Chapter 57An exces3~of parttclgs prnwiU of
fibrous tissue in the alveolar seota. leading to permanent
debility^^

—

*

VOCAUZATION

Speech involves the respiratory system particularly,
but it also involves (1) epecifie gnppch nervous coptml'
centers in the cerebral cortexT which will ha
in Chapter 55. (2) respiratory control cpntpr«« nf the
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brain, and (3) the articulation and resonance structures

of the mouth anonasai cavities ha»icallyi speeS is

compost of two separate mechanical functions: (1>

p^aah'on, which la achieved by the larynx, and (2)

aruculattein. wtiicn*T9 achieved by the structures of the

mouth
Phonation. The larynx is specially adapted to act as

a vibrator. The vibrating element is the voatl cords,

which are folds along the laterarwalls ot the Ja^nit

that are stretched and positioned by several specific

muscles within the confines of the larynx itself

Figure 39-llA illustrates the basic structure of the

larynx, showing that each vocal cord Is stretched be-

tween the thyroid cartifa^c anteriorly and an arytenoid

cartilage posteriorly The specific muscles within the
larynx that position and control the degree of stretch of

the vocal cords are also shown Thus, one can see m the

figure that contraction of the posterior cricoarytenoid

muscles pulls the arytenoid cartilages away from the

thyroid cartilage and thereby stretches the vocal cords.

The transverse arytenoid muscle pulls the arytenoid
cartilages together and, therefore, approximates the two
vocal cords so that they vibrate m a stream of expired
air Conversely, contraction of the lateral cricoarytenoid

muscles pulls the arytenoid cartilages forward and apart
to allow normal respiration

The thyroarytenoid muscles lie within the folds of the
vocal cords themselves They are made up ofmany small
slips of muscle controlled separately by different nerve
fibers The slips of muscle adjacent to the edges of the
vocal cord can contract separately from those adjacent
to the wall ot the larynx, and other individual portions
of these muscles can also contract independently of each
other These contractions control the shape of the vocal

cords—whether thick or thin, or with sharp or blunt
edges—and they also help control the tension of the
cords during different types of phonation

Vibration of the Vocal Cords- One might suspect
that the vocal cords would vibrate in the direction of
the flowtflR.«m,.However. this is not the case Instead,

they vibrate laterally. The cause of the vibration is the
following When the vocal cords are approximated and
air IS expired, pressure of the air from below first pushes
the vocal cords apart, which allows rapid flow of air

between their margins The rapid flow of air then im-
mediately creates a partial vacuum between the vocal
cords because of the Bernoulli pnnciple, which pulls
them once again towarde^fdttJCT. This stops the flow

of air, pressure builds up behind the cords, and the cords
open once more, thus continuing m a vibratory pattern.

Frequency of Vibration. The pitch of the sound

emitted by the larynx can be changed in two different

ways. First, a change can be achieved by sfrefehing or

relaxing the vocal cords. The mechanisms involved were

partly explained above in the discussion of the intnnsic i

laryngeal muscles; but, in addition to the effects of the

intrinsic muscles, the muscles attached to the external

surfaces of the larynx can also pull against the cartilages

and thereby help to stretch or relax the vocal cords. For

instance, the entire larynx is moved upward by the

external laryngeal muscles, which helps to stretch the

vocal cords when one wishes to emit a very high fre-

quency sound, and the larynx is moved downward, with

corresponding loosening of the vocal cords, when one

wishes to emit a very bass sound
The second means for changing the sound frequency

is to change the shape and mass of the vocal cord edSd
\Vhen very high frequeno^ sounds are emitted, different

slips of the thyroarytenoid muscles contract m such a

way that the edges of the vocal cords are sharpened and
,

thinned, whereas when bass frequencies are emitted,

the thyroarytenoid muscles contract in a different pat-

tern so that broad edges with a large mass are approx-

imated. Figure 39-llB shows some of the positions and

shapes of the vocal cords during different types of phon-

ation.

Articulation and Resonance. The three mqjor or-

gans of articulation are the fips, the tongue, and the oofl

palate These need not be discussed in detail because all

of us are familiar with their movements during speech

and other vocalizations.

The resonators include the mouth, the nose and aefo-

cuited nasal sinuses, the pharynx, and even the chest

cavity itself Here again we are all familiar with the

resonating qualities of these different structures. For

instance, the function of the nasal resonators is Ulus'

trated by the change m quality of the voice when a

person has a severe cold that blocks the air passages to

these resonatoTs
'' —

—

ARTIFICIAL RESPlRAnON

MOUTH-TO-MOHTH BRiATHINC

A very successful method of artificial respiration is

mouth-to-mouth breathing, in which the operator rap"

idly inspires a deep breath and then breathes into the

mouth of the subject This method has often bean

shunned in the past because of the belief that the expired

A

Fu’laMucinn Genii* lntemied.au potilion
abdVCtHin louduvhiiper

Stage nhlrper RMnanan

B

ngure 39-11. Laiyngcdl function In phons-
tton. (Modlfled from Greene The Voke and lo

Oliordefv 4th ed PhlUdelphI*.
J

B L^plncoh
Company. 1980)
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ngure 39-12. A. The resuscltator B, Tank res-

pirator

air of the operator would not be beneficial to the subject
This is not true, because normal expired air usually atilt

has an adequate amount of oxygen to sustain life m
almost anyone. Furthermore, the carbon dioxide in the
expired air is sometimes actually desirable becaxise it

helps to stimulate the respirarnry g<»nter fV

MECHANICAL METHODS
OF ARTIFICIAL RESPIRATION

The Reeuscitator. Many types of resuscitators are
available, and each haa its own characteristicpnnciples

of operation. Basically, the resuscitator, illustrated in
Figure 39-12A, consists of a supply of oxygen or air, a
mechanism for applying intermittent positive pressure
and, With some machines, negative pressure as well,

and a mask that fita over the face of the patient. This
apparatus forces air through the mask into the lungs of
the patient during the positive pressure cycle and then
either allows the air to flow passively out of the lungs
during the remainder of the cycle or pulls the air out by
negative pressure.

Earlier resuscitators often caused such severe damage
to the lungs because of excessive positive pressure that
their usage was at one time greatly decried. However,
V^ost resuscitators now have safety valves that prevent
the positive pressure from nsing usually above +14
mm Hg and the negative pressure from falling below
- 9 mm Hg. The^ pressure limits are adequate to cause
excellent artificial respiration of normal lungs and jet
arc slight enough to prevent damage.
The Tank Respirator. Figure 39-12B illustrates the

usual tank respirator with a patient's body inside the
tank and kis head protruding through a flexible but
airtight collar. At the end of the tank opposite the
patient's head is a motor-driven leather diaphragm that
moves back and forth with sufficient excursion to r^tse
and lower tho pressure inside the tank. As the leather
diaphragm moves inward, positive pressure develops
around the body and causes expiration; and as the

diaphragm moves outward, negative pressure causes
inspiration. Check valves on the respirator control the

positive and negative pressure. Ord/nanly these pres*

sures are adjusted so that the negative pressure that

causes inspiration falls to -10 to -20 cm water and
the positive pressure nses to 0 to +5 cm water.

Effect of the Resuscitator and the Tank RespU
rator on Venous Return. When air is forced into the
lungs under positive pressure, or when the pressure
around the patient’s body is greatly reduced, as in the

case of the tank respirator, the pressure inside the chest
cavity becomes greater then the pressure everywhere
else in the body. Therefore, the flow of blood into the
chest from the peripheral veins becomes impeded. As a
result, use of excessive positive pressures with either

the resuscitator or the tank respirator can reduce the

cardiac output—sometimes to lethal levels. A person
can usually survive as much as 20 mm Hg continuous
positive pressure in the lungs, but exposure for more
than a few minutes to greater than 30 mm Hg may
cause death.
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40
Physical Principles of
Caseous Exchange;
Diffusion of Oxygen
and Carbon Dioxide
Through the
Respiratory
Membrane

After the alveoli are ventilated with fresh air.

blood and diffusion of carbon dioxide m the oddo-
site aireetion—from the Pulmonary blood into the

alv^fllj. The process^f dltFusion is simple,̂ volv*
ing merely random molecular motion ofmolecules,
these intertwining their ways in both directions

through the respiratory membrane. However, in

respiratory physiology one is concerned not ontv
with the basig ro^hanlsm nv wnicri "dlSusi^ oc-

curs but also wth the rate at which iF^urs. and
this is a much more comphcated problem, requir-

ing a rather deep understanding of the physics of
diffusion and gaseous exchange. Therefore, a brief

review ofthis subject is presented here as a prelude
to the main text of this chapter.

PHYSICS OF DIFFUSION
AND GAS PRESSURES

THE MOUCUIAR BASIS
OF CASEOUS DIFFUSION

All the gases that are of concern in respiratory phys-
lology are simple molecules that ar^ move among
each other, which is the procega “rfifFusion." This
is also true of the gases dissolved in the fluids and
tissues of the l»dy.
However, for diffusion to occur, there must be a source

of energy. This is provided by the kinetic motion of the

molecules themselves. That is, excepVat absolute zw
temperature, all mnlpculea nf nil matter are continually
undergoing some type of motion. For free moierales that

are not physically attached to others, this means linear

movement at high velocity of the molecules until they
strike another moiecule”lnen tney Bounce away in new
directions and continue again until striking still other

molecules. In this way the molecules move rapidly

among each other.

Net Diffusion of a Gas in One DlrecUon~-Effect
ofa Co^^tration crrodient^ However, ifa gas cham*
ber or a solution has a high concentration of a gas at

one end of the chamber and a low concentration at the

other end, as illustrated in Figure 40-1, net diffusion of

the gas will occur from the high concentration area

toward the low area. The reason for this is obvious:

There simply are far more molecules at end A of the
chamber to diffuse toward end B than there are mole-

cules to diffuse in the opposite direction. Therefore, the
rates of diffusion in each of the two directions are

proportionately different, ds illustrated by the lengths

of two arrows, the net diffusion rate, which is the

difference between the rates in the two directions, is

represented by the difference between the lengths of the

two arrows.

Distoived n<olecule(

ngure 40-1. Net diffusion of oxygen from one end of »
clumber to the other
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GAS PRISSURES INA MIXTURE OF CASES—
PAKFIAL PRiSSURES OF INDMOUAL GASES

Pressure is caused by the constant impaction of ki-

netieaUy roOTing moiecuks against a sunace i'Rcielqre,

the '{jressul'e ot a gas acting on tne surfaces of the

respiratory passages and aiveoli is proportional to the

summatcd force of impaction of all the molecules strik-

ing the surface at any given instant And this means
that tofof pressure is fftreetfy proportional to the

TIo'vever. in respirafory-pRyTiology, one deals with

mixtures of gases, mainly of oxygen, nitrogen, and
carbon dioxide Furthermore, the rate of diffusion of

each of these gases is directly proportional to the pres-

sure caused by this gas alone, which is called the partiof

presort ofjhe respective gas ^Ttferetore. 1« ua explain

the'^nceptof partial pr^sure
Consider air which has an approximate composition

tvr cent nitrogen and 21 per cent oxygen The
t&Si pressure of tms loixiuic is TWO iiuii-4igrand it is

clear from the above descnption'tfi the molecular basis

of pressure fhal each ^aa conirilyutvs to iVie' total pr^*
sure in direct proportion to its relative concentration.

Therefore, 79 per cent of the 760 mm Ilg is caused by
nitrogen (about 600 mm Hg) and 21 per cent by oxygen
(about 160 miJTRgr Thus, the "partial pressure" of

nitrogen ;n the mixture ie 600 mm He . and the "partial

ifeu fnm Hfl-Jhe tOtal prCSSUrC IS

760 mm Hg, the sum of the individual partial pressures

The partial pressures of the individual gases in a
mixture are designated by the terms Po„ Pco„ Pn„
PHjO, Puo, and so forth

PA£5SUR£S OF GASES IN WATER
AND TISSUES

Gases dissolved in water or in the body tissues also

exert pressure, because the dissolved molecules arc
moving randomly and have kinetic energy as do the

moitWes in the gaseous phase. Kurthemor^ wi^n
the 'Molecules of a dissolvi^ gas encounter a surface

like the. membrane of a cell, the pressure of the gas
against the surface is directly proportional to the con-
centration of the dissolved molecules, m the same way
that a gas in the gaseous phase exerts its own mdividu^
partial pressure The pressures of the separate dissolved

gases are designated similarly as Cor the partial pres-

sures of the gases m the gaseous state, i e , Po^, Pco,.
Pn„ Phc
Factors That Determine the Concentration of s

Gas Dissolved in a Fluid. The concentration of a gas
in a solution is determined not only by its pressure but

_alsO bv the solllhihfv rnr-^lirienfnf »hi> aaa Tliat 15, SOmC
types ol' molecules, especially c^rboiWioxidc, are phys-
ically or chemically attracted to water molecules while
others are repelled Obviously, when molecules are at-
tracted, far mnro nf-thpm ran then become dissolved
withouUnuldingjJluxcesipros^re within the solution*

^ On the other hahd, those that are repelled will develop
excessive pressures for very little degree of solubility

J
Thus, since both pressure and solubility coefliaent

determine the volume of gas that will be dissolved in a
/given volume of fluid—which is the concentration of the
dissolved gas—this can be expressed by the followuig
formula, which is Henry's law

Concentration of dissolved gas =
pressure X solubility coefficient

WTien concentration is expressed in volume of

dissolved in each volume of water and pressure is ex-

pressed in atrnbspheres, the solubility coefficients for

important respiratory gases at body temperature sr*

the following.

Oxygen r^0 024
Carten dioxide 0 57
Carbon monoxide v 0016
Nitrogen ^ 0 012
Helium 0 008

From this table, one can see that carbon dioxide is

than 20 times as soluble as oxygen, anti oxvgen is (nore

soluble than the athertKreegases These difT?/®"^

solubilities are iiflpArtAni bteau^b the solubility

the pressure of a gas determines the quantity of th* Rss

that becomes physically dissolved in the fluids of

body, this in turn is one of the factors that detem'’*'®*

the rate at which the gas can diffuse through the tissue*

Diffusion of Gases Between the Gaseous Pfiase

in the Alveolranmu^jJi^scilv-ed t'hase iath^ft*'

nionai^ ulood. In the alveoli, it is necessary foMh®
respiratory gases to move between the gaseous pha*®
the alveoli and the dissolved phase in the pulmonary

Wood. This occurs in the following way:
The partial pressure of each gas m the mpirelnry

gas mixture tends to force molecules of that gas »nlo

solution On the other hand, in the pulmonary
the dissolved molecules of the some gas are ratid^'?
bouncing against the interface between the fluid ^nd

the gaseous phase, and some of these molecules e8«P®
back into the alveoli. The rate at which they escaP® '*

direetlvL prfip'-'rtir""! Jo their partial pregsure
salutioa . But, in which direction will net SilTusion of ^he

gas occur’ The answer to this is, net diffusion is

mined by the difference between the tw-o partial

sures If the partial pressure is erreater in the g3S*^nS

phase, then m^e molecules wiirB8~ihto solution <han

inthe other direction 'this i^the direction in which

oxygen nforFs, thus enteri ng the pulmonary blood

Vhen^ingTam eft Vnroug*nout fne hdSy. XlternaieV^-'"

the pressuTTcfth^g^ isereater in the dissolved pps®®>

then net diffusion win oVcurTmcarinhe gaseous phase

m the alveoli, whichTs^hat happens for the moveif*®"*

of carbon dioxide in the lun cs.

THE VAPOR PRESSURE^F WATER

tVhen air enters the respiratory passageways, wat®*"

immediately evaporates from the surfaces of these pas-

sages and humidifies the air, 'ITus results fr«jn the fact

that water molecules,' like the different dissolved E®*

molecules, are continually escaping from the water sur-

face into the gas phase The pressure that the
moieties exert to escape tfifoiJeh~tne sunace Is clMtW

the vapor pressure oJroe wafer. At normal "body v®®'

perature, 37^0, this vapor pressure is 47 mm Hg Tb^®-
fore, once the gas mixture has become fully hiJJhidifi®““

that IS, once it is in “equikbrium" inth the £urrounP*"S
water—the partial pressure of the water vapor in 1-h®

gas mixture is also 42^m Ifg This partial press^c®-

like the other partial pr^sures, is designated PiijO.
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The vapor pressure of water depends entirely on the
’ temperature of the water* The gTeat« the temperature,

the greater the kinetic activity of the molecules, and
‘ therefore the greater the likelihood that the water
molecules will escape from the surface of the water into

the gas phase. Consequently, water vapor pressure in-

creases as the temperature Increases. For instanc^ the

water vapor pressure at 0°C is 5 mm Hg and at 100’‘C

is 760 mm Hg. But the most im^rtanTvalue to remem-
ber is tHe vapor pressure at body tcTnpgtati;rfc=A^mm
Hf^ appear iH many of our subsequent
discussions.

DIFFUSION or CASES THROUGH FlUIDS-
THE PRESSURE CRADIEPFT FOR DIFFUSION

Now, let us return to the problem of diffusion From
the above discussion it is already clear that when the

concentration, or pressure, of a gas is greater in one
area than in ano^cr area, there will be net diffusion

From the high pressura area toward the low pressure
area. For instance, returning to Figure one pan
readily see that the molecules in the area of high
pressure, because of their greater number, have more
statistical chance of moving randomly into the area of
low pressure than do molecules attempting to go in the
other direction. However, some molecules do bounce
from the area of low pressure toward the area of high

area of high pressure to the area of low pressure is equal
to the numbgi uf-molccqles~touncing m tnis-ti iroction

minus the numbcTSiuncini; Intho opposite direction,

and this in turn is proportional to the gas pressure
difference between the two areas. The pressure m area
A of Figure 4C^1 minus the pressure in area D divided
by the distance of diffusion is known.as'tiir nr^^iire

gradient for ^//usion or simply the diffusion gradient.
The rate of net gas diffusion from area A to area B is

directly proportional to this gradient
The principle of diffusion from an area of high pres-

sure to an area of low pressure holds true far diffusion

of gases in a gaseous mixture, diffusion of dissolved
gases in a solution, and even diffusion of gases from the
gaseous phase into the dissolved state in liquids. That
IS, there is always net diffusion from areas of high
pressure to areas oflow pressure.

As more and more gas diffuses from area A to area B
in Figure 40-1, the pressure in area A falls while that
in area B rises so that the t^pressures approach each
other; as a result, Uie net me of diffusion Mcomes less

and less. After a reasonable length of time, the gaseous
pressures io both ends of the chamber become essentially

equal, and, thereafter, no net diffusion of gas occurs
fmm one end to the other end. This does not mean that
no molecules of gas diffuse, but merely that as many
molecules then diffuse in one direction as the other.

Quantifying the Net Rate of Diffusion in Fluids.
In addition to the pressure difference, several other
factors affect the rate of gas diffusion in a fluid. These
are (1) the solubility of the gas in thp fluid. (2) the cross-

sectional area ofthe fluid. (3) the distance through which
the gas must diffuse, (4) the oTolecular weight ji£,the

gas, and (51 the temperatureTi the riofttrmthe body,
the last of these fetors, tne temperature, remains rea-
sonably constant and usually ne^!^not-be considered.

Obviously, the greater the solubility of the gas, the
greater will be the ntimber of molecules available to

diffuse for any given pressure difference. Also, the

greater the cross-sectional area of the chamber, the

greater will be the total number of molecules to diffuse.

On the other hand, the greater the distance that the

molecules must diffuse, the longer will it take the

molecules to diffuse the entire distance, Finally, the
greater the velocity of kinetic movement of the mole-

cules, which at any given temperature is inversely

proportional to the square root of the molecular weight,

the greater is the rate of diffusion of the gas. -All of

these factors can be expressed in a single formula, as
follows:

AP X A X S
“

d X VSW

in which D is the diffusion rate, AP is the pressure

difference between the two ends of theTIffusion path-

way, A IS the cress-sectional area of the pathway, S is

fhr fif the gas, <fj8 the nf

and MW is the molecular weight «if ths gas
It is obvious from this formula that the characteristics

of the gas itself determine two factors of the formula*

solubility and molecular weight, and these together are

diffusion coefficient eguals'S/VMW; the relative rates

at which different gases ot th^ame pressureleveU will

diffuse are proportional to their diffusion coefficients

Considering the diffusion coefficient for oxygen to be 1,

the relative diffusion Coefficients for different gases of

respiratory importance in the body fluids are:

Oxygen 1.0l/
Carbon dioxide 20 3
Carbon monoxide 0 81

Nitrogen 0 53
Helium 0.95

DIFFUSION OF CASES THROUGH TISSUES

'Ihe gases that .ire of respn-atngy-impnrtance are

highly ^luble m lipid3_a^I~consequentlv^are-also

highly^bomole in ceil membranes. Because of this^ these

gases diffus^tHreiiglfThe cell membranes with,very

littleImpediment. Inste^rthe'm^f'liinitation tojhe
movement of gases'in tissues is the-rate at which the

gases can diffuse through the tissue water instead of

through the-cell-membranes~Therefore, diffusion of

gases through the.tissuaSjjnc{udii^~through Oie respi-

ratory membrane, is almost equal-to-the. diffusion of

gases through water, as'given-iirtheitbove list.

COMPOSITION OF ALVEOLAR AIR—
ITS RELATION TO ATMOSPHERIC AlR

Alveolar air does not have the same concentra-

tions of gases as atmospheric air by any means,
which can readily be seen by comparing the alveo-

lar air conj|»sitioD in column 5 ofTable 40-1 with
the composition of atmospheric air in column 1.

There are several reasons for the differences. First,

the alveolar air is only partially replaced by at-

mospheric^air with each breath. Second, ojeygen is
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Table 40-J PARTIAL PRESSURES OF RESPIRATORY GASES AS THEY ENTtR AND LEAVE THE LUNGS (AT SEA LEVELl

Almo*phert« Air*

(mm Hj)

Homldlflect Air

(mmHg)
AlveoUr Air

(mm Hg)
Expired Air

(mm Hg)

59T0 (7862%) 5634 (7409%) 5690 (749%) 5660 (74 5\)

1590 (2084%) >493 (1967%) 1040 (136%) 1200 "IIS 7%)

03 (004%) 03 (004%) 400 -1^) 27 0 ^6?3
H,0 37 (0 50%) 47 0 ./.(620%) (6J%) 47 0 U62S)

TOTAL 7600 (1000%) 7600 . (1000%) 7600 (1000%) 7600 (1000%)

constantly being absorbed from the alveolar air

Third, carbon dioxide is constantly diffusing from
the pulmonary blood into the alveoli. And, fourth,

dry atmospheric air that enters the respiratory

passages is^midified even before it reaches the

alveoli

riunSTdlfication of the Air As It Enters the
Respiratory Passages. Column 1 of Table 40-1
shows that atmospheric air Is composed almost
entirely of nitrogen and oxygen; it normally con-

tains almost no carbon dioxide and Utile water
vapor. However, as soon as the atmospheric air

enters the respiratory passages, it is exposed to

the fluids covering the respiratory surfaces. 'Even
before the ajr enters the alveoli, it becomes totally

humidified.

Tfie"^rtlal pressure of water vapor at normal
body temperature of 37*C is 4'rmm Hg, which,
therefore, is the partial pressure of water in the
alveolar air. Since the total pressure m the alveoli

cannot rise to more than the atmospheric pressure,

this water vapor simply difutes all the other gases
in the inspire air In column 3 of Table 4^1 it

can be seen that humidification of the air dilutes

the oxygen partial pressure at sea level from an
average of 159 mm Hg in atmospheric air to 149
mm Hg in the humidified air, and it has diluted
the nitrogen partial pressure from S97 to 563 mm
Hg —

MT£AT WHICH AlV£OlA/tAf8 IS

R£S£W£D BYATMOSPHERIC AIR

In the preceding chapter it was pointed out that
the /'unctional residuof capacity of the lungs, which

I*’ breath JoiJCreoth 3'*breoth

O . ^ (^3
breath 8"* breath IS* breoth le”* breolh

eO-t. o( a exceu ftom the ahieOS

v>lth tuecesuve breaths

is the amount of air remaining in the lungs at the

end ofnormal expiration, measures approximately

2300 ml. Furthennore, only 350 ml of new air U
brought into the alveoli with each normal respi-

ration, and the same amount of old alveolar air U
expired Therefore, the amount of alveolar air

replaced by new atmosphere air with each breath

is only one seventh of the total, so that many
breaths are required to exchange most of the al-

veolar air. Figure 40-2 illustr^es this slow rate

of renewal of the alveolar air. In the first alveolus

of the figure an excess amount of a gas has been

placed moroenUrily in all the alveoli, but note

that even at the end of 16 breaths the excess gas

still has not been completely removed from the

alveoli.

Figure 40-3 illustrates graphically the rate at

which an excess of a gas in the alveoli is normally
removed, showing that with normal alveolar ven-

tilation approximately half the gas Is removed In

17 afiCQiid|. \Vhenm person’s rate of alveolar ven-

tilation is only halfnormal, halfthe gas is remov^
m 34 seconds, and, when the rate of ventilation is

two times normal, half is removed in about 8

seconds.

Importance of the Slow Replacement of Al-

veolar Air, This slow replacement of alveolar aw
is of particular importance in preventing sudden

changes in gaseous concentratlolraTn the bloo3^
This makes the respiratory control mwhanism

much more stable than it would otherwise be and

helps to prevent excessive increases and decreases

in tissue oxygenation, tissue carbon dioxide con-

centration, and tissue pH when respiration is tem-

porarily interrupted.
'



40 PhyslaU Principles of Cascous Cxchinge; Diffusion of Oxygen ind Carbon Dioxide 485

OXYGEN CONCENTRATION AND
PARTIAL PRESSURE IN THEALVEOU

Oxygen is continually being absorbed into the
blood of theliungs, and new oxygecjs^continually
entering the alveoli from the atmosphere. The
more rapidly oxygen is absorbed, the lower be-

comes its concentration in the alveoli; on the other
hand, the more rapidly new oxygen is l»«ught into

the alveoli from the atmosphere,. the higher be-

comes its concentration. Therefore, oxygen concen-
tration in the alveoli, and therefore its partial

pressure as well, is controlled hy, first, the rate of
absorption of oxygen into the blood 'and.' second,
the rate of entry of new oxvpen into the lungs by
the ventilatojy process.

Figure 40-4 illustrates the effect both ofalveolar

ventilation and of rate of oxygen absorption into

the blood on the alveolar partiid pressure ofoxygen
(PAoa). The solid curve represents oxygen absorp-
tion at a rate of 250 ml per minute, and the dott^
curve at 1000 ml per minute. At a normal venti-

latory rate of 4 2 liters per minute and an oxygen
consumption of 250 m! per minute, the normal
operating point in Figure 40-4 is point A. The
figure also shows that when 1000 ml of oxygen is

being absorbed each minute, as occurs during mod-
erate exercise, the rate ofalveolar ventilation must
increase fourfold to maintain the alveolar Po^ at
the normaLvalue of 104 mm He . and at still higher
rates of oxygen absorption the rate of ventilation

must rise proportionately to maintain normal_al-

vg.olar POg.

Another effect illustrated in Figure 40-4 is that
an extremely marked increase in alveolar venti-

lation can never increase the alveolar POj above
149 mm Hg as long as the person is breathing
normal atmospheric air, for this is the maximum
content of oxygen in humidified air. However, if

the person breathes gases containing concentra-

tions of oxygen higher than 149 mm Hg, the
alveolar POj can approach these higher concentra-

tions at very high rates of ventilation

CO, CONCENTRATION AND PARTIAL
PRESSURE IN THE ALVEOU

I

Carbon dioxide is continually being formed in

the body, then discharged into the alveoli; and it

is continually being removed from the alveoli by
the process of ventilation. Therefore, the two fac-

tors that determine alveolar concentration of car-

bon dioxide, and also its partial pressure (PAco2)>
are (1) the r.^^p nr pyrrptmn nf cnrhnn dioxide from
the blood into tHe alveoli,’and (2) the rate at which
carbon dioxide jq rnnmvnA frojji_lhg_jilveoli by
alveolar ventilation.

Figure'40-5 illustrates the effects on the alveo-

lar PcOj of both alveolar ventilatiojuand^e rate

of carbon dioxide excretion. The%olid curve rep-

resents a normal rate of carbon dioxide excretion
of 200 ml per minute. At the normal rale of

n^ufc 40—4. tlfecl of alveola; ventilation and of rate of oxygen
absorption from the alveoli on the alveolar Po,

alveolar ventilation of 4.2 liters per minute, the
operating point for alveolar Pco, is at point A in

Figui^ 40-5—that is. 40 mm H g.

Two other facts are also evident from Figure
40-5; First, the alveolar PCO^ increases directW in

proportion to tfxe rale ofTarhon'^inruie ejgrefiQn.

as represented by the elevation of the dotted curve

for 800 ml COj excretion per minute. Second, the

alveolar Pco, decreases in inverse proportion to

alixolar ventilation. Therefore, the concentrations

and partial pressures of both oxygen and carbon
dioxide m the alveoli are detern^ed by the rates

of absorption dr*'^xcretjnn .of the two gasesT and
alsQ_by the alveolar ventilation.

EXPIRED AIR

Expired air is a combination of dead space air and
alveolar air, and its ovcr^l composition is, therefore,

detemiined’'by, first, the proportion of the expired air

that 1$ dead space air and the proportion that if alveolar

air Figure 4ty-6 shows the progressive changes in oxy-

gen and carbon dioxide partial pressures in the expired

airdunng Ihe course ofexpiration The very first portion

of this air, the dead space air, is typical humidified air

as shown in column 3 ofTable 40-1. Then, progresshcly

more and more alveolar air becomes mixed with the
dead space air until all the dead space air has finally

Hsure 4C-S. effect on nlveolai Pco, of Afveotar ventdailon and
fate of carbon dioxide cxcreoon from (be blood.
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ngure 40-6. Oxygen jind Mfbort dioxide pArtwi preisures In

the various portions of normal expired aH

been washed out 8o that nolhinR but alveolar air is

expired at the end of expiration Therefore, the means
for collecting alveolar air for study is simply to collect

8 sample of the lost portion of expired eir

Normal expired air, containing both dead space air

and alveolar air. has gaseous concentrations and partial

pressures approximately as shown in column 7 of Table

40-1—that 18 ,
concentrations somewhere between those

of alveolar air and humidiRed atmosphenc air.

DIFFUSION OF GASES THROUGH
the RESriRATORY MEMBRANE

Tlie Respiratory Unit. Figure 40-7 illustrates

the respiratory unit, which is composed of a res-

piratory bronchiole, alveolar ducts, atria, and al-

t>co/riof whictrihere are about 3SiLirL>lhon m the

ftnrlungs, each alveolus having an' average di-

ameter of about 0.2 mml. The alveolar walls are

extremely thin, and^ within them is an almost solid

network of interconnecting capillaries, ns illus-

trated in Figure 40-a. Indeed^ because of the ex-

tensiveness of the capillary plexu^, the ffow cl

blood in the alveolar wall has been described as e

“sheet" of flowing blood. Thus, it is obvious that

the alveolar ga.ses are in clo'-e proximity to the

blood of the capillaries. Consequently, gaseous

exchange between the alveolar air and the pul-

monary blood occurs through the membranes c!

all the terminal portions of the lungs. These mem-
branes are collectively known as the rcsnfrgfon

membrane, also calli^ the piilmonary membrane.

TTie nosplratory' Memuranc. Figure^O-9 il*

lustrates the ullrastructure of the respiratory

membrane shown m cross-section. It also shows

the diffusion of oxygen IVom the alveolus into the

red blood cell and diffusion of the carbon dioxide

in the opposite direction Note the following difler*

ent layers of the respiratory membrane:

nsure 4fr-7. The resplratoiy lobute ^rom Mlller

The Lung Charles C Thomas

)
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1. A layer o£_fluid lining the alveolus and con-
taining surfactant that reduces the surface tension
of the alveolar fluid.

2. The alveolar 'epit^telium comprised of very
thin epithelial celfs. ,

'

3. An epithelial basement membrane.
4. A very thin interstitial space between the

alveolar epithelium'and capillary na^brane.
5. A capillary basementjnembrane that in many

places /fhSes mth the'epiineiiai basement men^
brane.^

~

6.

The capillary endothelial membrane.
Despite the large number of layer^, the overall

thickness_ofthe respiratoiy membrane in some
areas is as little as^;2j3icron, and it pverages
0.63 micron .

From histologic studies it has been estimated
that the total surface area of the respiratoiy mem-
brane ia approximately 160 square-meter^ Tn the
normal lidult. This is equivalent to the H^r area
of a room 50 feet long by 30 feet wide. The total
quantitjj of blood in the capillaries of the lung at
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any given instant is 60 to l4(Linl . Now imagine
this small amount orblood spreaTover the entire

surface of a 50 by 30 foot floor, and it is very easy
to understand the rapidity of respiratory exchange
of gases.

The average diameter of the pulmonary capil-

laries IS less^han 8 microns, which means that

red b\c>od ceWlTmust Mtua\\y squeei® ttwough
them. Therefore, the red blood cell membrane
usually touches the capillary wall so that oxygen
and carbon dioxide need not pass through signifi-

cant amounts of plasma as they diffuse between
the alveolus and the red cell. Obviously, this, too,

increases the rapidity of diffusion.'

FACTORS THAT AFFECT RATE OFCAS
DHFUSIOS THROUGH THE RESPIRATORY
MEMBRANE

Referring to the earlier discus^on of diflusion

through water, one can apply the same principles

and same formula to di^usion of gases through
he respiratory membrane. Thus, the factors that

‘ how rapidly a gas will pass through the
I

’
• are (1) the thickness of thr membrane.

(2) the surface areaof thFm^rnbrane. (3) the rfi/t

fusion coemcienYoi ihe gas irT the substance ofthe

membrane—^thatis, m the water ofthemerabrane.

and (4) the pressure difference between the

sidea of the membrane.
The thickness of the respiratory membrane occa

eionaUy increases, often os a result of ^ema fle'

In the interstitial space ol tno membrane and ib

»

the alveoii, so vnai the respiratory gases iniia
’

diffuse not only through the membrane but also
i

through this fluid. Also, some pulmonary diseases
j

cause fibro^iia of the lunps^which can increase flie
|

thUkneaiotsoroe^wrtioos-of-the respiratory mem
brane. Because the rate of diffusion through the

membrane la inversely proportional to the thick-

ness of the membrant, ^ny factor that incre^s

the thickness to more than two to three times

normal can interfere significantly with nonnal

respiratory exchange of gases.

The surface area of the respiratory membrane

may be greatly decreased by many different con-

ditions. For instance, removal of an entire lung

decreases the surface area to half normal. Also, in

cmpfiysc/dQ, many of the alveoU coalesce, wlh

diSpfulion 01 many alveolar wdOS. Ihereforc. the

new chamhere ate nvneh latgec than the otigiaal

alveoli, but the total surface area of the respiratory

membrane is considerably decreased because of

loss of the alveolar walls. When the total surface

area is decreased to approximately one third W
one fourth normal, exchange of gases through the

membrane is impeded to a significant degree ewii

untUr resting conditions. And, during competitive

s^ns and other sltehuous exercise, even the

slightest decreasVin surface area of the lungs cafl

be a serious detriment to respiratory exchange of

gases
The diffusion coefficient for the transfer of each

gas thi^gh the respiratory membrane depends on

Its solubtUry in the membrane and inversely o"

tFe s^i/arp mof ni_alq '"n/gf-nlac we'^h t. The rate of

diflusion in the respiratoiy membrane is almost

exactly the same as that in water, for reasons

explaM^ed above. Theiefoie, for a given pressure

difference, carbon dioxide diffuses through the

membrane about 20 timgg ns ranidiv as oxygen-

Oxygen in turn difliiRP-a I two times as rapidly

as nitrogen ,

i fie pressl...i pressure difference across the respiratory

membrane is the Uill'erence between partial

pressure of the gas in aivpftlLnnd the pressure

of the gas in the bloocT The partial pressure rsP"

resents a measure of the total number of molecules

of a particular gas striking a unit area of fhe

alveolar surface of the membrane in unit time,

and the pressure of the gas in the blood represents

the number ofmolecules attempting to escape from

the blood in the opposite direction Therefore, the

difference between these two pressures is a meas-

ure of the net tendency for ihe gas to move through

the membrane. Obviously, when the partial pres-

sure of a gas in the alveoli is greater than the

pressure of the gas in the blood, as is true for

oxygen, net diffusion from the alveoli into the
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blood occurs, but, when the pressure of the gas in

the blood is greater than the parti^ pressure in

the alveoli, as is true for carbon dioxide, net
diffusion from the blood into the alveoli occu^-

DinUSlNG CAPACITY OF
THE RESPIRATORY MEMBRANE

The ability of the respiratory membrane to ex»

change a gas between the alveoli ana ihe pulmo-
nary blood can be expressed in quantitative terms
by its diffusing capacity, which is defined as the
volume ofa gas that diffuses through Ike membrane
each minute for a pressure'^ference of i mnTHg.
Obviously, all the factors discussed above (hat

affect diffusion through the respiratory_membrane
can affect the diffusing capacity.

The Diffusing Capacity for Oxygen. In the
average young male adult the diffusing capacity

for oxygen under resting condititfns averages 21
ml per minute per mm Hg . In functiohal term^
what does this mean? The mean oxygen pressure
difference across the respiratory membrane during
normal, quiet breathing is approxunately 11 mm
Hg. Multiplication of this pressur^by the diffusing

capacity (11 x 21) gives n total of about 230 ml of
oxygen diffusing throuelTThe respiratory mem*
brane each minute, and th^ is 4dUal to the rate

at which the body uses oxygen.
Change in Oxygen-Diffusing Capacity Dur-

ing Exercise. During strenu^s exercise, or dur*
ing other conditions that greyly increase pulmo-
nary blodd flow and alveolar ventilation, the
diffusing capacity for .oxygen increases in young
male adults to a maximum ‘of about 65 ml per
minute per mm Hg, which is three times the
diffusing capacity under resting conditions. This
increase is caused by several different factors,

among which are y^pening up of a number of

previously dormant pulmonary capillaries, thereby
increasing ttf^surlace area ot the blood into which
the oxygen can diltuse. and (Zj^dilatation of all the

pulmonary capillaries that were .^l^eadv open,

thereby further increasing the surface area . There-
fore, during exercise^?the oxygenation oFthe blood
IS increased not only by increased alveolay venti-

lation but also by a greaifer capacity oi tKe respi-

ratory membrane for transmuting oxygenlnto the
blood.

Diffusing Capacity for Carbon Dioxide. The
diffusing capacity for carbon dioxide has never
been measured because of the following technical

difficulty: Carbon dioxide diffuses through the res-

piratory membran*»-so rapidly that the average
PcOj in the pulinenary blood is not far different

from the Pcfl, in the alveoli—the average differ-

ence is less than t-mm Hg—and with the available

techniques, this dift'eren^ is too small to be meas-
ured.

Nevertheless, measurements ofdiffusion ofother
gases have shown that the diffusing capacity var-

ies directly with the diffusion coefficient of the
particular gas. Since the diffusion coefficient of
carbon dioxide is 20 times that of oxygen, one
would expect a diffusmg-capacity for carbon diox-

ide under resting condition’s o'f'aTiouf

ml and -during exercise'of about 1200 |p 1300 m l

per minute per mm Hg.
'

The importance oftbpgn high diffusing capacities

for iq fliiiL. When the respiratory

pacitv for transmitting oxygen into the blood is

often impaired enough to cause Heath of the person
while c^bon dioxide diffusion ran stiH occur^in

adequate amount^ However, a condition in^which

low diffusing capacity for carbon dioxide does cause
signilicapt Hifficul ty is when lung damage is far

beyond that which ordinarily causes death but'the

person’s life is being maintained by infensive ox-

ygen therapy that.overcomes the reduction in ox-

ygen-diffusing capacity;^

u

niortunateiv oxygen
therapy does not help the carbon dioxide djjlusidn.

Figure 40-10 compares the measured or calcu-

lated diffusing capacities of oxygen, carbon diox-

ide, and carbon monoxide at rest and during ex-

ercise. showing the extreme diffusing capacity of

carbon dioxide and also the effect of exercise on
the diffusing capacities of all the gases.
Measurement of Diffusing Capacity. The oxygen-

diffusing capacity can be calculated from mcaBureaents
of alveolar F^.. <2) Po~in the~pulmonarv capillary

blood, and (3) the rate of oxygen uptaXe by me blood.

However, to measure uie Fo7)n me pulmonary ca^lary
blood IS so difficult and" sS imprecise that it is not

prdctica) to measure oxygen-dilTusinp capacity bv such

a direct procedure, except on an experimental basis.
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To obviate the difhculUea encountered in measuring

oxygen-diffostng capacity, physiologists usually meas-

ure carbon monoxide-diftusing capacity instead, and
then calculate the oxygen-difTusing capacity from this.

The principle of the carbon monoxide method is the

following- A small amount of carbon monoxide is

breathed into the alveoli, and the partial pressure of the

carbon monoxide in the alveoli is measur^ from appro-

priate alveolar air samples. Under most conditions it

can be assumed that the car^n_monoxide pressure in

the blood is csscnclsHr'ieiu'TjuLjiiay hliitioglobiR com-
Hincs^wilh'this gas so'rapidlythat ica' pressure never

equal to its partial pressure ;n the alveolv. Then, by
meafunng the vohim'e of carboti monoxid&absorbed m
a period of time and dividing this by the alveolar carbon

monoxide partial pressure, one can determine accurately

the carbomnonoxide-diffuSing capacity

To convert carbon monoxide-diffusing capacity to ox-

ygen-diffusing capacity, the value is muUipii^ by a
factor of 1 23 because the diffusion coefficient for oxygen
15 1.23 times that for carbon monoxide Thus, the aver-

age diffusing capacity for carbon monoxide in young
mate adults is 17 ml per minute per mm Hg, and the

diffusing capacity for oxygen is 1 23 times this, or^l_0j
per minute per mm llg

WeCT OF THE VEfffllAnON- (

PEWUSIQUMTIO ON ALVEOLAR
GAS CONCENTRATION

In the early part of this chapter we learned that two
factor* determine the To, end the Pco, in the alveoli

(1) the rate of stveolar-ventilshnn . and (2) the rate oT
transfer of oxyren and earhftn dti-nudA through the res-

piratory membrane However, these earlier discussions

made the assumption that all the alveoli are ventilated

equally and also that the blood How through the alveolar

capillancs is the same for each alveolus However, as
we have teamed more about pulmonary furvclion, it has
become clear that in many lung diseases some areas of

the lungs are well vcncilot^ but nave siiuost no blood
flow, whereaPother areas mavTiaic~excel]enC nlood flow
bui or fW^cnblation O^ioijsly. manner oi tnese
conditions, gas excnange thfougn the respiratory mem-
brane i^jcriouslyxmpaired, and the person may suffer

severe re«q)^ratnrv distress despite both normal total

ventilation and also normal total nulmonarv htorm iiowr,

but with the ventilation and blood flow going to different

parts of the lungs Therefore, a new eoncept-bas been
developed to help us understand respiratory exchange
when there is imbalance between alveolar ventilation
and alveolar blood flow. Th is concent is called the

{
-eiLE-

n quantitative terms, the ventilation-pcrfusfon ratio

IS exprcs-sed as VVf) IVhcn Va (alveolar ventilation) is

normal for a given alveoiua and ^ (blood flow) u also
-V ^normal for the same alveolus, then the ventilatlon-

wrfusion ratio (Va/Qi li aly>_said to he normal. How-
ler, when the ventilation (Va) js lero and yet thercja
.Aill perfusion ((^i of the alveolus, thc.venlilation-pcr^

• fusion ratio is rero /)r, at the other extreme, when there
IS adequate ventilation (Vaibut xero perfusion then
the ratio is infinity. At a ratio of either lero tHc,TOfini^,

there will be no exchange of gases through the respira

tory membrane of the affected alveoli, which expiai •

the importance of this concept Therefore, let us explain

the respiratory consequences of these two extremes ani

then consider the consequences of ratios between tht

esttremea.

, Alveolar Function IVhen Va/Q Equals Zera A

Va/^ equal to sero means that there is zero alveolar

'

ventilation but still blood flow through the alveolar

capiUanes Obviously, without ventilation there will be
1

. zero gas exchange between the atmosphere and the blood

o' for the simple reason that no gas can move between Ihf

v' lialveoli and the extenor air

Mjv However, even when Va/^ is equal to zero, the air in

' the alveolus still comes to equilibrium with the blood

gases, breause gases continue to diffuse between the

blood and the alveolar air. Since the blood that perfuses

the capillaries is venous blood returning to the lungs

from the systemic circulation, it is the gases in this

blood that come to equilibrium with the alveolar gases.

In the next chapter we shall see that the normal venous

blood W) has a Po, of 40 mm Hg and a Pco, of 4& m®
Hg Therefore, these are also the usual partial pressures

of these two gases in alveoli that have blood flow but no

ventilation.

^Alveolar Function When Va/^ Equals Infinity. A

equal to infinity means that there is alveolar

0^ ventilation but no blood flow through the alveolar cap-

•5^ tilUries Obviously, this condition is also incompatibW
^wit^ exchange of any gas whatsoever, for the simple

rca»n that there is no blood to carry the gases away
' from the alveoli.

Yet. the effect on the alveolar gas partial pressures it

enUrely different from the effect when Va/^ equals MfO

Instead of the alveolar gases coming to equilibrium with

the venous blood, the alveolar air now bMomes equ»' 1®

the humidified inspired air. That Is, the air that is

inspired loses no oxygen to the blood and it gains no

CO, And, since normal inspired and humidified air has

a Po, of 149 mxn Hg a nd a Pco. of 0 mm Hg. these are

the partial pre^suriStrt these two gases m the alvcoh

Gas Exchange, and Alveolar Partial Pressures
When Va/I5 Is Normal. When there is both nonnal

alveolar ventilation and also normal alveolar capillary

Wood flow twhich means normal alveolar perfusion),

exchange of oxygen and carbon dioxide through the

respiratory membrane is approximately optimal Oxy-

gen is absorbed out of the Inspired air so that the

alveolar Po, lies somewhere between that ofthe inspired

air and that of the venous blood. Likewise, carbon

dioxide is transferred from the venous blood into the

alveoli, which makes the alveolar Pco, rise to some level

between that of the inspired air and that of the venous
blood. Thus, under normal conditions./the alveolar air

Po, averoges 104 mm.'UgHprl th^rn. afl mm Hg
The Po,-PcOp Va/Q Diagram. The concepts pre-

sented in the above sections can ^Iso be shown very

usefully In graphical form, as illustrated in Figure 40-

II, in a diagram called the “Po,-Pco„ Va/Q diagram
The curve in the diagram represents all possible POj

and Pco, combinations between the limits of Va/Q
equals zero and Va/Q equals infinity when the gaseous

pressures in the venous Wood are normal and the person

U breathing air at sea level prcs-surc. Thus, point V is

the plot of Po, and Pco, when Va/Q equals zero At this

point, the Po, is 40 mm Hg and the Pco, is 45 mm Hg,

which are the values in venous blood.
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Figure 40-1 1. The normal POi-I*co,.Va/Q diagram.

At the other end of the curve, when Va/Q equals
infinity, point I represents inspired air, and the Po, is

149 mm Hg while the Pco, is zero

Also plotted on the curve is the point representing
normal alveolar air when the Va/Q is normal. At this

point, Po, is 104 mm Hg and Pco, is 40 mm Hg.
However, note once again that as Va/Q decreases

below normal—that is, alveolar ventilation becomes too
little iffrilation to alveolar perfusion—the alveolar Po,
and Pco, approach those values found in venous blood.

On the other hand, as Va/Q rises above normal and
approaches infinity, the alveolar air composition ap-
proaches that of inspired air.

The Concept of "Physiologic Shunt"
(When Va/Q Is Below SormsI)

Whenever Va/Q is below normal, there obviously is

not ventilation enough to provide the oxygen needed to

oxygenate the blood flowing through the alveolar capih
lariea Therefore, a certain fraction of the venous blood

passing through the pulmonary capillaries does not
become oxygenated.* This traction^ is called shunted
blood. Also, some additional blood flows through the
bronchial vessels^rather than through the alveolar cap-

illaries, nonnally^out 2 per cent of the cardiac output;

this too is unoxygenated,'shunts blood.

The total quantitative amount of shunted blood per
minute is calledlhe I'hia phyginlng^v

shunt is meaiure3~mtheclinical pulmonary function

laboratory by analyzing the concentration of oxygen in

both mixed venous blo^ and arterial blcxxl along with
simultaneous measurement 6f the cardiac output, ^otn
these values the physiologic shunt can then be ^cu-
lated using the fallowing equation: ^

y
Qps _ Ciq, - Cap,

^ Cio, - CVo,

in which;

Qps is the physiologic shunt blood flow per minute
Qr is Ccirdiac output per minute
Cl is the concentration of oxy/en in the ai^rial blood

if there is “ideal” vcntilation-perfusion rati«>

Cat,, is the measured concentration of oxygen in the
arterial bloi^

Cvo, is the measured concentration of oxygen iQ_the
mixed venous blood

Obviously, the greater the physiologic shunt, the
greater the amount of blood that fails to be oxygenated

as it passes through the lungs.

The Concent of "Physloloelc Dead Space"
(When Va/Q Is Cre^fer TTmo Normal)

When ventilation of some of the alveoli i^great but
the alveolar bloo^flow is_Jow, the”re“is ihen far more
available oxygen m the alveoli than can be transported

away from the alveoli by the flowing blood. Thus, the
ventilation of these alveoli is said to be wasted. And, in

addition, the ventilation^oLtbe-anatoiiucal dead space
are^ofthe fespir^tory passa^waysls also wasted. The
sum of these ^wo types of wasted vwitilatioh is called

the nkvsiolo^fc dead, space This 'is measured in .the

clinical pulmonary function laboratory by making ap-

propriate blood and expiratory gas measuremcnts~and
using the following equation, called theBoh^^uatioiv

Vd.k.. Paco, - PEco,

Vt ” Paco,

in which

Vd,,,„ is the physiologic dead space
Vt is the tidal volume
Paco, the partial pressure of carbon dioxide in the

arterial bloody
I^co, IS the average partial pressure ofcarbon dioxide

in the entire expired air

Obviously, when the physiologic dead space is very
great, much of the work of ventilation is wasted effort

because so much of the ventilated air never reaches the

blood.

Abnonnal/tles of VenffUtion’to-Petfushn

fUtio

Abnormal Va/Qs in the Upper and Lower Normal
Lung. In a normal person in the upright position, both
blood flow and alveolar'ventilation are considerably less

in the upper part of the lung than m the lower part;

however, blood flow is decreased considerably more than
venfila^n Therefore, at the top of the lung, Va>Q is as

oiu^i as thr^ timpq .nc prfit no t1ii» idnal which
causes a moderate degree of p/iysio/ogic deaS space in

this area of the lung.

At the other extreme, in the bottom of the lung there

is slightly too little ventilation in relation to blo^ flow,

with Va/^ as low as 0.6 t^espie ideal value. Therefore,

in this areaji small fraction of the blood fails to become
nonnally oxygenated, and this represents a pAvsio/ogic

sbunL
fEerefore, in both extremes of the lung, inequalities

of ventilation and perfusion decrease the effectiveness

of the lung slightly for exchange of oxygen and carbon

dioxide. However, during exercise the blood flow to the

upper part of the Iphgincreasea markedlyrgtTth-at then
farTess physiologic dead space occurs and the effective-

ness ofgas exchange approaches optimum.
Abnormal Va;Q In ^hronic Qbstnictivc Lung Dis-

ease, Most persons who smoko for prolonged periods of
time develop some degree of bronchial obstruction; in-

deed, in a large share of them this eventuallv becotne*
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104 mm Hg, whereas the Po, of the venous Wood
entering the capillary is only 40 mm Hg_because

a large amount of oxygen has been removed from

this Woodasit has passed through Jhe body.

There1orerTKe~pfcssure difTerence that causes ox-

ygen to diffuse into the pulmonary capillary Is 104

- 40 or 64 mm Hg. The curve below the capillary

shows the progressive rise in blood POi as the

blood passes through the capillary, showing that

the Po^ rises essentially to equal that of the alveo-

lar air by the time the blood has moved a third of

the distance ihrongh the capillary, becoming ap-

proximately 104 mm Hg.
Uptake of Oxygen by the Pulmonary Blood

During Exercise. During strenuous exercise, a

person’s body may require as much as 20 times

the normal ^oqnt ofoxygen Also, because of the

increased cardiac^mtput, the time that the blood

remains in the capillary may be reduced to less

than one half normal despite the fact that addi-

tional capillaries open up Therefore, oxygenation

of the blood could suffer for two reasons. Yet,

because of the great saUfy fuetnr ftiffp«ii»n of

oxygen through the pulmonary membrane, the

blood IS still almost completely saturated with ox-

ygen when it leaves the pulmonary capillaries

The reasons for this are:

First, it was pointed out in the previous chapter
that the diffusing capacity for oxygen increases

about threefold during exercise; this results

mainly from increased numbers of capiUaries par-

ticipating m the diffusion but also from dilatation

of both the alveoli and capillaries, as well as a
more ideal ventilation-perfusion ratio in the upper
part of the lungs
Second, note in Figure 41-^ that during normal

pulmona^ blood flow the_blood becomes atmost
Wturated 'glttraxyeen by the Ume it has passed
throm.'n one tfui^ i;>i nulmonanr capiliaryTand
little additional oxygen enters the blood during
the latter two thirds of its transit. That is, the

blood normally st^s in the lun^ capillaries ab^t
three times as long as nwessary to cause fu ll

oxygenation. Ttieretor^ even with the shorted
time qi~^posure in~exerci3e . th

g^
blood BtilFran

become eitner tuny oxygenat^ or nearly so.

TMN5PORT or OXYC£N IS
WtARTUttAL BLOOD

About 98 per cent of the blood that enters the

left atrium from the lung passes through the al-

veolar capillaries and b^mes fully oxygenated,
that ia,'Xip to a Po-i of approximately 104 mm Ijg
as just explained However, another 2 per rent of

the bloi^iJlaaving the lungs passes trirougn the
’ al circulation, which supplies mainly the

.
tissues of thclungs and is not exposed to the

, air. Therefore, this_^ood flow repre-

sents “shunt” flow, meaning blood that Is shunted
past the gas exchange area,yOn leavinglhe lungs.

Hsure 41-J. ChAngeslnm, In the pulmonaty capllUry Wood,

the anerldl blood, and the systemic capltldiy blood. Ulustuclng ttt

effect of “veivous admWtwe ‘

its PO2 is apprpximately that of normal vcnoiu

blood, fllymt 40 mm Hg . This blood combines in

the pulmonary veins tvlth the oxygenated blood

from the alveolar capillaries^ this mixing of the

bloods 13 called nihmytiyrr nf ftnd it

causey the Po, of the blood pumped by the left

heart^ nto tlie~aorta to^all to approximately 95

mmlKg. These Changes m blood Po* at different

points m the circulatory system are illustrated in

Figure 41-2

DIffUSlOS OF OXYCES FROM THE
CAPILLARIES TO THE ISTERSTmAL FLUID

_

When the arterial blood reaches the peripheral

tissues, its PO|^ is still 9S4Bia_Hg. On the other

hand, as shown in Figure 41-3, the Po* in the

interstitial fluid averages only 40 mm Hg Thus,

there is a tremendous pressure difference that

causes oxygen to diffuse very rapidly from the

blood into the tissues, so rapidly that the capillary

Po, falls almost to equal the 40 mm Hg pressure

in the interstitium. Therefore, thrPoT^neJiTQod

entering the veins from the tissue capillaxies is

also about 40 mm Hg.
Effect of Rate of Blood Flow on Interstitial fluid

Po,. If the blood flow through a particular tissue be-

comes increased, greater quantities of oxygen are trans-

ported into the tissue in a given period of time, and the

tissue Po, becomes correspondingly increased. This ef-

fect IS illustrated in Figure 41-4. Note that an increase

in flow to 400 per cent of normal increases the Po, from

40 mm Hg at Point A in the figure to 66 nwn Hg at

Point B. However, the upper limit to which the Po, can

n^ure 4 1-3. DIfftislon of «wygen from a tissue Ciplllaiy to the

ceils
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Hgure 41-4. £f(ect of blood flow and rate of oxygen con-

sumption on tissue PO]

rise, even with maximal blood How, is 95 mm Hg,
because this is the oxygen pressure in the arterial blood.

Effect of Rate of Tissue Metabolism on Interstitial

Fluid POj. If the cells utilize more oxygen for metabo-
lism than normally, this tends to reduce the interstitial

fluid Po,. Figure 41-4 also illustrates this effect, show-
ing reduced interstitial fluid POt when the oxygen con-

sumption is increased, and increased Po, when the
consumption is decreased

Effect of Hemoglobin Concentration on Intersti-

tial Fluid POj. Because approximately 97 per cent of
the oxygen transported iti the blood is earned by hemo-
globin, a decrease in hemoglobin concentration has the
same effect on inte^itial fluid Po, as a decrease in

blood flow, l^us, reducing the hemoglobin concentration

to one quarter normal while.maintaining normal blood
flow reduces the interstitial fluid Po^ to the same level

as point C in Figure 41-^that is, to about 1 3 mm Hg.

In summary, tissue Po« is determined by a balance
between (a) the rate of oxygen transport to the tissues

m the blood and (b) the rate at which the oxygen is

utilized by the tissues.

DIFFUSION OF OXYCEN FROM THE
CAPILLAIUES TO THE CELLS

Since oxygen is always being used by the cells,

the intracellular POj remains lower than the in-

terstitial fluid P02 that immediately surrounds the

capillaries. Also, in many instances, there is con-

siderable distance between the capillaries and the
cells. Therefore, the normal intracellular Po,
ranges from as low as 5 mm Hg to as high as 40
mm Hg, averaging (by direct measurement in
lower animals) 23 mm Hg. Since only 3 mm Hg of
oxygen pressure is normally required for full sup-
port of the metabolic processes of the cell, one can
see that even this low cellular Po^, 23 mm Hg, is

more than adequate and actually provides a con-

siderable safety factor.

DIFFUSION OF CARBON DIOXIDE FROM
THE CELLS TO THE TISSUE CAPILLARIES,
AND FROM THE PULMONARY CAPILLARIES
TOTHEALVEOU

When oxygen is used by the cells, most of it

becomes carbon dioxide, and this increases the

figure 41-S. Uptake of carbon dioxide by the blood In the

capiUades

intracellular PcOj. Therefore, carbon dioxide dif-

fuses from the cell.s into thfl tissue capillaries and
is then carried by the blood to the lun^s. where it

diffu^ from the pulmonary capillaries into the

alveoli. Thus, at each point in the gas ^ansport

chain, carbon dioxide diiTuses in exactly the oppo-

site direction to the dlifusion oFoxygen. Vet, there

is one major difference between the diflusion of

carbon dioxide and that of oxygen: carbon dioxide

diffuses about 20 tunes as rapidly as oxygen.

Therefore, the pressure differences that cause car-

bon dioxide diffusion are, in each instance, far less

than the pressure differences required to cause

oxygen diffusion. These pressures are the follow-

ing-

(1) Intracpilular Pro,. abQuj^46 mmHe: inter-

stitial PCO}, about 45 mra Hg; thus, there is only

a 1 m'flTHg pressure diflerential, as illustrated in

Figxu-e 41-^.

(2) PcOa of the arterial blood enteringJhe. tis-

sues, 40 mm Hg; PCO2 of the venous blog^eaving
the tissues, abou t 45 mm Hg- thus, as also illus-

trated in Figure 41-5, the tissue capillary bl&od

comes almost exactly to equilibrium with the in-

terstitial PcOj, also 45 mm Hg .

(3) PcOz of the veMus blo^ entering the pul-

monary capillaries, 45 mm He: PcOt ofthe alveolar

air, 40 itmi-Hg; thus, onlv^ 5 mm He pressure
difference causes all the required carbon dioxide

diffusion out of the pulmonary capillaries^to the
alveoli. Furthermore, as illustrated in Figure 41-

6, the PCO2 of the pulmonary capillary blood falls

MBhom *nd Pulley. Blophys. a337. 1 96a)
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Rgure 41-7. Effect of Hood flow «>d meMbollei^le on tissue

Pco,

almost exactly to equal the alveolar PcOj of 40
mm llg before it has passed more than about or®
third the distance through the capillaries. This is

the same effect that was observed earlier for oxy-

gen diffusion as well

Effect of TY-ssue MctnbolisnLattd Blood Flow
on //iterstiEin/ t^co-i ‘t issue Mpiiiary bi^ now
and ^uS-TiitnabSliam aRect the Pco, exactly

opposite to the way that they affect tissue Po,.

Figure 41-7 shows these effecta, as follows: -

(1) A decrease in blood flow from normal, point

A. to one quarter normal, point D, increases the

tissue Pco, from the normal value of 45 mm Hg
up to4he elevated lovcl of 60 mm Hg Conversely,

increasing the blood flow to six times normal, point

C, decreases the PcO, from the normal value of 45
mm Ilg to 41 mm Hg, almost down to a level equal
to the Pco, in the arterial blood, 40 mm Ug,
entering the tissue capillaries

(2) Note also that a tenfold increase in metabolic
rate greatly elevates the Pco, ot all levels of blood
flow, whereas decreasing the metabolism to one

quarter normal causes the interstitial fluid Pco,

to fall to about 41 mm Hg, closely approachinj

that of the arterial blood, 40 mm Hg.

TRANSPORT OF OXYGEN IN THE BLOOD

Normally, about 97 per cent ofthe oxygen tran&

ported from the lungs to the tissues is carried in

chemical combination with hemoglobin in the ret

blood cells, and the remaining 3 per cent is carriet

in the dissolved state in the water of the plasms

and cells. Thus, under normal conditions oxyget

is carried to the tissues almost entirely bv heme
globin.

mt RlVCRStBLL COMBINATION Of
OXYGEN WITH HEMOGLOBIN

The chemistry of hemoglobin was presented ir

Choptcr 4, where it was pointed out that thi

oxygen molecule combines loosely and reversibi)

with the heme portion of the hemoglobin. Wh«
the Po, is high, as in the pulmonary capillaries

oxygen binds with the hemoglobin, but when th«

POj is low, as in the tissue capillaries, oxygen ii

relea.sed from the hemoglobin This is the basis foi

oxygen transport from the lungs to the tissues.

The O.xygen-Hemoglobin Dissociallor

Curve. Figure 41-8 illustrates the oxygen-heme
globin dissociation curve, which shows a progres

aive increase in the per cent of the hemoglobir

that IS bound with oxygen as the Po< increases

which is called the per cent saturation orthe hemo
globin. Since the blood in the arteries usually hai

a Po, of about 9^mm Hg, one can see from lh<

dissociation curve'That the Vsual oxygen saturatiot

ofarterial blood is about 97 per cent. On the othei

hand, in normal venous blSwTfCfUrning from th(

tissues the Po, is about 40 mm Hg and the satU'

ration of the hemoglobin is about 75 per cent.

Maximum Amount of Oxygen 'i'nat Con
Combine with the HemoglobirTof the Blood.

flgBre 4 l-a. me oxygen hemoglobin OisioelJtlon <urve
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•'The blood of a normal person contains approxi-

‘^mately 15 grams of hemoglobin in each 100 ml of

blood, and each-gram of hemoglobin can bind with

a maximum q£ about 1.34 ml of oxygen (1.39 ml
when the hemoglobin is chemically pure, but this

^ is reduced about 4 per cent by impurities such as

methemo^lobin). Therefore, on the average, the
• hemoglobin in 100 ml of blood can combine'with a
• total of almost exactly 20 ml of oxygeh when the

hemoglobin is 100 per cent saturated. 'ITiis is

usually expressed as 20 volumes per cent. The
i oxygen-hemoglobin dissociation ciirve tor the nor-

I mal person, therefore, can al^ be expressed in

! terms of volume per cent of oxygen, as shown by
the right-most scale in Figure 41-8, as well as in

per cent saturation of hemoglobin.
Amount ofOxygen Released from the Heroo*

globin in the Tissues. The total quantity of oxy-

gen bound with hemoglobin in normal arterial

blood, which is 97 pgr cent saturated, is approxi-

mately 19-4 ml per 100 ml of blood.’ This is lllus-

i trated in Figure 41-9. However, on passing
through the tissue capillaries, this amount is re-

duced, on the average, to 14.4 ml (POt of 40 mm
Hg, 75 per cent saturated)! Thus, under normal
conditions about 5 ml of oxygen is transported to

the tissues by eachJQflmLsCMaod.
Transport of Oxygen During Strenuous Ex«

ercise. In heavy exercise thci muscle cells utilize

oxygen at a rapid rate, which causes ^e intersti-

• tial fluid POa to fall to as Icfw-as 15 'mm Hg. At
this pressure only 4.4 ml ofoxygen remains bound
with the hemoglobin in eacnluu mi oi Broo^

,
as

also shown in Figure 41-9. ThusT9^ 4.4. or 15

ml, IS the quantity of oxygen then transported by
each 100 ml of blood. Thus, three times as much
oxygen is transported in each volume of blood that

passes through the tissues as normally. And when
one remembers that the cardiac output can also

increase to six to seven thnes normal itr'well-

trained marathon runners, multiplying these two
^ves a 20-fold increase m oxygen transport to the

tissues: this is about the limit that can be achieved.

The Utilization Coefficient, The percentage of

the blood that gives up its oxygen as it passes

njure 41-9. Effect of blood Po, on the qoAficity of w^gen
bound with hemoglobin In each 100 ml of blood

thrntifrh the tissue capillaries is called the utiliza-

tion coe/7icfent."The normal value lor thT^ is ap-

oroximatelv 25 tier cent, as was evident from the

preceding discussion. However, during strenuous
exercise the utilization coefficient can increase to

as much as 75 to 85 per cent And, in local Ussue
areas where the blood flow is very slow or the

metabolic rate very high,, utilization coefficients

approaching 100 per cent havp Tippn-rprnrdpfi

—

that is. essentially all the oxygen is removed.

TH£ TISSUE OXYGEN BUFFER
FUNCTION OF HEMOGLOBIN

Though hemoglobin is necessary for transport of

oxygen to the tissues, it performs still another
major function essenti^ to life. This is its function

as a “tissue oxygen buffer” system. That is, the

hemoglobin in the blood is mainly responsible for

controlling the oxygen pressure in the tissues. This
can be explained as follows:

Role of Hemofylobin in Maintaining Con-

^nt PoTin the Tissues. Under basal conditions

the tissues require about 5 ml of oxygen from each
100 ml of blood passing through the tissue capil-

laries. Referring back to the oxygen-hemogbbm
dissociation curve in Figure 41-9, one can see that

for the 5 ml ofoxygen to be released, the POj must
fall to about 40 mm H g. Therefore, the tissue POj
normally cannot rise above this 40 nun Hg javel,

for if such should occur, the oxygen needed Sy the

tissues could not be r^eased from the hemoglobin.
In this way, the hernoglobin normally 'sete an
upper limit on the gaseous pressi^e in the tSsues

at approximately AOr^ Hg.
On the other hamCiu heavy exercise extra large

amounts of oxygen must be delivered from the
hemoglobin to the tissues. But this can be achieved

with very little further decrease in tissue POj
because of the steep slope of the dissociation

curve—that is, a small fall in POj causes extreme
amounts of oxygen to be released. Therefore, the

POj only rarely falls below 20 mm Hg.

It can be seen, then, that the hemoglobin in the
blood automatically delivers oxygen to the tissues

at a pressure between approximately 20 and 40
mm Hg. This seems to be a wide range of Po^s in

thelnterstitial fluid, buf, when one considers how
much the interstitial fluid POg might possibly

change during exercise and other types of stress,

this range of 20 to 40 mm Hg is relatively narrow.
Value of Hemoglobin for Maintaining Con-

stant Tissue POj When Atmospheric Oxygen
Concentration Changes Markedly. The normal
POj in the alveoli is approximately. 104"TrmrTrg.

airplane, the Po* can easily fall to less than half
this. Or, when one enters»areas ofcompressed air,

such as deep below the sea or in pressuriz^ cham-
bers, the POj may rise to ten times this level. Yet,
even so, the tissue POj changes very little. Let us
explain this.
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It will be seen from the oxygen-hemoglobin dis-

sodatioQ cuTN'e in Figure 41—8 that when the

alveolar POz is decreased to as low as SOtnin Hg
the arterial hemoglobin is still 89 per cenF aatu*

rafed. only y per ftiilUeltiw lUeTidnaSl iUtturulion

of 97 per rent. Furthermore, the tissues still re-

move approximately Cy ml of oxygen from each 100

ml of blood passing through the tissues; to remove

lhi< OX) gen, the POj of the venous blood falls to 35

mm Hg, only 5 mm below the normal value- Thus,

the tissue PO/ hardly changes despite the marhed
fall m alveolar Po^ from lO-t.t? 60 mm Hg.

On the other hand, when the alveolar Po^ rises

far above the normal value of 104 mm Hg, the

maximum oxygen saturation of hemoglobin can

never rise above 100 per cent Therefore, even

though the oxygen in the alveoli should rise to a

partial pressure of 500 mm Hg. or even more, the

saturation of hemoglobin would increase only 3

per cent because, even at 104 mm Hg Po^. 97 per

cent of the hemoglobin is already combined with

oxygen; and only a small amount of additional

oxygen dissolves in the fluid of the blood, as will

he discussed subsequently. Then, when the blood

passes through the tissue capillaries, it still loses

several milliliters of oxygen to the tissues, and
tins loss automatically reduces the POj of the

capillary blood to a value only a few millimeters

greater than the normal 40 mm Hg.
Consequently, the level of alveolar oxygen may

vary greatly—from 60 to more than 500 mm Hg
Po^—and still the Po, tn the tissue does not vary

more than a few mlllimetefs from normal, illus-

trating beautifully the tissue oxygen buRer func-

tion of the blood hemoglobin.

swrr OF THl OXYCm HFMOClOBtS
DlSSOaATlON CURVE AND FTS

SICNtrtCANCE

The oxygen-hemoglobin dissociation curves of Figures
4!-8 and 41-9 are those for normal average bloods

However, a number of different factors can displace the

dissociation curve in one direction or Iho other in the

manner illustrated in Figure 41-10 This figure show*
that when the blood become* slightly ocidic, with the

pH decreasing from the normal value of 7 4-to 7 2. the

OTygen-hcnlot'rr'bin fliaaociution curve aniR" on the av-

erage jtiout li? per ct lit to tne ngtiL un the other Hand,

an incTVMe in ttwj pll to I ^shilts the curve a similar

omount to the left.

In oddition to pH changes, several other fartora ore
bI.so known to shift the curve Three of these, all of
which shift the curve to the right, are tf ) tpc^a«ed
carbon dm\dc concentratron. (21 intTeased'btobd tem-
perature, and ilij increased Z^-dq^lioaphuglyi^rdiv, a
phosphate compound n^iaiiy prt-.t'nrTfrtfll' blood but
,in difrenng coneentratJons under diflercnt condittona.

Another condition that shifts the dis-Sochition curve to

,
^

le left w the presence m the blood of targe quantitiesW fftal h rmoflli^tn , a type of hemoglobin normally
prcscnrtn'tKcTeiu* before birth and which i* difTcrent

from the normal hemi^lobin called adult ^emog/oftin.

Shift of the curve to the left when fetal hemogl^in is

Hsuie 41-10. Snift of the oi^gen-hemoglobln dIssocMon

curve to the rtjhtby IncteAses tn { I \ hydrojen Ions,

temperAnjre. or (4) DPC

present is important for oxygen delivery to the fetal

tissues under the hypoxic conditions in which the fetuj

exists This will be disaissed further In Chapter 82
Importance of the Effect of Carbon Dioxide and'

Hydrogen Ions in Shifting the Oxygen-Hemoglobin
Dissociation Curve—the Dohr Effect. Shift of the

oxygen-hemoglobin dissruciaiion cu'rve by changes in the

blood CO, and hydrogen ions is important to enhance

M.vgenauon of the blood in the lungs and also to enhance
release of oxygen from Jlie blood in the tissues. This is

called-theilohrr^cf. and u can be explained as follow

As the blood passes through the lungs, carbon dioxide

difluses from the blood into the alveoli. This reduces the

blood PcOj and also decreases the Ky3rogen Ion concen-

tration because of the resulting decreasejnbloodcs^
b^nic nt>d. Both these efforts shift the oxygen-ftemogio-

big dissociation curve to th» left-wnd Therefore,

the {(uaiiiil^of oxygen that bincTTwith the hemoglobin
at any given 'alveofar Po, becomes considerably in-

crea«:ed. thus allowing greater oxygen transport to the

tissues .Then when the blood reaches the tissue capil-

laries. exactly the opposite effect occurs Carbon dioxide

catering the blood from the tissues shifts the curve

rightward, which displaces oxygen from the hemoglobin
and therefore delivers oxygen to the tissues at a higher

Po, than would otherwise occur.

Effect of 2,3-Diphosphoglycerate (DPG). The nor-

mal PPG m the blood keeps the oxygen-hemoglobin

dissociationv^curve shifted slightly to the right all the

time In addition, in hy^ioxic conditions that last longer

than ^fewl hours, the quantity of DPG in the blood

mcre^^s considerabSy, thus shifting the oxygen-heifto-

globm dissociation curve even farther to the right This

cause* oxygen to be released to the tissues at ns much
as 20 mm lig higher oxygen pressure than would be the

case without this increased DPG Therefore, it has been

taught fur the past few years that this might be an

important mechanism for adaptation to hypoxia How-
ever. the presence of the excess DPG olso makes it

diflicuit for Iho hemoglobin to combine with oxygen m
the lungs when the alveolar Po, is reduced, thereby

often creating as much harm as good. Therefore, it is

questionable whether the DPO shift of the dissociation

curve IS ni beneficial in hypoxia os had been believed.

Shift of the Dissoclnllon Curve During Exercise.

In exercise, several factors shift the dissociation curve
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considerably to the right The exercising muscles release

large quantities of carbon dioxide and this, plus acids

released by the exercising muscle, increases the hy’dro*

gen ion concentration in the muscle capillary blood. In

addition, the temperature of the muscle often rises as

much as 3 to 4 degrees, jind, fmaliy, phosphate com-
pounds are also released. All these factors acting to-

gether shift the oxygen-hemogfobm 'dissociation cur%*e

of (he muscle capillary blood considerably to the right
'^crefore, oxygen can sometimes bc'releascd Co the

muscle at Po^ as great as 40* mm Hg (the normal
resting value) even though as much as 75 to 85 per cent

of the oxygen is removed from the hemoglobin Then, in

the lungs, the shift occurs in the opposite direction, thus
alloising pickup of extra amounts of oxygen from the
aheoli.

METABOUC USE OF OXYGEN BY THE

Relationship Between Intracellular Po^ and
Rate of Oxygen Usage. Only a minute level of
oxygen pressure is required in the cells for normal
intracelluTar chemmal reactions to take place. The
reason for~thia that the respirat^ enxyme
systems of the cell, which will be discussed in

Chapter 67, are geared so that when the cellular

POj la more than 1 3 mm He. oxygen avaiJabihty
is no longer a limiting factor in the rates of the
chemical reactions. Instead, the main limiting fac-

tor then is the concentrclion of adenosine dtphos-
phate (ADP) in the cells, as was explained in

Chapter 3, This effect is illustrated in Figure 41-
11, which shows the relationship between intra-

cellular 1^2 and rate of oxygen usage. Note that

whenever the intracellular Po, is above a^ut 3—
mm Hg the rate' of oxygen usage becomes coifscant
for any^ven concentrptTon ol'^liP In the cell. On
the other hand, when the AOP concentration is

altered, the rate of oxygen usage changes in pro-

portion to the change in ADP concentration.

Figure 41—11. Effect of Intracellular TOj on rate erf oxyger*

usage by ihe cells. Note that Increasing the Intracellular concen-
tration of adenosine diphosphate (ADP) Inaeases the rale of
oxygen usage.

It will be recalled from the discussion in Chapter
3 that when adenosine triphosphate (ATP) is uti-

lized in the cells to provide energy, it is converted
into ADP. The increasing concentration of ADP,
in turn, increas^tKe metabolic usage of both
oxygen and the vanous nutrients that combine
with the oxygen to release energy. This energy is

used to reform the ATP. Therefore, under normal
operating conditions the rate of oxygen utilization

by the cells is controlled ultimately hy the rate of
energy expenditure within the cells

—

that is, by the

rate at which ADP is formed from ATP^ Only in

very hypoxic sfates“3oesTHe availability ofoxygen
be^me a limiting condition.

iLffcct of Uiliusion Distance from the Capil-
lary to the Cell on Oxygen Utilization. Cells

are rarely more than 50 microns away from a
capillary, and oxygen normally can diffuse readily

enough from the capillary to the cell to supply all

the required amounts of oxygen for metabolism.
However, occasionally cells are located farther

than this from the capillaries, and the rate of

oxygen diffusion to these cells is so low that the

intracellular POj falls then below the critical level

of 1 to 3 mm Hg required to maintain maximum
intracellular metabolism. Thus, under these con-

ditions, oxygen utilizaTTon by the cells is said to

be diffusion limited and is no longer determined
by the amount of ADP formed m the cells.

Effect of Blood Flow on Metahnlie Use of
Oxygen. The total amount of oxygen available

each minute for use in any given tissue is deter-

mined by (1) the quantity of oxygen transported

in each 100 ml of blood and (2) the rate of blood

flow^ If the rate of blood Bow falls, to zero, the

amount of available oxygen obviously also falls to

zero. Thus, there are times when the rate of blood

flow through a tissue can be so low that the tissue

POj falls below the critical 1 to 3 mm Hg required

for maximal intracellular metabolism. Under
these conditions, the rate of tissue utilization of

oxygen is blood flow limited. However, neither

diffusion-hmit^ nor oiood flow-limited usage of

oxygen can continue for long, because the cells

then often receive less oxygen than is required for

continuation of the life of the cells themselves.

TRANSPORT OF OXYGEN
IN THE DISSOLVED STATE

At the normal artenal Po, of 95 mm Hg, approxi-

mately'029mlofo3^genj8_dissolvedinevery. 100 ml
of water^n Uie blood i tien when the Po^ of the blood

falls to 40 nun Hg in the tissue capillaries, only 0.12 ml
of oxygen remains dissolved. In other words, 0 17~mL of

oxygen is normally transported in the dissolved stateTo

the tissues by eacn luu mi ot oiood waieri This compares
with about 5.0 ml transported by the hemoglobin. Ihere-
fore, the amount ofoxygen transported to the tissues in

the dissolved state is normally slight, only about 3 per
cent of the total as compared wiA 97 per cent trans-
ported by the hemoglobin. During strenuous exercise
when transport increases another threefold, the relative
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quantity then transported in the dissolved state falls to

as little as 1 5 per cent. Yet, if a person breathes oxygen

at very high alveolar Pq,s. the amount then transported

in the dissolved statt can become tremendous, so much
so that'serious excesses of oxygen occur m the tissues

and "oxygon poisoning” ensues This often leads to

convulsions and even deaths as will be discussed in

detail in Chapter 45 in relation to high pressure breath-

ing

COMBINATION OF HEMOGLOBIN
WITH CARBON MONOXIDE

Carbon monoxide combines with hemoglobin at the

same point on the hemoglobin molecule as does oxygen

Furthermore, it binds with about 230 times as much
tenacity as oxygen, which is illustrated by the carbon

monoxide-hemoglobin dissociation curve tn Figure 41-

12 This curve vs almost identical with the oxygen-

hemoglobin dissociation curve, except that the pressures

of the carbon monoxide shown on the abscissa arc at a

level Y330 of those m the oxygen-hcmoglobm dissociation

curve of Figure 41-8 Therefore, a carbon monoxide
pressure of only 0 4 mm Hg in the nlveoli, V»j> that of

the alveolar oxygen, allows ihe caroon monoxide to

compete equally with the oxygen for combination witfi

the hemoglobin and causes half the hemoglobin m the

blood to become bound with carbon monoxide instead of

with oxygen A carbon monoxide pressure of 0? mtn llg

(a concentration of about 0 1 per cent in the air) can
lethal

A patient severely poisoned with carbon monoxide can
be advantageously treated by administering pure oxy-
gen, for oxygen at high alveolar pressures displaces

carbon monoxide from its combination with hemoglobin
far more rapidly than can oxygen at the low pressure of
atmospheric oxygen
The patient can also be benedted by simultaneous

administration of a few per cent carbon dioxide because
this strongly stimulates the respiratory center, as is

discussed tn the following chapter This increases alveo-

lar ventilation and reduces the alveolar carbon monox-
ide concentration, which allows increased carbon mon-
oxide release from the blood

With intensive oxygen and carbon dioxide therapy,

carbon monoxide can be removed from the blood 10 to

20 times as rapidly as without therapy

njuTc 41-11. The eartson monoxlde-hemoglctoln Ulssoctollwi

CaoiOory

fisure 41-13. Tfsospoft of carbon dioxide In ihe blood

TRANSPORT OF CARBON
DIOXIDE IN THE BLOOD

Transport of carbon dioxide by the blood is not

nearly so great a problem as transport of oxygen,

because even in the most abnormal conditions

carbon dioxide can usually be transported in far

grealci quantities than can oxygen. Ilowever,
amount of carbon dioxide m the blood docs hate

much to do with acid-base balance of the body

fluids, which was discussed in Chapter 37-

Under normal resting conditions an average of

4 ml of carbon dioxide is transported from tAe

tissues to Ihe tunes in each 100 ml of blood.

CHEMICAL fORMS IN WHICH CARBON
DIOXIDE IS TRANSrORJlD

To begin the process ofcarbon dioxide transport,

carbon dioxide diffuses out of the tissue cells m
the gaseous form Ibut not to any significant extent

in the bicarbonate form because the cell membrane
IS almost impermeaTile to bicarbonate ions) On
entering the capillary,*the carbon dfoxide initiates

a hast of almost instantaneous physical and chem-

ical reactions, illustrated m Figure 41-13, that

are essential for CO, transport.
Transport of Carbon Dioxide in the Dis-

solved State. A small portion ofthe carbon dioxide

is transported in the dissolved state to the lungs

It will be recalled that the Pco, of venous blood is

45 mm Hf.arld thfit of arterial blood is 40 mm Hg
The amoufit ofcarbon dioxide dissolved in the fluid

of the blood at 45 rom Hg is about 2.7 ml per dl

(2.7 volumes per cent). The amount dissolved ai

40 mm Hg is about 2 4 ml, or a difTerence of 0.3

ml. Therefore, only about U ^ ml of carbon dioxide

is transported in the fnrrn nf~diasnlved car^a
dioxide by each deciliter of blood. This is about 7

per cent of all the carbon dioxide transported.
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1

Transport ofCarbon Dioxide in the Form of
Bicarbonate Ion. Reaction of Carbon Dioxide
with Water in’tfie Red Blood Cells—Effect of
Carbonic Anbydrase. The dissolved carbon diox-

ide in the blood reacts with water to form carbonic

acid. However, this reaction would occur much too

slowly to be of importance were it nnt for the fact

that inside the rpd hlno rf mils; An7ymP_c.>>»Pft

carbonic QnbWrase catalyzes the reaction between
carbon dioxide and N^ter, accelerating its rate

about SOOO-foId. Therefore, instead of requiring
many seconds or minutes to occur, as is true in

the plasma, the reaction occurs so rapidly iri the
red blood cells that it reaches almost complete
equilibriunf^within a small fraction of a second
This allows tremendous amounts of carbon dioxide

to react with the red cell water even before the

blood leaves the tissue capillaries.
*

Dissociation of the Carbonic Acid into fii-

carbonate and Hydrogen Ions. In another small

fraction of a second the carbonic acid formed in

the red cells dissociates into h\droprn nnd hi^nr.

bonate ions. Most of the hydrogen inns then com-
bine with the hemoglobin in the red blood cells

because hemoglobin is a powerful acid-base buffer.

In turn, many oMhe bicarbonate ions diffuse into

the plasma while' chloride ions diffuse into the red
cells to take ineir place, t his is ma3e~DQssib!c by
the presence of a special bicarbonate-chloride car-
Tier protein in tlTe red ceii memnr.ine mat snutiles

these two ions in opposite directions at rapid ve-
locities. Thus, th5~<ihlQride~cbnient ot venous red
blood cells Ts grater than that ff| firtpnni cAtk a
phenomenon ctnled the cbMnde shift

The reversible coqjbination of carbon dioxide
with water in the red blood cells under the influ-

ence of carbonic anhydrase probably accounts for

at least 70 per cent of all the carbon dioxide
transported from the tissues to the lungs, 'thus,

this means of transporting carborrdioxide ishy far

the most important of all the methods for trans-

port. Indeed, whenra"carbomc'anhydrase inhibitor
(aceta7nlamitjt>i ic; ndministvid to an animal _to

block the action of carbonic anhydrase m the red
blood cells, carbon dioxide transport from the tis-

sues becomes very poor—so poor that the tissue

PcOj can be made to rise to as hiel^as 80 mm He
instead of the normal 45 mm Hg.
Transport of Carbon Dioxide in Combina-

tion with Hemoglobin and Plasma Proteins

—

Carbaminohemoglobin. In addition to reacting
with water, carbon dioxide also reacts directly with
hemoglobin to form the compounH carbamino-
hemoglobin (Hgb-COj). This cbmbmation ot carbon
dioxide with the hemoglobin is a reversible reac-

tion that occurs with a^verv loo^ bond, so that the
carbon dioxide is easily released into the atvwH
where the Pco, is lower than in the tissue capil-
laries. A small .amount of carbon dioxide also

reacts in this .same wav with the pinsma proteins,

but this is much less significant because the quan-

tity of these proteins is only one fourth as great
as the quantity of hemoglobin.
The theoretical quantity'of carbon dioxide that

can be carried from the tissues to the lungs in

combm^tion with hemoglobin and nlasm^ proteins
is approximately 30 per cent of the total quantity
transported—that is. about~I.5 ml of carbon diox-
ide in each decil iter nt hlnnH Hnwovor Thtc

tion is much slower than the reaction of carbon
dioxide with water inside- the red blood cells.

Therefore, it is doubtful that this mechanism pro-

vides transport of more than r5~fo~25 ^r^eA of
the total quantity of carbon dioxide.

THl CARBOS DIOXIDE DISSOCIATION CURVE

It is apparent that carbon dioxide can exist in

the blood in many different forms: (1) as free

carbon dioxide, and (2) in chemical combinations
with water, hemoglobin, and plasma protein . The
total quantity of carbon dioxide combined with the
blood_in~all these lorms depends on the Pco,. The
curve shown m Figure 41-14 depicts this depend-
ence of total bfood CO* in all its forms on PcOji
this curve is called the carbon dioxide dissociation

curve '

Note that the normal blood PcOj ranges between
the limits of 40 mm Hg in arterial blood and 45
mm Hg in venous blood, which is a very narrow
range. Note also-that the normal concentration of
carbon dioxide in the blood is about 50 volumefl

per cent but that only 4 volumes per c^ of this

is actually exchanged during normal transport of
carbon dioxide from the tissues the lujiggrihat
is, the concentration rises to about oa voTumes per
cent as the blood passes through the'tissues, and
falls to about 48 volumes per cent as it pas'ses

through the lungSr

EFfECT OF THE OXYCEN-HEMOCLOBIN
REACTION ON CARBON DIOXIDE
TBaKCPnaT—THF HAtPANF fFtfCT

Earlier in the chapter it was pointed out that an
increase in carbon dioxide in the blood will cause oxygen

risure 41-14. The CArbon dioxkfe dissociation curve
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to be displaced from the hemoglobin and that this is an
important factor in promoting oxygen transport The
reverb is also tnie binding oi oxygen wiinlienioglobin

this elTect. ^licd the Haldane e/tect, la quantitatively

far more important in promoting wrbon dioxide trans*

port than is the effect in promoting oxygen trans-

port

The Haldane effect results from the simple fact that

combination of oxygen with hemoglobin causes the
hemoglobin to_^come a sTronger acid This in turn

displace carbon dioxide from the blood in two ways, (tt

Thema^ hipKlv acidic hemoglobin has less tendency to

combine with carbon dioxide to form carbaminohemo-
globin, thus displacing much of the carbon dioxide that

15 present~in this form in the blood. (2) The increased

acidity of hemoglobin causes it to release an excess

of hydrogen ions , and these in turn bind with bicarbo-

ions to form ca^nic acid, tnen this dissociates

into water ana carbon fiioxide, and the carbon dioxide

is rel^sed iroq the bloodlnto the alveoli, ifius, in the

presendriirTOyECTi7*liractrivaaTSfBoh dioxide can bind

with the blood; and convei^oly, in the absence ofoxygen,

considerably more carbon dioxide can bind

'TRer£{6rb, iii lli^ tissue’ (.apillaries the Haldane effect

causes increased pickup of carbon dioxide because of

oxygen removal from the hemoglobin
,
and m the lungs

It causes increased relensiii ot~cart)on~dioxide because of

oxygen pickup by^the^'w^lobi n
^

eance of the Haldane effect on the transport of carbon

dioxide from the tissues to the lungs This figure sh^s
small portions of two separate carbofi dioxide^dUj|nl>

tion curves, the solid curve when the Po, is 100 nfm Hg,
which IS the case m the lungs, and the dashed cune
when the Po, is 40 mm Hg, which li" the case in the

tissue capillaries Point A dn the dashed curve shows
that ifieTToVmahfco, of 45 mm Hg in the tissues causes

62 volumes per cent of £flfij6n~aroxidg ui combine with

the blood. On entering the lungs the”rco, falls to 40
ram Hg while the Po, rises to 100 mm Hg If the carbon

dioxide dissociation curve diu not Sift because of the

Haldane effect, the carbon dioxide content of the blood

would fall only to 50 volumes per cent, which w'ould be

a loss of only 2 volumes per cent of carbon dioxide

However, the increase in Po, in the lungs decreases the

carbon dioxide dissociation curve from the dashed curve

to the solid curve of the figure, so that the carbon dioxide

content .falls to 48 voluiffes per cent (point B) This

represents an additional 2 volumes per cent loss ol

caiiion dioxide. Thus, the Haldane effect approximatelj

doubles the amount of carbon dioxide released from tlie

blood in the lungs and approximately doubles the picku;:

of PCO, in the tissues.

CHANCt iN BLOOD AODITY DUIUNC
CARBON DIOXIDE TRANSPORT

The carbonic acid formed when carbon dioxide enten
the blood in the tissues decreases the blood nH. Fortu-

nately, though, the reaction of this acid with the buffen

of the blood prevents the hydrogen ion ronpentratinn

from nsing greatly Ordinarily, arterial blood has a pH
of approximately 7 41

,
and. tbo Mnnd acquires carbon

dioxide in the tissue genillartes. the pH falla to approx-

imatelv 7.37 In other words, a pH change of 0 04 unit

takes place. The reve^ occurs when carfjoh dioxide is

released from the blood in the lungs, th?pH rising to

the artenal value ony again7In exercise, or in other

conditions oniigh metabohe activity, or when the blocd

flow through the tijwnpa ts.aiuirfii.h, thq d^ease in pH
in the tissue blood land m the tissues themselves) can
be as much as 0 60. or on occasion even more than this,

thus causingTissue acidosis
“ ~

THE RESPIRATORY
EXCHANGE RATIO

The discerning student will have noted that normal
transport of oxygen from the lungs lo the tissues by

each deciliter of blood is about 5 ml, while normal

transport of carbon dioxide from the tissues to the lungs

1$ about 4 ml Thus, under normal resting conditions

only about 80 per cent as much carbon dioxide is expired

from the lungs as there is oxygen uptake by the lungs

The ratio of carbon dioxide output to oxygen uptake is

called the respiratory exchange raho (R) That i s,

jj ^
Rate of carbon dioxide outpuK

^
Rate ofoxygen uptake

The value for R changes under different metabolic

conditions. When a person is utilizing entirely carbo-

hydrates for body metabolism, R rises to 1.00 On the

other hand, when the person is utilizing fats almost
entirely for metabolic energy, the level falls to as low
as 0 7. The reason for this difference is that when oxygen
is metabolized with carbohydrates one molecule of car-

bon dioxide is formed for each molecule of oxygen con-

sumed, while when oxygen reactswith fats a large share

of the oxygen combines with hydrogen atoms from the

fats to form water instead of carbon dioxide In other

words, the respiratory quotient of Dk chemical reactions

in the tissues when fats are metabolized is about 0.70
instead of 1 00 which is the case when carbohydrates
are being utilized The tissue respiratory quotient will

be discussed m Chapter 71.

For a person on a normal diet consuming average
amounts of carbohydrates, fats, and proteins, the aver-

age value for R is considei^ to be 0 825
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Regulation of
Respiration

The nervous systein adjusts the rate of olveol..-
veyilation almosrajaij^tiiJhejiiiiiai^tUie
Doa^oJli!rtaheJiloq^iQ.gen_pre|surc (Po,l and
carbon dioxide pressure IPco,l are h^lv
evenTluinin sirenuous exercise or’eTher rvTv«. of
respiratory stress.

~

The present chapter describes the operation of

lion
""'"’SS^'^'B-id'-ccsnlation of rcspira-

THE RESPIRATORY CENTER

le.dJiv
comnnsod of

if .Isatedtrfol-
craflv in the medulla eblon [..t. end p. i)

traletl ,n I'lgureU^. Jl"ls divida-iiltothree
rny_r coiiecS ûrons.

teUCTP.. located in thg dorsal portion of th.
medulla, vrhicTi mainly causes msmrSiinn loi ,

JS’g'og dconp. TBSgaTirife ventrola-
terbl pafnif the medutta. which con reuse either
expiration or inspiration depending upon whichneurons m-tmrBroup are stimulated, and (3) the

noSS^ir^’ " thesuperior
pormn of Ihe pgiTs, which helpsTbiitfSTS^ the
ffleahdjilnnnnib^^iog The do^l respirl

PHEUMOTAXIC CENTER

? APNEU8TIC CENTEir

- RESPIRATOSr
• PATHWAYS

njurt 42-1. OfSAniMtIon of the tesplratoiy center

lory group of neurons plays the fundamental'

r

in the eontrol of respiration. Therefore, let
discuss its function first.

Hie Dnrlaf Resplntoiy Croup of Neurons

in 1 e'vuamy aiso piay important mlm respiratory control. The nucleus of the tracti
fffltarius is also the diintorvTTi 11 1! lUfinii.

n

na
;5j:5i2Lana glossopharnieealViervTt'whl,

SfS^™ l'‘l* ‘ito respiratory ce.

Penpheral chemorecentors. the bar

mSSpratwl™ tl'lTercM types of receptoi

areas hnin^'
sl&Jials from these peripheri

discuss i

^ control of respiration, as we sha

Thl r
'“l>se<|iient sections of this chapter,

nirainnf
'“"Olion of the Dorsal Res
Neurons. Stimulation of Ih

''"'““I '“Piratory group alway

winT. "S''"' “P'calmn- However, i

caused nl*^*^**
f that'nonfial quiet respiration ii

tio„^?il,"'°'‘‘
'"‘"'IY' if not entirely, by rontrac

'"’P’cntoiy musclirThen cipirltion i:

ch^fdTun^'’ ceroilofthedjsronde.

dSi inspiratory Discharges from the

rcSlinr'"™ “r rltytl”” “I

g;^g2S-m.ire°erated in theWit-netpiralorv
01 neurons, liven when all thc^lpheral

uIThr
the meduHa arejiectloned and also

the ff™
Is. transected both above an'd below
‘'"a.Broup of'Seurons still emits

EIrt, Jaitata inspiratory action potentials.

re™in“ m ‘ 1’““®''' the basic cause of thesere^ilive discharges is still unknoivn. In primitive

Sf aatworks have been found in

seennd
^ cct of neurons cxcitcs a^nd act. which in turn inhibits the first. Thenmter a ^nod of time the mechanism repeats itself,

continuing throughout the life of the onimal.
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Pherefore, most respiratory physiologists believe

Jiat some similar network of neurons located

ivithin the medulla, probably involving not only

:he dorsal respiratory group but adjacent areas oP

the medulla as well, is responsible for the basic

rhythm of respiration.

The Inspiratory “Ramp” Signal. The nervous
signal that is transmitted to the inspiratory

cles is not an instantaneous burst of action poten-
tials. Instead, in normal respiration, it begins very
weakly at first and increases steadily_ in a ramp
fashion for about 2 seconds. Then, it abruptly
ceases for approximately the next 3 seconds. theA
begins again for still another cycje, and_again and
again. Thus, the_inspiratory signal is said to l)e a
ramp signal. TheoBvious advantage^oTtHIsTstEat
it causes a steady increase in the volume of the

lungs during inspiration, rather than inspiratory

gasps. .

There are two ways in which the inspiratory
ramp is controlled;

(1) Control of the rate of increase of the ramP
signal, so that during very active respiratim the

ramp increases rapidly and therefore fills the lungs
rapidly as well.

(2) Contrq] of the limiting point at which the
ramp suddemy~i^ses. This is the usual method
for contfdtllhg tRe rate of respiration; that is, the

earlier the ramp ceases the shorter the duration

of inspiration, and for reasons not presently undef*
stood this also shortens the duration of expiration*

Thus, the rate of respiration is increased.

The PneumotAxIc Center—!ts Function In

Limiting the DurAtion of InspIrAtlon and
IncrcAsIng RespIrAtory RAte

The pneumotaxic center, located dorsally in the

nucleus parabrachtalift of the upper
'

pons, IranS*

mits impulses continuously to the inspiratory arcn-
The primary effect of these is to control the

“swit^-ofT point of the inspiratory ramp, thus

controlling the duration otthe iiiting phTLse of the

lung cycle. When the pneumotaxic signals are

strong, inspiration might last for as little as 0.5

second, but when weak, the inspiratory ramP
might continue to rise for perhaps as loi% as 5 to

10 seconds, thus filling the lungs w'itB’ a great
excess of air.

*

Therefore, Jhe function of the pneumotaxic cen-
ter is primarily to limit m«jiixation. However, this

has a secondary effect on the mte of breathing
because limitation of i nspiration also shortens the
entire period of respir.'ition. Thus , a strong pneil-

motaxic signal can increase thy rate of breathing
up to 30 to -lO breaths ppr mi nute. >vhcreas a weak
pneumotaxic signal may reduce only si

UmItAtlon of InspIrAtlon by Luns /nflatfon

SlgnAls—The Herinn-Breuer InflAtlon Reflex

Located in the.walls of the bronchi and bron-
chiples throughout the lungs are stretch receptors

that transmit signals through the vagi into the

dorsal respiratory group ofneurons when the lungs
become overstretched. These signals affecl in.sp i-

ration in much the same'wav as simals from the

pneumotaxic c^ter: that is. they limit the du ra,

tion of inspiratiom Therefore, when the lungs be-

an,ag£ro2riateJeedback_resgonbe_thaL.[^vitches-
ofT* the inspimtop' r.amp and tbps limits further

Jie_rate_of

respiration because of the reduced period oPmsp i-

ration, (he ^me as is true lorTi^als from the

pneumotoxi£ center.

However, in hnmnn hpings, the Henng-Brcuer
reflex probably is not activated until the tidal

t[|5~tlteT^ Therefore, this reflex appears to be
mamiy a protective mechanism for preventing'ex-

cess lung inflation rather than an important in-

gredient in the normal control of ventilation.

The VentrAl RespIrAtory Croup of
Neurons—Its function In Both
InspIrAtlon And LxpIrAtlon

Located about 5 mm anterior and lateral to the
dorsal respirntot'7*i«roup of neurons is still another
group.-*the ventral respiratory croup, that is im-
portant during more active breathin g. These neu-

rons, iike the dorsal respiratory group, also aro
present in^the entire length of the medulla and
are found mainly in the ros-

traiiy ana tne nuueus relroanibiguus caucl.TlIv. The
filnclion of this area diners Irom that'of the dorsal

respiratory group in several important ways:

(1) The neurons of the ventral respiratory group
remain almost totally inactive during normulguiet
respiration, f'urihermore, there is no evidence that

the ventral respiratory neurons participate in the

basic rhythmic oscillation that controls respira-

tion.

(2) When the respiratory drive for increased

pulmonary ventijation becomes greater than nor-

mal, respiratory signals men spill over^into the

ventral respiratory neurons irom the' basic oscii-

lating mRhUTnsm'ol lh“dorsal respiratory area.

As a consequence, the ventral respiratory area

then contributes iu share to the respiratory drnc
os well.

(3> Electrical stimulation ofsome ofihe nt-urona

in the ventrarcroup causes inspiraiion whereaa
stimuj^ion ol others causes expiration. Therefore,
these neurons contnoute to both Inspiration and
VKSwca.'twio. . Ito.'MiS'ic , tbviV uj:«i •is.vecU.U.y uo.porta.cx



in crovijar.g t^re pc^rerful eimratory forces <!iiri^

tTcninjtionL'ir.uiri^is area operates' more or

iis cin ovs-mn^e ceehaaism •Risen high levels of

pnincnary ^ entilition gre required.

FosiIbtnty,ofAn “ApnensHc
Cenfef” in the loutr Foia

To add to the confusion of cur knowledge about

rtspirstory center function, there is ^another

i-tranzy center in the lower part ofthe pfesrCdl^
tj-e cs~'.tu?rtg center. tlou,ever, iis iuncu^g cmi po

c&o'nstralinroaiy t^en the ragus nen'es to the

med-Jlla have been seetJonH and t^hen the coa-

nectsons ftora the pneursotaxie center have also

been blocked bj Oensecting the pons in its midre-
gion. Then"the apneustir renter Vf the lower pons
sends S’gtSis Tb the dorsal resplraton' croup of

ncung^ thai prevent tne ~sRi:cn-o;l ot the inspi^

ratorii' nmp ibere:ore, tr.e riTap conOnues
for a* Jonr as lO to 20 seconds, thus greatly

overfilling the lungs. Consequeaiiy. the lungs be-

c«r.c inflated near maximum, and only occasional

short expiratory gasps occur

The function of the aparurlic center might be to

prernde extra dnve to laspiraiiea, but the pneu-
mctaxie cvnUri 4lf.3 Ihc signals t'rom the

s'ugi RtJ.*maJiv tV^rr^dv^his exce^Ve laspsrotory

drive ano thererore aflow. nonaajjaanauooL

COSTSOt Of OtlltUl KSfJWKWr
ayru Aonirr

up to this point we have discussed the basic

nechaniams far causing trupiration and erpira-
ticn. but it IS also impiortant to know bow the
overall le\-el of respiratorj- center activity is eon-

trolled to mat^ the ventilatojy needs of the body.
For example, during very heavy exercise, the rates
of OTj gen uUluation and carbon dioxide formation
ore often increased to as much as 20 limes normal,
requinng commensurate increases in pulmonary
ventilation This i« achieved xn two differeRt ways
n * By feedback exatation of respiratoo' center

activity in response to charges in chemical com-
pa*ition of the blood, especially its concentrations
ofprtxin dioxide hydroren ions, and mrvren

tJikv eicitaKiiy- signals trom other parts of the
nervous system, such signals are espedslly impor-
tant during exercise.

The ma^ purpese of the remainder of this

chapter is to discuss this control of ventflalioo in
re»?oTi#e to the needs of the body

CMEA\ICAL CONTROL OF
RESriRATlO.N

) The ultimate gial of respiration is to tnamtain
proper conecRtratior.R of exv-gen. carbon di<vRid».

and hydrogen ions in the body fluid Itis**

therefore, that respiratory activity is highly .

sponsive to changes in_an£jDasJiLthese.

Etas' cSTbon dioxide or hjnirogen ions of

respiration mainly by excitatory effects on
'

respiratory center itself, causing greatly increasd i

strength of both the inspiratory and cipirata]

)

signals to the respiratory muscles, itie

increaselA'VenUliTioh increJ^ the
"

ofcarbon dioxioe irom uieblood, this also

hjiirogen ions from the blood because
carbon dioxide also decreases the blood

'

acid.

0:Q'gcn, on the other hand, does not have *

signiiicant direct effect on the respiratory k.

of the brain in contidlling reipiratioa.
’ ’

.

acts either entirely or almost entirely on per^k-

1

eral chemorec^tors located in the carotid srd
|

ynic bodies, and tfte&e m turn transmit apprepn-

ate nervous signals to the respiratory center fs

control of respiration.

LeTusdiOTSs first the stimulation of the rcfp-

ratory center itselfby carbon dioxide and hixirogeB

ions.

I

DIRSCT CHlMiCAl CO.STBOt Of - ,

JlISriRATOlty C£MIR ACTTVTiy 8/
CAKBOS DIOXIDtASP HYDROCtN lOSS

The Chemosensitive Area ofthe Respiratory
Center. Thus far, w e have discussed mainly thrw

different areas of the respiratory’ center the dorsal

respiratory group of neurons, the ventral respirs*

tory group, and the pneumotaiic center. However,

it IS believed that none of these^are affected di-

rectly by changes in blood cai^n difm’gFconcea-
tratvon or bvdn^en ion conceatratioo. Instead, a

very sensitive cOe/n«Trtsifite area, illustrated is

Figure 42-2, is looW' blteterklly only a few roi-

rijwte 42-X. SaffiuUajn of the *rej by cw <r>e-

moionsWve touted bOueiASy in the medJU oTO' *

few r*w» bene*tn C>e vcn»*i mnli.Auy surfjce Note «!»o^
hydrosen ions sWnoUte the ehemovensHNe *re*. »f>efeas mirfy

ueten iScpdde Vi oe Slid givev ttae to the hyAoeen lorS
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f'rons beneath the surface of the medulla ventral

the entry of the glossopharyngeal and vagal
lerves into the medulla. This area is highly sen*

‘"^jitive to changes in either blood CO* dr hydrogen

'‘‘on concentration, and it in turn excites the other

“portions of the respiratory center. It has especially

potent effects on increasing the degree of activity

^f the inspiratory center, increasing both the rate

^f rise of the inspiratory ramp signal and also the

-intensity of the signal. This in turn has an auto-

matic secondary effect of increasing the frequency
i^of the respiratory rhythm.

s

of the Chemosensltive Neurons to

^
Hydrogen Ions—The Primary Sdmutus

* The sensoiLneurons in the chemosensitive area
3 £ire especially excited by h^rogen ions; in tact, it

3 is believed that Hydrogen ions^ perhao^the only
^ important direct stimulus for these neurons. Un-
fortunately, though, hydrogen ions do not easily

t cross either the blood-brain barrier or the btood-

b cerebrospinal fluid barrier. For this reason,

changes inHydrogen ion concentration in the blood

actually have considerably less effect in stimulat*

ing the chemosensitive neurons than do changes
in carbon dioxide, even though carbon dioxide

stimulates these neurons indimtly, as witl~be

explained below.
' "

0

* Effect of Blood Carbon Dioxide on
* Stimulating the Chemosensitive Area

» Though carbon dioxide has very little direct
I effect to stimulate the neurons m the chemosen-

5 sitive area, it does have a very potent indirect

j
effect. It does this by reacting With the water of

. the tissues, to form carbonic add. ihis m turn’

. dissociates mto nydrogen ana bicarbonate ions;

the HydrogenTons then have" a potent direct sum-
ulatory effe^. These eltects are illustrated m Fig-

ure 42-2.

But, why is it that blood COa has a more potent
effect to stimulate the chemosensitive neurons
than do blood hydrogen ions? The answer is that

hydrogen ions, as noted above, pass through both
the blood-brain barrier and the blood-cerebrospinal
fluid barrier only very poorly whereas carbon diox-

ide passes through both these barriers almost as
if they did not exist. Consequently, whenever the
blood carbon dioxide concentration increases, so
also does the PcOj in both the interstitial fluid of
the medulla and also in the cerebrospinal fluid.

And, in both of these fluids the cariMn dioxide

immediately reacts with the water to form hydro-

. gen ions. Thus, paradoxically, more hydrogen ions
' are released into the respiratory chemosensitive

sensory area when the blood carbon dioxide con-

I

centration increases than when the blood h>drogen
ion concentration increases. For this reason, res-

piratory center activity is affected considerably

more by changes in blood carbon dioxide than by
changes in blood hydrogen ions, a fact that we will

subsequently discuss quantitatively.

Stimulation of the C/iemosens/t/ve

Area by Carbon Dioxide In the
Cerebrospinal fluid

Most of the stimulation of respiratory center
activity ^£pbably results from changes in carbon
dioxide and hydrogen ion concentrations in the
interstitial fluid of the respiratory center itself.

However, some respiratory physiologists believe

that an increase in carbon dioxide concentration
in the cerebrospinal fluid has a strong effect on
stimulation ot the chemosensitive area as well.

This concept is still controversial but it it is true,

it probably results from a difference in the degree
of acid-Base buffering of the interstitial versus the
&rebrospinal fluid. l.h,e cerebrospinal fluid has,

very little protei ii buflerfwKereasTff^tnr^^tmaT
fluTiT is lined o

•*——* - —
concenirauons oi proleinaci, .

fuii^a glVtn change in ^rbpn dioxide concentra-

tfon in the cere^ospfnalJluid will cause far more
change in hydrogen ion concentratfon than in the

interstitial fluid,”A’ndj_ since the chemosensi tive

neurons are located near the~ surlace oLthg mo.

dulla, dnrusio n’ of hydrog^ ions into these njtirona
from the ceje.brospinaL ilujd couid be a factor in

the control of respiration.

*Un53nEi13yantages.ofjuch a cerebrospinal

fluid system for.control of respiration would be the

rafuUJtv with wh ich it could funct ion The pprehro*

spinal fluid is m mtimate contact with the vc^
nch blood supply oT Ine drachnonrplexus . There-

fore. witHm seconds aiierlhe blood Peorchanges,
so also do the PcOj and hydrogen ion concentration

of the cerebrospinal fluid change. On the other

hand, several minutes are sometimes required for

full change of the Pco, in the brain interstitial

fluid.

Decrease in the Effect of Blood CO2 on Res-
piratory Activity in One to Two Days. The
stimulatory effect of increased carbon dioxide on
respiration reaches its pcalTwithin a few minutes
after an increase in blood Pco^. Thereafter, the

stimulation gradually declines' for the next one to

two days to as little as one iitth the inuial eiiect.

The cause of this decreasing stimuiacion ts not
known, but one suggestion is that it results from
readjustment of the bicarbonate ion concentration

tne reapiratory cenTcr or in tnc cerebrospinal
fluid ur both, ihc bicarbonate ions in turn would

'

combine^'ith the excc'-s hvdroeen loiiS, thUS rc-

ducing the hydrogen ion concentration and simul-

Therefore, a change in blood carbon dioxide
concentration has a very potent acute effect on
controlling respiration but only a weak chronic
effect after a few days' adaptation.
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pH

nsurt 42-3. Ufccu of tnceuod 4n«rtal Tco, 4nd d«c/eas<^

<rterU] pH on ch« rate of v«ntnaooa

QuititiVitlve Effects ofBhod PcOi and
Hydro$en fen Concentridan on AheoiJtr

VcntUjtHon

Figure 42-3 illustrates quantitatively the aP'
proximate eiTects of blood Pco^ and blood pH
(which IS an inverse measure of hydrogen ion

concentration) on aheolar ventilation Note tH«’

marked increase in %'entilation caused by the in*

crease in Pco^ But note also the much smaller

effect of increased hydrogen ion concentration

(that is, decreased pH).
Finally, note that this differtnee in stimulation

of ventilation is especially great in the normal
PcOj and pH ranges Pco.S between 30 and 50 m*n

Hg and pHs between 7 5 anH'^’^TTherefore. front

d practical point, changes in blood carbon dioxide

play by far the greater role in the norma! roinut®-

by'minute control of pulmonary ventilation.

Value of Carbon Dioxide as a Regulator of
Alveolar Ventilation. Since carbon dioxide is o^e
of the end-products of metabolism, its concentra-

tion in the body fluids greatly affects the cheroic®!

reactions of the cells and also affects the lissae

pH. For these reasons, the tissue fluid Pco, most
be regulated exactly, and, as pointed out in the
preceding chapter, the respiratory system is the
only effective means that the body has to contf®!

the blood and tissue Pco,. Therefore, stimulatian

ofthe respiratory centerby carbon dioxide provides
the necessary feedback mechanism for regulatjf***

of the concentration of carbon dioxide

the body. That is, an increase in respiratory •

Pco, causes the respiratory system to *‘1

the excess carbon dioxide. Thus,_tbe^wvJ
center m^ntains the Pco , of the tissue fluids

;

relatively constant level and, therelore, migni ^

be called a “c^bon

THE PERIPHERAL CHEMORECEPTOR
SYSTEM FOR CONTROL OF
RESPIRATORY ACTIVITY—ROLE OF
OXYGEN IN RESPIRATORY CONTROL

Aside from the direct sensitivity of the resp

tory center itself to CO* and hydrogen ions, spe

chemical receptors called ckemorccepfors, loci

outside the central nervous system, are also

sponsive 16 ill oxyge’n, carbon dioiude,

hydrogen ion concentrations These transmit

nals to the respiratory center to help regu

respiratory activity.

The chemoreceptors are located in the car

and florfic bodies, which are illustrated TiTFi]

42-4 along with their aCerent. nerve connect
to the respiratory center. TThrcarotid Mia
located bilaterally m the bifuresti^ of the t

mon carotid arteries, and their aiTerent neiv
bers pass through Henng’s nprv^^ tn the e!o

pharyngeal nerves and thence to the do

respiratory area^ the medulla^The aertie bo
are local^ along the arch of the aorta: t!

afferent nerve fibers pass through IhTtt^i to

dorsal respiratory area. Each of these chemore
tor bodies receives a special blood supply thro

a minute artery directly from the adjacent arte

trunk.

Stimulation of the Chemoreceptors by
creased Arterial Oxygen. Change in arte

oxygen concentration have no "di^t stimula
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ARTERIAL Pe, (mmHg)

1 figure 42-5. Effect of anerUl POt on Impulse rate from the

CATOtld body of a cat (Curve drawn from data from several

j
sources, but primarily from Von Euler

)

it

lelTect on the rcapiratory ct^lecjt&elfLbut when
u the oxygen concentration in the arterialblood falls

1 below normal, the chemoreceptors become strongly

3 stimulated. This effect is illustrated in Figure 42-

^ 5, which shows the relationship between arterial

POj and rate of nerve impulse transmission from

s a carotid body. Note that the irnpulse rate is

particularly sensit ive to changes in arterialTOj in

e the range bitween 'fiO and aQmm_Kg. which is the

3 range in which the artermTEemoglobin saturation

I
with oxygen decreases rapidly.

^ Effect of Carbon Dioxide and Hydrogen Ion Con*
centration on Chcmorcccptor Activity. An increase

in either carbon dioxide concentration or hydrogen ion

I
concentration also excites the chemoreceptors and in

.* this way indirectly increases rcsifiratory activity. How*
' ever, the direct elTeeta of both tneW laccors in the
: respiratory center itselfareMmiich more powerful than
J their effects mediatecfthroughThe ch^oreceptors that

i for most practical purposes trie indirect crrects through

; the chemoreceptors do not need to be considered. In the

case of oxygen, on the other hand, this is not true

because diminished oxygen in the arienal blood can

,
affect the respiration significantly only by acting

through the chemoreceptors
Basic Mechanism of Stimulation of the Chemo-

receptors by Oxygen Deficiency. The blood flow

through the carotid and aortic bodies is extreiriely higUT
as high as that for almost any tissue in the body. Because
of this, the A-V oxygen difference is less than 1 volume
per cent, which means that tlyj venous blood leaving

the carotid bodies shll has a Po, nearly *equal to that of

the arterial blood. It also means that the Po* of the
tissues in the carotid and aortic bodies remains at all

times almost equal to that of the artenal blood. There-
fore, it is the arterial Po^, not the venous Po„ that
normally determines the degree of stimulation of the

chemoreceptors. Occasionally, though, serious hypoten-
sion can sufficiently decrease the blood flow through the
carotid and aortic bodies to stimulate the chemorecep-
tors even when the arterial Po, is normal.

,
The exact means by which low POj excites the nerve

endings in the carotid and aortic bodies is still unknown.
However, these bodies have two different, highly char-
acteristic glandular-hke cells in them. Therefore, some
investigators have suggested that these cells might
function as chemoreceptors and then m turn stimulate

i the nerve endings However, other studies suggest that
the nerve endings themselves are directly sensitive to
the low POj.

Quantitative Effect of Low Blood on
Alveolar Ventilation

Low blood Po^ normally will not increase alveo-

lar Ventilation significantly until the alveolar PO2

falls almost to one half normal . This is illustrated

in Figure 42-6. The lowermost curve of this figure

shows that changing the alveolar artenal POj from
the normal value of slightly moxe than 100 mm
Hg dowTV to about 60 mi^Hg has a^imperceptible
effect on ventilation. But, then, as the_P02 falls

still further, down to 40 and then to 30 mm Hg,
alveolar ventilation increases 1.5-^ to ITtfold.

However, contrast this rather feeble increase in

alveolar ventilation to the fourfold fnerease caused
by decreasing blood pH or the elevenfold increase

caused by increasing the PcOj. Thus, .it is clear

that the normal effect of changes in blood PO2 on
respiratory activity is vorv slight

,

fispppiallv when
compared with the effect of Fcov
Cause^f th^ Poor Response of Respiration

to Low POj—The Opposing Effects of the PCO2

and pH Regulatory Mechanisms. The cause of

the poor effect of PO2 changes on respiratory con-

trol i^op^o^^rion^caused^by

phenomenon can be explained by referring again
to Figure 42-6. The increase in ventilation that
does occur when the Po, falls blows off carbon
dioxide from the bfood anij therefore decreases the
PC02 ,

which is also illustrated in the figure; at the

same time it also decreases the hydrogeiTion con-

centration. Therefore, two powerful respiratory in-

hibitory effects are caused: (a) diminished carbon
dioxide and (b) diminished hydi^en lonsr i hese
two exert inhibitory effects that oppose tHT exci-

tatorv eiiect oi the diminished oxygen. As aresult.
th^_keep the decreased-oxyg^ from causing a

to 20 to 40 mm Hg, a range that is incompatible
with life for more than a few minutes. Therefore,
the maximum effect of decreased alveolar oxygen
on alveolar ventilation, in compatible
with l ife, is~hormally only about a 66 per cent
increase.
‘"’Thus, one can see that during normal respiration
the P<^2 3nd pH feedback control mechanisms are

con.ti2J. Indeedunder normal conditions the Po^

Rgure 4Z-6. Effect of arterial To, on alveolar ventilation and
on the subsequent decease In arterial Pco, (from Cray: Pulmo-
naty Ventilation and Its Physiological Regulation. Charles C
Thomas)

~
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mechanism is of almost no significance in the

control of respiration.

Yet, under some abnormal conditions the Pco*

and hydrogen ion concentrations mcrecse at iht

same thqf iftr> nrtnrial Po. decreases . Under
thosewnditions, all three of the feedbadc mecha'

nisms support eacn other, aTid_the,POs-*iechanism

then exerts its lull share of regniratory stimula.

lion, sometimes becorning even more potent as a
controller-of respiration hydros

gen ion mechanisms.
Effort of Diminished Oxj’gcn on Alveolar

Ventilation When the Carbon Dioxide and pH
blechanisms Do Not Oppose the Po^ Effect.

When the concentrations of carbon dioxide and
hydrogen ions arc prevented from changing while

decreased blood Po^ increases the ventilation, the

efTcct of diminished Po. is then 8 to 10 times as

great ss when the carhwi dtox/de and hydrogen
ion concentrations do change and oppose the Po,
efTcct This is illustrated in Figure 42-7 which
compares the effects of acute changes in Po„ pH,
and Pco, on alveolar ventilation when only one of

these factors changes at a time while the blher

two are kept exactly constant. This figure illus.

tralca that under these conditions changes in Po,
have almost as much effect on alveolar ventilation

as changes in the other two factors The reason

that the other Isvo factors dominate norma! respi.

ratory control is that the POj control mechanisin
does not exert a significant opposition effect on the

Pco, and hydrogen ion mechanisms, in contrast to

the powerful cffecl of the.«e other two mechanisms
in Interfenng with the Po, effect

Crtttlitions Under Which Diminished Oxy.
gen Does Play o Major Role in the Regulation
of Respiration. In pneumonia, emphysema, and
other lung-ailments in which gases are not readilv

exchanged between me atmo&phtifO find the pul.

monnry blood, the oxygen regulatory system does

nstiTC 41-7. AppioiirrurtB efletts on ilvecAw wiiSatStm of
clunglfis me coocentMtions of carbon dlcuWe. hydroseo tons,

and oirysen h the arterial blood when only one of the humotai
faeton H changed at a time ary] the other two are nWrtaIrted at
abvjlutdy normal Icveb

then play a major role in the regulation of rssp

ration. Contrary to the norma! efTect, the increase'

ventilation then caused by oxyg&n lack is nc^

fbHowcd by reduced artenat PCO. and hydroppr

ionToltceniration, because the pulmonary disease

also diminishes carbon dioxide exchange..^s we!!

as oxygen exchange. Instead, the CO, either re-

mains constant or builds up in the blood, and die

hydrogen ion concentration behaves similarly

Therefore, the opposition ejTects of these other Ua
control systems on the oxygen lack system are

absent As a r^ult. tne oxygen lack stimulation

develops its full power and can increase alveolar

ventilation ns Tnncn as live- to sevenl'oTd.

Effects of the Oxygen Lack Mechanism al

High Ahitudes. When a person first ascends to

high altitudes (or in any other way is exposed to

a rarefied atmosphere), the diminished oxygen b
the s/r st/muhtes the oxygen hick coniroJ system

of respiration The respiration at first inerpases to

a maximum of about two thirds above normal
which is a comparativel y slighT^ncrease. Once

again, the cause of this "slighTTncrease is the

tremendous opposition eiiecTs of the cai'bOTi dioxide

and hydrogen ion control mechanisms on the oxy-

gen lack mechanism.
However, over several days, the respiratory cen-

ter gradually becomes “adapted” to the diminished

carbon dioxidetjas exolainefl earlier in the chapter,

so that its opposition effect to the oxygen control

IS gradually l ost, and al ypoiftf ventilation then

rises to as higlias five to seven times normal. This

Is part of the acclimatization that occurs as a

person slowly ascends a mountain, thus allowing

the person to adjust respiration gradually to a

level fitted for the higher altitude-

U’fij' Oxygen EeguJatioh of i?esp/ratiofl Is

Not Normally Needed. On first thought, it seems

strange that oxygen shoul d olav so small a role in

the normal regulation of respiration, particularly
since one of the primanTTunctions of the respira-

lory center is to provide adequate intake ofoxygen

However, oxygen control of respiration is not

needed under most normal circumstances for the

following reason;
,

The respiratory system ordinarily maintains an

alveolar Po, actually higher than the level needed

to saturate _almost completely the hemoglobin of

the arteriaP blood. It does not matter whether

alveolar ventilation is normal or ten times normal,

the blood will still be essentially fully saturated

Also, alveolar ventilation can decrease to as_low

as one half normal, and the blood still remain*

within 10 per cent-of complete saturation. There-

fore, one can see that alveolar ventilation can

change tremendously without significantly affect'

ing Oxygen transport to the tissues.

On the other hand, changes in alveolar venlila-

tion do have a tremendous effect on both blood and

tissue carbon dioxide concentration, as was ex-

plained earlier in the chapter. Therefore, it h

exceedingly important that carbon dioxide—not
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• oxygen—be the major controller ofrespiration un-
>der normal conditions.

]C0MP05ITE EFFICTS OF Pco„ pH, AND fo,

jO\ RESPIRATORYACnVrf^

3 Now that the effects of each of the individual
B humoral factors on respiratory activity have been
3 discussed, we need to see how all of them function
I together in controlling respiration. We have al-

s ready seen that the different factors oppose each
3 other in some instances but at other times support
each other. One of the best attempts to show how
these factors interact is illustrSled in Figure 42-
8, which shows two separate “families” of curves

1 relating alveolar PcOj to pulmonary vehtilation.

j The “family” of curves represented by the solid

f
lines shows the effects ofdiffcTent tsvels'ofalveolar

5 PcOj on alveolar ventHation determined 'for the

} average person at different alveolar POjS between
: 40 and 100 mm Hg and with the pH'~consiani at

the normal level of 7.4. The dashed “family” of

I curves was determiri^ after the same average

j person had developed mefaboll t* acidUabT with a

shift of the blood pH from 7.4 to 7.3. Both these
families of curves show that the’sZopeof the curve

( relating PcOj to alveolar ventilation increases

J markedly as the Po, decreases. To expresT this

I
another way, a decrease^ in POj in the aiveoli

!
muUiplies the effects on alveolar ventilation of

• changes in carbon dioxide concentration.

Figure 42-S shows also that acidosis shifts the

I
entire family of curves to the left. This means that

I increased hydrogen ion concehtration decreases
the carbon dioxide concentration required to stim>

ulate the respiratory center.
- The curves in Figure 42-8 are important when
f one wishes to analyze respiratory control from a
,
quantitative point of view because, in most in*

f
n^ure 42-S. A composite diagram showing the Interrelated

J

effects of Pcot, POj, and pH on alveola; ventllatloa (Drawn from
data presented In Cunningham and Lloyd The Regulation of

’ Human Respiration. F. A. Davis Co

)

stances in which respiratory control becomes al-

tered, more than one of the individual humoral
factors are changed at the same time.

REGULATION OF RESPIRATION
DURING EXERCISE

In strenuous exercise, oxygen utilization and
carbon dioxide formation can increase as much as

twentyfold. Yet, alveolar ventilation ordinarily in-

creases almost exactly in step with the increased

level dl 'metabolism, as illustrated in Figure 42-9.

Therefore, the blood Po^, PcOz, and pH all remain
almost exactly normal“

" ’

In liying“ra75nalyze the factors that cause in-

creased ventilation during exercise, one is tempted
immediately to ascribe this to the chemical alter-

ationa in the body fluids during exercise, including

incre^e oi carbon diolude, increase' of hydrogen
ions, and decrease ot oxygen. However, this is not

valid, for measurements of arterial PCO2,
pH

,
and

POj show that none of these usually changes sig-

nificantly and certainly not enough to account for

more than a small percentage of th~e increase in

ventilation. Indeed, even 11 a very high should

develop during exercise', this still vrould be suffi-

cient to account Ibfonly two thirds of tfte lijcreased

ventilation of heavy muscular exerciBe.~Ibr. as

shown in Figure 4^10, the minute respiratory

volume in exercise is about 50 per cent greater

than that which can be effected by maximal carbon

dioxide stimulation.

Therefore, the question must be asked: Wjiat is

It during exercise that causes the intense ventila-

tion? This question has not been answered, but at

least two different effecti^ seem to be predomi-

nantly concerned:

1. The brain, on transmitting impulses to the

contracting muscles, is believed to transmit collat-

eral impulses into the brain stem to excite the

respiratory centen This is analogous to the stim-

ulatory effect of the higher centers of the brain on

flgiire 42-9. tffect of Mcrcise on oxygen consump

vendUtory rate (From Cray rulxnonaor VeniUadon and

lotogkal Regulation. Charles C Thcmias.)
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Figure 42-10. Rel^tloftshlp oF hyperpnea caused by muscular

ener^&e w thai caused by increased atveofar Pco, (Modified

from Comroe The Lung Clinical Physiology and Polmorwiy FufK-

don Tests Chicago. Year Book Medical Publishers

)

th
^

vaBomotor center of the brain stem_during
exercifio. causing a rise m arterial nre^su âs well

as an increa'se in ventilation

2 During exercise, the body movements, espe-

cially of the limbs, are believed to increase pul-

monary ventilation by exciting ioint nropnocentors

ciratorv center. The reason for believing this is

that even passive movements of the limbs often

increase pulmonary ventilation sevei^lfold.

It IS possible that still other lactors are also

important in .increasing pulmonary ventilation

during exerc^se^ For instance, some experiments
even suggest*that hvpoxja developing in the mus-

cles during e'xerciseiplicits aitcreni ftOtVe Slj^ls
to the respiratory center to excite 'Tesptration.

However, since the increase in ventilation begins
immediately upon the initiation of exercise, most
of the increase in respiration probably remits from
the two neurogenic factors noted above, namely
>ihmu}atory imnui^e'i Fmrn the hirhpr cpntrm of'ihr
brain and nrnnnocentive stimulatory reflexes

Interrelationship Between Chemical Fac-
tors and Nervous Factors in the Control of
Hespiration During Exercise. Figure 42-11 il-

lustrates the different factors that operate in the
control of respiralion during exernse, showing two
neurogenic factors; <1 ) direct stimulation of the

N respiratory center bv sisals from me motor^or-
^tex, and t2) mdirect stimulation bv proprioceptors,
it shows alsoTHe thre^umnral fartni^ nf »^rhnn

' dfoxide. hydrogen lonsrand
"When a perKin exercises, usually the nervous

factors stimulate the respiratory center almost
exactly the proper amount to supply the extra

oxygen requirements for the exercise and to Wow

Flguie 42-1 1. The dtHeiePt (ectots (h»c entei into resul^*^

of respiretiw during exercise

oft the extra carbon dioxide. But, occasionally, ^

nervous signals arc either too strong or too VrP'

in their stimulation of the respiratory cenb

Then, the chemical factors play a very significa

role in bringing about the dnal ai^'ustment,

respiration required to keep the carbon dio*'

and hydrogen ion concentrations of the body fld*

as nearly normal as possible This effect is

trated in Figure 42-12, which shows changed
alveolar ventilation and m arterial PCO, dunnS
one-minute period of exercise and then for anoth

figure 42-12. Changes In alveotar ventilation and arredat

during a I -minute period of exercise and also following

nation of the exercise. (Extrapolated to the human being

data tidogs fiom Balnton / AppI PhysW, S3 778. 1972

1
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minute after the exercise is over. Note that the
alveolar ventilation increases without an initial

increase in arterial PcOj; this increase is caused

by a stimulus that originates in the brain at the

same time that the brain excites the muscles.

Often, the increase in alveolar ventilation at the

onset of ventilation is so great that it actually

decreases arterial PcOj below normal, as shown in

the figure, even though the exercising muscles are

beginning to form large amounts ofcarbon dioxide.

The reason for this is that the ventilation forges

ahead of the buildup ofcarbon dio^de in the~blood.

Thus, the brain provides an “anticipatory” stimu-

lation of respiration at the onset of exercise, caus-

ing excessive alveolar ventilation eveh before this

is needed. However, after about 30 to 40 seconds,

the amount of carbon dioxide released into the

blood from the muscles approximately matches the

increased rate of ventilation. Then the arterial

PcOj returns essentially to normal and" no longer

is a significant factor in controlling the ventilation.

Thereafter, it is then mainly the nervous signals

that drive the respiration, not the chemical sig-

nals.

To summarize, at the onset of exercise, an antic-

ipatory signal from the brain initiates an imme-
diate increase in alveolar ventilation; sometimes
the increase is too much, sometimes too little.

However, within less than one minute, the chem-
teal feedback factors (mainly arterial PcOa) make
additional adjustments, either upward or doivn*

ward, to balance the rate of alveolar ventilation
with the rate of metabolism in the body. Yet, on
the average, because of the direct brain stimulus
to respiration, the final levels of PcOj, H* concen-
tration, and POj in the arterial blood are very near
normal during exercise—sometimes slightly above
normal and sometimes slightly below normal.
Now for a final comment regarding the brain

factor for stimulation of respiration during exer-

cise: Many experiments indicate that this brain
factor is partly if not entirely a learned response.

That is, with repeated periods of exercise of the
same degree of strenuousness, the brain seems to

become progressively more able to establish the
proper amount of brain signal to maintain the
chemical factors at their normal levels during
exercise. Therefore, there ismuch reason to believe

that some of the higher centers of learning in the
brain are important in this brain factor—probably
even the cerebral cortex. Indeed , when a person is

anesthetized, so that the higher brain centefs~be-
come nonfunctional, respiration is then controlled
almost entirely By the chemical factoid

OTHER FACTORS THAT AFFECT
respiration

Voluntary Control of Respiration. Thus far, we
have discussed the involuntary system for control of
respiration. However, we all know that respiration can

be controlled voluntarily, and that one can hyperventi-
late or hypoventilate to such an extent that serious

derangements in Pco,t pH, and Po, can occur in the
blood.

1 seems not to be me-

center oF the medulla. Instead, the nervous pathway for

voluntary control passes directly from the cortex and
other higher centers downward through the cortico-

spinJl tract to the spinal neurons that'dnve the respi-

ratorv muscles.

Inl'iucDce of Vasomotor Center Activity on Res-
piration. The vasomotor center that controls peripheral

vasyonstriction and heart activity is closely related to

the respiratory center in the meduUa.~t' urtherTnQre
,
a

moderate degree ol spillover of nerve signals occurs

mutually between the two inters. Therefore, almost

any I.Tftnr tnnt ingrpAses fhp artivntv of the vasomotor
center also has at least a moderate effect on i ncreasing

respiration. For instance, a decrease in artenal pressure

inhibits the baroreceptors. which increases vasomotor
activity and increases pulmonary ventilation as well.

Effect of Body Temperaiure on^espiration. An
increase in body temperature increases the rate of res-

piration7An indirect citect is caused bv the action oT the

increased temperaturem increasing reliular metabolism
all througn the body , whicn in turnEnhances the chem-
ical stinml i for mCT&ased respiration increased body
temperature also has a dirpct eitect bv increasing res-

piratorjC^enter activity. Therefore, la patients with

fever, ^th the rate and depth oi veniiiauon are oiten

increased.

Panting. Many lower animals have very littlejbility

to lose heat trom tne sunaces oi their bodies two
reasons.’ First, the surfaces are usuaiiveovered with fur,

and, second, the skin of m ost lower nnimala is not

supplied with sweat glands , which prevents evaporative

loss of heat. Therefore, a substitute mechanism, the

Donttne mechanism, is used bymany lower animals

a means lor dissi

—

The phenomenon of panting is “turned on” by the

hypothalamic thermoregulator center that will be dis-

cussed in Chapter 72 When the blood becomes over-

beated. the hypothalamus initiates neurogenic signals

to decrease the body temperature. Une of these signals

IS to initiate panting. The actual panting process is Chen
controlled bv a inline center that is closely relatcH* to

the nneumotaxic Center in The ponS

\^en an animal pants, it breathes in and out rapidly

so that large quantities of new air from the extenor

come in contact with the upper portions of its respiratory
p^fi«^gps, and jHis cools the blood in the mucosa as a

result of water evaporation from the mucosal surfaces.

YeL 'aahting does not increase the aiveoiar venTilation

mQre~^an is required for proper control of the blood
gas^, because each breath is extremely shallow; there-

fore, most of the air that enters the alveoli is dead space

air.

Effect of Irritant Receptors in the Airways. The
epithelium of the trachea, bronchi, and bronchioles is

surohed with sensory nerve endings that are stimulated
by irritants that enter the respiratory airways. These
cause coughing and sneezing, as was discussed m Chap-
ter'SSrTHiypoiiiW^lM^iH^LllSSSnill^nllDction
in such diseases as asthma and emphysema.
runction Ot' Lung "J" KcOePtOrS. A'few SPn^nry

nerve_fnaings occur m the alveolar walls in nirtara^^i-

tioa to the pulmonary capillaries, from wbencecomei
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the name “J" receptors. are sUmulated-tthen

iiptantchem^aU «r&<r'We{ariii^thenTil monarvbl6()d.

and they Ire also excited when the puLinonaO!j:a.B.>llar-

Ics ^omc~engorged wlh blgod or. yvhCT putmonaTy
edema occurs m such condittons as congestive heart

thetic, hut this drug is now used only as an adjunct to

anesthetics because it greatly depresses the respiratciy

center

failure' Though the functionarrole of the^ receptors is

not known, their exeita

a feeling o? dyspnea.

tERIQDlC BREATHISC

ABNORMALITtES OF RISPIRATORY
CONTROL

An abnormality of respiration called penorfic fcrceM

ing occurs in a number ot tiilterent disease conm tioci

The neraon breather deenlv for a short interval of titM

and 5ien breathes slightly or not at all ior an additional

interval, the cycle repeating itself over and over again.

liie most common type of periodic breathing, CheyM
'^tokes bn^thme . is charactenzed by siowly w

RtSnnATORY CISTIR DZTRISSION

Cerebrovascular Disease. Probably the most com-
mon cause of long-term respirnlnry center depression is

cerebrovascular disease in ol^^aged p.stiepts. espe-

cially following vascular occlusions or hemorrhages that

damage the respiratory center areas. In such instances,

a person may have chronically elevated artenai PcOjS
and depressed Po.S.

Ch'njcat Afeasurement of f?espi'ra<oty Center
Deprc<iion. In the clinical pulmonary function labo-

ratory, the degree of respiratory center depresaion ia

frequently measured by the simple maneuver of having
the patient breathe carbon dioxide at successively in-

creasing concentrations^ Then, from moasuremtnU of
alveolar Pro, and alveolar ventilation, a carbon diaride-
ttlveolar ventibuon sttmulalion cunt, simiiar to that
illustrated in Figure is plotted The degree of

respiratory center depression is ascertained by compar-
ing the slope of th<f carbon dioxide stimulation curve
with that of the nomal curve, assuming, of course, that

If tall other aspects of pulmonary function are normal .

they arc not normal, these also must be factored into

the analysis 'r
Acute Brain Edema. The activity of the respiratory ,3.

center may be depressed or even totally inactivated by
acute brajn edepia resullmpirom brain concussion For j
instance, the head might be struck against some solid^
object, following which the damaged brain tissues swell, S/
compressing the cerebral arteries against the cranial

vault and thus totally or partially blocking the cerebral -v

blood supply As a result, the neurons of the respiratory ^
center first become inactive and later die In this manner H
brain edema may cither depress or totally inactivate

the respiratory center.

Occasionally, respiratory depression resulting from
brain edema can be relieved temporarily by intravenous
injection of hypertonic solutions such as highly conccn-

tratrd-mannitol solution These solutions osmoticallv
remove some of the intracellular fluids of the brain, thus
relieving mtracraniaf pressure and sometimes re-estab-

lishing respiration within a few mi nutes

•Sto^ hrtvT/limg . IS cHaractenzed by slowly waxlhgll

waning respiration, occurring over and over again eicn

45 seconds to 3 minutes
Basic Mechanism of Cheyne-Stokea Breathiag

Ifit no assume that the respiration becomes muchjnon
Tftpirt tha'rt-u^ual this causes the Pco, it

the pulmonary blood to decrease A short time later tbi

pulmonary blOoa readies the brain, and flie decrease!

Pco, begins to inhibit respiration As a result, tbi

pulmonary blood PcQ, then increases After anothe

period of time the blood carrying the increased CO
arrives at the respfratery rdnie; and stimulate respi

ration again, thus making the person overbreathe one

again and initiating tfnew cvcle ofdenressed respiration

the cycles

Stokes periodic breathin g

The succeMive changes m pulmonary and respiratory

center Pco, during Cheyne-Stokes breathing are illus-

trated m Figure 42-13.

Since this basic feedback mechanism for causing

Cheyne-Stokes respiration is present in every person,

the real question that must be answered is not why

Cheyne-Stokes breathing develops under certain condi-

tions but, instead, why is it not present all the time ia

everyone’ The reason for this u that the feedback w
highly “damped," which may be explained as follows-

^ Damping of the Somal Bespiratory Control

Mechanism. In order for Cheyne-Stokes oscillation to

occur, sufficient time must occur dunng the hyperpneic

phase for the body fluid Pco, to fall considerably below

the mean value. Then this decrease in Pco, initiates the

apncic phase, which also must last long enough for the

tissue Pco, to rise well above the mean value In the

normal person, the respiratory center ordinarily read-

justs the breathing back toward normal before signifi-

cant tissue Pco, changes can occur, thereby preventing

the extreme excursions of Pco, m the tissue fluids that

are necessary to cause a sustained oscillation Thus, the

tremendous storage capacity of the tissues for carbon

Atiesihesia. Perhaps the most prevalent cause of
respiratory depression and respiratory arrest is overdSs-
oge of anesthetics or narrotica The best agent tobe used
for anesthesia is one that depresses the respiratory

-center the least while depressing the cerebral cortex the
i. Ether is among the best of the anesthetics by

jjTlena. though cyclopropaiis,*Tthvl.
iitroujoxide, and a few others liavw^most the« nitrous ^xide. a

imc value On the other hand, sodium pentobarbital is

a poor anesthetic because it depresses the respiratory

center considerably more than the above-mentioned
agents. At one time, morphine uos used os an anes-

njure 42- 1 }. Cheyne-Stokes bfeathlng, showing the changing

Pco, In the pulmonary Wood (soM line) and the delayed changes

In Pw, of the fluids ot the respiratory center (dashed One).
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a dioxide functions as an important “damping” factor to

prevent Cheyne-Stokcs respiration in the normal person.

A number of different mnditions can overcome the

damping of the feedback mechanism and cause it to

oscillate spontaneously. Two of these are (1) increased

delay time in the flow of blood from the lungs to the
brain and (2) increased feedback gain of the respiratory

control mechanisms.
=3 Cheyne^Stokes Breathing Caused by Delay of

Diood Flow from the Lungs to the Drain—Effect of
'* Cardiac Failure. \Micn the heart fails, blood flow from
ri the lungs to the brain is sometimes greatly delayed,

j partly because the cardiac output decreases but mainly
2 because the left heart sometimes becomes tremendous
2 in size, thus requiring a long time for the blood to How

through the Icit ventricle and thence to the brain \Vhcn
i such a delay occurs, the changes m blood Pco, caused
T by changed pulmonary ventilation are not detected by
* the brain for many seconds. Therefore, the blood PCo,
3 continues to rise or fall to >cry abnarmal levels before
1 appropriate corrections are made in the ventilation.

; Thus, a delay in transport of blood from the lungs to

3 the bram is by itself sufficient cause for the development
: of Chome-Stokes breathing. In patients with chronic
I heart failure this of breathing occasionally occurs

continuously for months at a time^.

I Cheyoe-Stokes Breathing Caused by Increased

: Feedback Cain in the Respiratory Center. Occasion-
ally, damage to the bram stem increases the feedback

I gain of the respiratory center response to changes in

blood Pco, and blood pH. The gam is defined os the
cAonge in ventilation caused by a given change m Pco,

i or pH. It is possible for the gam to increase while the
• sensitivity of the respiratory center deacases. For tn-

) stance, let us assume that a normal Pco, of 40 mm Hg
I causes zero respiration, which represents greatly de-

creased sensitivity of the respiratory center to carbon
dioxide. However, let us assume that in this same person
an increase in Pco, to 45 mm ilg increases the ventila-

I tion to the normal rate. This represents a very high
gain, because the per cent incnase in ventilation is

inhnite. Consequently, the respiratory control system
' may then oscillate back and forth between apnea and

breathing, which is the typical pattern ofCheync-Slokes
breathing. This effect probably explains why many pa-
tients with brain damage develop Cheyne-Stokcs
breathing even though at the same time they have
depressed overall breathing; when this does occur it

often is an ominous sign, foretelling that death is near.

Another instance in which increased gain of the res-

I
piratory control system causes Cheyne-Stokes breathing
is during hypoxia. \Vhen a person becomes very hypoxic,
the gam of the oxygen lack mechanism for controlling

respiration increases as much as five- to tenfold, as was
explained earlier in the chapter. \Vhen this extra gain
13 added to the gains of the carbon dioxide and pH
mechanisms, typical Cheyne-Stokes osciilation often oc-

curs. This explains the Cheyne-Stokes breathing that is

often observed in mountam climbers, particularly at
night while they are trying to sleep and the diminished
respiration of sleep exacerbates the conditiom
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if the tank. The excursions of the chest cause displace*

ncnt of air volume within the tank, and an appropnate
•ccording device connected to the tank can record this

lisplacement in the form ofvolume changes, thus giving

:he usual spiromctric recordings.
~

2. The body plcthysmograph can be used to measure

lune volumes. The person docs not breathe to the ex(?%.

rior of thelank but instead breathes the air within the »

tank while the tank is completely closed, then expires
*

with a forceful expiration against a manometer while

the expiratory pressure is recorded. The increased pres-

sure within the chest decreases the volume of gases m
the chest in accordance with novlc's law: pressure times

volume equals a constant, thus the chest dimensions

decrease. Therefore, the person's body requires less vol-

ume within the body plcthysmograph An appropriate

calibrated pressure recorder* connectedto the tank rec-

ords the amount of volume compression of the gases m
the lungs. This measure, combined with the rcrarding

of pressure change within the chest, can he used to

calculate the instantaneous volume of gas m the lung
3. The body plethysmograph can be used m rlriertnmp

residual volume of the lung The volume of air in the

lung IS measured by the above method and then as much
volume as possible is expired. Subtracting the volume

,
of the expired air from the previously measured lung

,
volume gives the residual volume

! 4. The body plethysmograph can be used to measure
airuay resutance. TTie person is allowed to Oreathe tfie

I airwithin the lank while volume changes in the lank
> are recorded. Dunng each expiration the gases in the 7
I
lung become compressed because of the contraction of

!
the chest wall so that the person’s body during this brief

I
penod of time actually occupies less space within the

chamber. This decreases the tank pressure, which is

;

appropriately recorded. Furthermore, the amount of

decrease in tank pressure is a measure of the pressure

increase in the lungs, which in turn is proportional to

the airway resistance times the expiratory air flow. (If

the student will think through the logic of Uiis meas-
urement, 05 well 05 determine what other factors are
needed to know to make the appropriate quantitative

calculations of airway resistance, he or she will have an
excellent test of the understanding of the mechanics of
breathing.)

5 The body plethysmograph can be used to measure
pi/lmnrtqfy hjnnri Onto The tank is Completely closed

from the surrounding atmosphere and the person
breathes a gas mixture containing nitrous oxide from a
flaccid balloon. As blood flows through the lung the
nitrous oxide fs absorbed into the pulmonary blood. This
reduces the total quantity of gases in the tank (because

the ballooTTitselCis inside the tank) and thereby reduces
Its pressure. One can then calculate the rate of pulmo-
nary blood flow from (a) the rate of reduction of the

pressure in the tank, (b) the concentrafnn
oxideanJlig alvgSnrand (c) the solubility coefficient of

mtroua^x^ in-th^blood.
Thu^the body plethysmograph is an extremely ver-

satiJe instrument that has become an important tool for

,
the clinical respiratory physiologist.

sn/oy Of BLOOD cases and pH
Among the most fiindamentaJ ofaif tests ofpateonary

performance are determinations of the blood Po..,

ap^pH. Indeed, it is often important to make these

measurements extremely rapidly as an aid in determin-
ing appropriate therapy for acute respiratory distress or
acute abnormalities of acid-base balance. Therefore,
several simple and very rapid methods have been de-
veloped to make these measurements in only a few
minutes, using no more than a few drops of blood. These
methods are the following:

Determination of Blood pH. Blood pH is measured
using a glass nH electrode of the type used in all

cHemical laboratories however, the electrodes used for

this purpose are miniaturized so that no more than a
drop or so of blood need be used. Th e vnliagp ^pnpratorl

by the plaRq p1p^(rnd n le o moacm-a nflVig pH/anrl
this ifgencrallvread directly from a voltmeter scale-nr
It IS recorded on a chart.

UctciminaUon of Blood Pco,. A glasa electrode pH
meter can bo used to determine blood_Pco, in tHe
following way When a weak solution of sodium bicar-

bonate IS exposed to carbon dioxide, the carbon dioxide
dissolves nrrhTr^olution until an equilibrium state is

csmblislied In this equilibrium state, the pH of the

SSlution IS a function of the carbon dioxide and bicar-

bbnate ion concentrations in accordance with the Hen-
dcrson-Hassclbalch eouation tliat~was disriifisptr in— ^
Chapter 37 (that is. pH = log 6 Therefore,

with appropriate calibration of the pH meter, the carbon
dioxide concentration (or Pco,) can be reali directly from
thtroeler •• * *

When this apparatus is used to measure Pco, in blood,

a miniature glass electrode is coated with a thin solution

ftf ^lum bicarbonate, and this is separated from the~
blood by ^ very thin plastic membrane that aUowa
r.-^rhon in m itiigf imm thg hiood intJthe solution.

Here again, only a drop or so of blood is required
Determination of Blood Po, 'i‘he concentration of

oxygen m a fluid can be measured by a technique eallcd.

Electrical current is made to flow between
two electrodes in the solution If the voltage qf^the

negative electrode is more than -0 6 volt different from
the voltage of the solution, oxygen will deposit on the

electrode Furthermore, the rate of current flow through
the electrode will be directly proportional to the concen-

tration ofoxygen (and therefore Po, as well) In practice,

a' negative platinum electrode with a surface area of
about 1 snuare mill imeter is usea. and tHis^is separated

from the blood by a thin nlastic membrane that allows

diffusion of oxygen but not diffusion of proteins or other

substances that will '*PQison" the electrode. Once again,

all parts of the system are miniaturized so that no more
than a drop or so oi oloou is requirea.

Often, all three of the measuring deviVpq for

and Po, are hni|l- mtn t^p cgTngflpparatiig
,
and all these

a single, very small sample of blood. Thus, changes in
the blood gases and pH can be followed almost moment
by moment.

PHYSIOLOGIC TYPES OF
RESPIRATORY INSUFFICIENCY

In ^neral, the different types of abnormalities that
cause respiratory insufSciency can 6e divided into three
major m^ones: (1) those ,.that cause inadequate von.
tilatioo of the* alveoli. (2) those that reduce g^eous
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diffusion through the respiratory membrane, and (?)

tho^lhW'decxeaae^’a’geTi transport, from the lunge f®

the tissues
"

ABSORMAUniS THAT CAUSl ALVIOIAR
HYPOVtNTtlATlON

The different respiratory abnormalities that can cau*®

alveolar hypoventilation mainly have been discussed

the previous few chapters. However, let us summarirf®

briefly some of the clinical causes of alveolar hypovei**

tilation:

Severe hypoventilation frequently results from paro'-
ysia o/*7ne respiratory musaes, rwulting irom such

Actors as tii b^}bar fiTnH- wmcn otten_jiepfcsses th^

f^iratorv center. {'/> cervical transection of (he

S^dT^hich prevents tflSAMiSiion oi signals irooTth*

respiratory center to the respiratory muscles, of (?)

depression ofthe respiratory centerby anesthetics, dni^»
<x SG (Arth_ ' f-—

*

Increased Birtrav resisfanefAs another very comniO®
cause of pulmonary hypoventilation; the two class*®

exaroplea

o

ccur in asthma and empAyseaifl^
InereaseiTtinueWsisiance also mun ntiltics it difficutt

to ventilate the lungs This can^ caused by increase*)

viscosity of the lung tissues resulting from such factof*

as (I) emphysema, (2) pulmonary fibros is, (3) tabereuHy
IIS, (4VT<ieious infections , or (0

>
po/moWv erfema,

'^maliy, another very common cause of alveolar hyp®*
ventilation is decreased eompliance of. the tunes aitd

chest U'ai i Ai discusa^B Ih Lnapter o9, any factor that

Thaltw irtrnicuU for the lungs to expand will mcrea*«
the “work* of ventilation and therefore also often will

rfeprcM'pin5uina?y‘venrilation Some of the diseases ®f

the lunga that do this include (1) siVi'costs, (2) as6est2sA>
(S) sqrcotdosts , (41.<uisrculostg ,

(d rcan'cer. and
ffioiffa. in addition to the lung abnormalities that de-

crease compliance, restnetive diseases of the chest cage
can also greatly decrease the compliance. These incluile

especially seoUosis and kyphosis

DISEASES THAT DECREASE lUNC DITTUSINC
CAPACTTY

Three different types of abnormalities can decrease
the diffusing capacity of the lungs These are: (1) de-

creased area of the respiratory membrane. (2) incretfS^
thickness ot the respiratorv memS^c. called*070?^
eaDiUn^bloct.. and (3) abnormal yentijation-perfusi^
ratio m s^e parts of the lun^ ^
qecTca^ -AfCiT-orOig-RfeBplratory hfewbrawe:,

Dise^s o?1hnormaJi(ies that decrease the area of the
respiratory membrane include removal of part or all *>f

oMlungj_^lieiaiiiiUS,,^StQictionj/lKei^^^^^^^
cfeslnicrion, and emphysema which cav^s^adual
Btruction of alveolarl?pt37

Also, any acute condition that fills the alveoli wi^
luid or otherwise prevents air from coming in conta®!
mth the alveolar membrane, such as aneumaaia^jyfi}’
nonap' edewfl. and atelectasis, can temporanly
ihTkuri^^ea of the respiratory membrane.
Increased Thickness of the Respiratory Mei°*

brane—Alveolocapillnry Block. The most comm®**
icute cause of increased thickness of the respiratory
membrane is pulmonary edema resulting from left he^
Tailure or pncumoi^ nowreverT sificosis, tubercufes*®*

ind many other fibrotie conditions can cause progfeSSl^

deposition of fibrous tissue in the interstitial

between the alveolar membrane and the • > aarj

capillary membrane, thereby increasing the thiclcncs

of the respiratory membrane. This is usually ea^ti

olveolocapiUary'iloek, or, occasionally, interstitial dha-

^.rjaince thfi i‘Atg of gaseous aiilusion throuib^ tb

respiratory membrane is inversely proportional to the

distance that the gas must diffuse, it is readily under

stood how alveolocapillary blockcan reduce the diffuasj

capacity of the lungs

Abnormal Ventilation-Perfusion Ratio. In Chspte

40 we pointed out that the most common cause o

decreased lung diffusing capacity i3~aBnorp}^ ventils

tion-perfusion ratio. That is, fa Mine alveoli there U to

the blood cannot become ftilfi 5yvgenated3)n the otic

hand, in other alveoli, ventilation is adequate but ther

19 too httle blood flow to accept the oxygen Thus, ii

either instance, oxygen transfer to the blood became

greatly compromtsH These principles were discusso

ventilated alveoli, in which is less than norms

leads to so-called physiologic shun t—that is, blood thi

IS shunted past the Jungs without becoming exygenata

And it was^lso pointed out that the condition in whic

alveoli arc overventilated while blood flow is too Iittle-

that 19. Va/0 is greater than normal—ca^es^^UUtCcfi
dead siicee . This means that there » veiS5\fttion that i

not being used by the blood for oxygenation and then

fore is wasted ventilation It would be good for li

student to return to Chapter 40 and reviewTEe pnne
pies of abnormal ventllatioh'perftision ratio b^auss i

the very high prevalence of this abnomality'in rsip

ratory disease, espenslly in the moit common of a

serious lung diseases, puimonary emphysema caused

b

smoking _ 4^" "~j—— '

Diseases that cause abnormal ventilation-perfusie

ratios include thrombosis of a pulmonary artery, o££
sifc airway resisroncg to tWfie al'veoli^emphys^SS^jj\
duc^C^^'ipUance of^He lung tmlftottCconcomitaito o'

normality oflhTol^r luiw. andlnany other conditior

that cause-diffuse oamage throughout the lungs

ABNORMAUniS OF OXYCEFl TRANSPORT
FROM THE LUNGS TO THE TISSUES

Different conditions that reduce oxygen transpoi

from the lungs to the tissues include "r’l’mfn in whic

the totai amount ofhemoglobin available to transpoi

the oxygen is reduced, carbon monoxide poisoning, i

unable to transport dxV|i7m.-tiTnt rfi'iTimptf blood flotu t

the (issues cau9e3~fa¥!<^ther low cardiac outputpeJ^
ued tissue ischemia. These have been uiscussed i

i, respectively.

PHYSIOLOCrC PECULIARITIES OF
SPECIFIC PULMONARY
ABNORMALITIES

CRRONfC rUIMOVAIty£MPHyS£MA

The term puimonory emphysema literally means «
cesa air in ~the liinga. However, when one s^aks c

chronic pulmonary emphysema, a complex dertructiv

process of thotlungs, 'caused in all but a few of th



that they become lessthe alveolar macro
effective in minhaUnfr jnfpptinn

(2) The infection, the excess mucus, and inflammatory
edema of the bronchiolar'' elTithelium together cause
chronic obstruction ot many oi tne smaller airwavs.

(3) The obstruction of the airways makes it especially

difficult to expire, thus causing inlrapmcnt or diFin the

alveoli and overstretching them. This, wmbmed with

the lung infection; causes marked destruction of many
of the alveolar walls. Therefore, the final picture of the

emphysematous lung is that illustrated in Figures 43-
2 and 43-3.

grnirrecwriiiTiwrraniimf

during expiration.

Second, the marked loss of lung parenchyma CTcatlv
decreases the aiflusing capacity oi' the tungT^In^ re-

duMS the ability ot the tung&to oxygenate the blood
and to remove carbon dioxide

Third, the obstructive process is frequently much
worse ^n some parts of the lungs than in other parts so
that some portions of the lun^s are well Ventilated while
other ixirtions are noorlv ventilated. This often causes
^tremefy abnormal ventilation-perfusion ratios, with a
very low Va/Q m some parts* (physiologic^ shunt) re-

Hgute 43-2. Contrast of the emphysematous lung
l“>ove) with the normal lung (below), showing exten*

*f'reolar*de$tnjctlon. (Reproduced with permls*
yon of Patricia Delaney and the Depanment of Anat*

The Medical College of Wisconsin.)
'
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njurc 43-3. Pulmocuiy chai^ge^ l„ pneumonU and emphysema.

BuUing in poor aeration of the blood, and a very lj,gh

Vati in other parts fphystolo^tcal dead space} resulting

ih vastetf rerttiraliun, Mtft fill *K lUl'iJIliiii; iii irtu

liin^ ^

Fourth, loss of large portions of the lung parench>7na
also af . .[.inay^f..,

thTOUghwhich blood can pass As a result, the pulmo-

nary vnspnlar fp^Lstnwrp increases markedlY.~cau».np
pulnWRftT>‘ HFljertctision. This in turn ovMloada
right heart and fre<iuently causcVr'iKlTt-hC‘aH f3>Iur^
Chronic eoiphyjema usuany progrcsjvs siowiy

many years The person develops hypowa and hyper^ap.

nio b«ause of MTiotcntilation of many alveoli and
bdeause of loss of lunc parenchyma me net re?iil

|

all of the).e eli'ects is severe“nid ntyil^ng^ air huiwr

that can last for years until the hypoxia and hyperMiiwia
cause death—!a very high penalty to oav for smoking

rssjmosiA

-Jhe term pneumonia describes any inflammatory con.
fliTt'on the lung m ^»h i<ih7lle aivemi a're usually tfiw
with Huid and blood cells, as sho^n in Figure 43-a A
conmon type or pneumonia is bnctrnal pnenmonm

.

caused most frenuentlv hv pneumococc i ihis dis^<i.
begins with infection in the alveoli, the pulmoiiaTV
membrane became* inflamed and highly pSrous
fluid und even red and white bloou cells pass out on i.a

blood into the aTvcou thus, the inrected aiveoti bec^tne
p«<^t.res‘^vel\ liiled with fluid and cells, and the infeejjQi,

spreads by extension of bacteria from aheolus to aly^^.

lus E%entua!Iy. large areas of the lungs, sometimes
whole lobes or even a whole lung, become “consolidated,"
which means that they are fill^ with fluid dfid cellujaV

debns.
The pulmonary function of the lungs during Pneu*

monia changes in difTcrent stages of the disease, li)

early stages, the jincumonia process might wel]
localired to only one lung, and alveolar ventilation may
be reduced even though blood flow through the lung
continues normally. This results in two mayor pufm^
nary abnormalities (1) reduction in the total available
surface area of the respiratory mtniuiune and f?!

cre.i^ed vcntilatiop-pcrfusion rot io. Both ihc^ greets
cause rtvliiced diilusing capaaty, whicfl rtsuiu in hy,
poxemla
Figun- 43-1 illustrates the effect of the decreased

vcntilation.perfusion ratio in pneumonia, showing that
the blood paumg through the aerated lung become 97

a

per cent saturated while that passing through the unatn

ated lung remains only 60 per cent saturated, causing

the mean saturation of the aortic blood to be about fi

per cent, which is far below normal

ATEUCTASIS

Atelectasis means collapge of the alveol i Itcan^wof

inT'bcatued area of a^un^ m an entire lobe, or in »
entire lung Its most common causes are two-fold. (H

obstruction of the airway, or (2) lack of surfactant 1®

the iimds lining Ihe atV Cflli

~ ~

^trwiiy Obilruction. The airway obstroetion type

atelectasis usually results from (a) blaeVage of_niaay

small bmni-h) vxnlh-mitn^a or (bl I*

bronclufrby either a large mucous plug of sotpe

object such aa cancer me air entrapped beyond tit

bl«k IS ab^roed within minutes to hours by the bloc«

flowing in the pulmonary capillaries. If the lung tiss«

IS pliable enough, this will lead simply to collapse of the

alveoli However, if the lung tissue cannot coHapw.

absorption cf air from the alveoli creates tremendouiiy

negative pressures within the alveoli and pulls fluid out

of the pulmonary interstitium into the elveoli.^,^

causing the alveoli to fill completely with edemS noia-

This almost always is the effect that occurs when so

entire lung becomes atelectatic, a condition calledj^*
siif coffopse of thddunR, becauM lhe solidity of the che^

wall and oi tne medtasunum allows the lung to dscreaK

only to aboQt one halfnormal size rather than collapsing

completely The remainder of the space in the alveoli

must then become filled with fluid.

PiSmQnery ArlH’Ct Bleed

is^irottd with Q|
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Figure 43-5. Effect of Atelectasis on arterial blood oxygen
turation.

The efTects on overall pulmonary function caused by
ossiie collapse (atelectasis) of an entire lung are tilus-

ated m Figure 43-5. Collapse of the lung tissue not
ily occludes the alyeoli but al<io increases the resis-

mce to blood flow through the pulmonary vessels This
^sistance increase occurs partially because of the col-

pse itself, which compresses and fc^ds the vessels as
1C volume of the lung decreases But, in addition,

ypoxia in the collapsed alveoli causes additional vaso>

mstnction, as was explained in Chapter 24
Because of the vascular constnction, blood flow

irough the atelectatic lung becomes slight. Most of the
load 18 routed through the % entilatcd lung and therefore

ecomes well aerated. In the situation shown in Figure
3-5, flve sixths of the blood passes through the aerated
mg and only one sixth through the unaerated lung As
result, the overall vontii3tion.i>oil'Usiuinatio ironly
loderately compromised, M that the aortic blood has
nly mild oxygen desaturation.
I^ck of Surfactant In Chapter 39 it was pointed

ut that the substance surfactant is secreted by the
Ueolar epithelium into the fluids that line the alveoli,

his substance decreases the surface tension m the
Iveoli two* to tenfold. In the normal lung this plays a
lajor role in preventing alveolar collapse However, m
number of different conditions the quantity of surfac-

int secreted by the alveoli is greatly decreased Some-
uses this IS severe enough to cause atelectasis For
astance, in the condition called hyaflne'TfTenrdraue dis-

ase or respiratory distress syndrome, which often occurs

n newborn babies, the quantity of surfactant secreted

y the alveoli is greatly depressed This effect causes a
erious tendency for the lungs of these babies to collapse,

r to become fllled with fluid as explained earlier, many
f the infants die of sulTocation as increasing portions of

he lungs become atelectatic.

Atelectasis also frequently results from decreased sur*

actant secretion following extracorporeal perfusion of
he lungs during open-heart surgery. The reason for the
educed surfactant secretion m this instance is not
inderstood.

ISmMA

Asthma is characterized bv spastic contraction of the

ironchioles, whiclt causes extremely difticult breathing
t occurs m about li pec cent of all persons at sotSe time
n life. The usual cause isliypersensitivity oi tne bron-
ihioles to foreign suljgtances jn the air. Itf younger
patients, under the^ge of30 yearsrtne a^hma in about
70 per cent is caused hv allergic hypersensitivity, espe*
dally sensitivity tof^ant ^len^ In older persons, the

cause in about 70 per cent is hypersensitivity to nonal-
letmc types oi irruants iii the air, such as irrifants in
smog.
The allergic reaction that occurs in the allergic type

of asthma7s believed to occur in the tollowing vJky: The
typically Allergic person has a tendency to tOT-m abnor-
mally large amounts otygKtantihndies- and these anti-

boaies cause allergic reactions when they react with
their complementary antigens, as was explained in

Chapter 6. In asthma, tjiese antibodies mainly attach to

mast cells that lie m me lung mterstitmm in close

as^i^ion with the bronithloJes and small bronchi. Then
when me person breathes a pollen to wmcli he or she is

senllfiveTthatTsrto which the”person has developed IgE
antibodies), the pollen reacts with the mast cell-

attached antibodies and causes these cells to release
several different substances Among them are histamine,
slow-reaciwe substance of anaphylaxis, epsinophilic
ch^otactic factor, and bradykinin i tie combmed ettects

of all these factors, especially of the slow-reacting sub-
stance of anaphylaxis (SRS-A), are to produce (if local-

ize edema in the i^lls ofthe small bronchioles as well

as secretion of thick mucus into the bronchiolar lumens.
amTl^f Kpuiam of tile brunctnoiar smooth muscle Ob-
viously, thereto^, the airway resistant increases
greatly.

As discussed m Chapter 39, the bronchiolar diameter
becomes more reduced during expiration than during
inspiration m asthma '

Hie reajdir'ftif lhis~T5ttiat the
increased intrapulmonan^ pressure during expiratory
eflort not only compresses the air in the alveoli but

compresses the outsides of the bronchioles as well. Since
the hmnAKiifl es are already partially occluded, further
occlusion_resultinp from the external pressure creates
especially severe obslrutllOft during expiranonTThere-
fore, the asthmatic person usually can inspire quite
adequately but has great difficulty expiring Therefoie,
clinical measurements show greatly reduced maximum
expiratory rate and timed expiratory volume. Also, this

results in dyspnea, or “air hunger,” which is discussed

later in the chapter.

The functional residual capacity and the residual

volume of the lung-become greatly increased during the
asthjnatic attack because of the jifticuttY: in -expiring

aii^rom th»dungs Over a long period of time the chest

cag^beoimes permanently enlarged, causing a “barrel

chest.* and the functional residual capacity and residual

volume also become periuaneniiy increased

TUBERCULOSIS

In tubsrculosis the tubercle banlli cause a peculiar
tissue reaction in the rungs including, first, invasion of

theinfccted region by macrophages and, second, walling
off of the lesion by fibrous tissue to form the so-called

“tuberele. This waUing-olt process helps to limit further
transmission of the tubercle bacilFi m'the lungs and.
theretore, is part oi me protective process against the
infection. However, in approximately 3 per cent of all

persons who contract tuberculosis, the walling-off proc-
ess fails, and tubercle bacilli spread throuohi^ni the
lungs. Thus, tuberculosis m its late stages causes many
areas 6f fibrosis throughout the lun^, and, secondly, it

reduces the total amount of functional lung tissue. These
effects cause (1) increased "work” on the part of the
respiratory muscles to cause pulmonary ventilatron and
reduced Vital capacity and 6rea'i:Ai'ngcaDqcrtv- (2) reduced
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total respiratory membrane surface area and tnertased

(/newness of the respiratory membrane, these causing

progressively diminished pulmonary diffusing capacity,

and (31 abnormal cenhfation-t?erfusion rqfao in the lungs,

further reducing tne puimonary^Busing^paeityr

HYPOXIA

Obviously, almost any of the conditions discussed in

the past few sections of this chanter can cause senoua
degrocs of cellular hypoxia In some of these, oxygen
therapy is of great value; in others it ts of moderate
value; in still others it is of almost no value 'Theiefore,

it is important to classify the different types ofhypoxia,

then we can readily discuss the physiological principles

of therapy. The following is'a descriptive classification

of the different causes of hypoxia.

1. Inadequate oxygenation of the lungs because of ex-

/^rinsic rMsohs

can lead to this type of hypoxia. A special example d

V thtS 6CCUTS ill the disejstrteriben. in which 8e«n!

b. Hypoventilation tneuromuscular disorders)

2.^Pul»^nary disease
'

^

a Hypoventilation due to increased airway resis-

tance or decreased puitnonary compliance

b Uneven alveolar ventilation-perfuaiw ratio (in*

cluuiBg'increased physiologic dead space and
physiologic ahuntl

e.<Dimim3hed respiratory membrane diffusion
3r^enous«tu~anenal shunts ("nght-to-left" cardiac

Bfuailsi

4.>thadeauate transport and detiverv of oxygen •

****'^8. Anemia. abwOTiopl homajiylflhin

Oeperal circula,tory deficiency

c. Locanxed cuwl^ry deficiency (peripheral, cere*

*ybrfir,"Wl‘6riary Vesseisi

Tissue edema.

Inadeouale tissuc'copabilitv of using oxygen
Ik a Pgiwnmg^ rellular enzymes

)
b. Dimmisned ceiiiiT^ enzymes because of vitanun

/ 0 deficWRCy -

This classification of the different types of hypoxia is

mainly self-evident from the discussions earlier m the

dnapter. C)n\y one oi Cne types Bi ^lypox’ia in the above
classification needs further elaboration; this is the hy-

poxia caused by inadequate capability of usuig oxygen.
(Another classification ofhypoxia that the student needs

to know because it is widely used, even though far less

precise than the preceding classification, is the follow-

mg' (1) Hypoxic hypoxia, which includes all ^pes of
hypoxia in which not enough oxygen gets to the alveoli.

(2) Anemic hypoxia , which is caused by inadequate
hemoglobin or abnormal hemoglobin so that not enough
oxygen can be transported to the tissues. (3) Slaenant

byrxaia (or circulatory hypoxia), which means that there
isnot enbugh blood How to cany the oxygen to the
tissues And (41 flisfntrenr hvpmin whirh means that

‘ the tissues cannot utilize the oxygen even though it

^
reaches the tiKues in adequate quantities.)

.Inadequate Tissue Capability of Using Oxygen.
The classic caliife uC inahtlttytJf Uui llsiiues Ri umj uxygeu
is cyanide poisofimg. in which the action of cytochrewe-
ozidase is completely blocked—to such an 'extent that
the tissues simply cannot utilize the oxygen even thoagh
plenty is available. Also, deficiMiciMofoxidativeen-
^mes^r_oOier_£leiafiDt3-in3K53Ii«ie^«3anv?^Stcm

Kffects ol llvlibXla un the Body. Hypoxia, if s^ven

enough, can actually cause death of the cells, but iri I®

severe degrees it results principally m (1) depresxt

mental activity, sometimes culminating in coroa^'

(2) reduced work capacity ol the muscles These effgdj

are diseased in the followingch^ter in relation to Wgl

altitude physiology and, therefore, are only mentione

here

CyA\g5/5

The term “cyanosis" means bluenesfr-of-the skin,

Its cause is excessive amounts of deoxygenated herap

globin in the skin blood vessels, especially in the esp‘1

lanes This deoxygenated hemoglobin has an intemi

dark bluc-DuroIe color that is transmitteiLthmugl* il'-‘

skiff'
”

't he presence of cyanosis is one of the most conUnBi

clinical signs ofdj|Dzi£at-degTee»-of.respi£ataryin-^^"

ciency, and forThm reason it is important to undersieni

the factors that determine the dc^ce ofcyaptisis *

Theinost Important lacior determining the degrfe c

cyanosb is the quantity of deoxygenated hemoglobt’tj'

the arterial blood I t is not the percentage deegygen^h°’

ofthe hemoglobin tnatrauses uie pmisn nue of the

but princioallv the concentration of deoxygenated
globin without regard to the conceniyoiltin

hcmoglobm TBe r^kin lor this is'thatllTFTed ®

oxygenated blood is weak m comparison with the

blue color of deoxygenated blood Therefore, wheP
two are mixed together, the oxygenated blood has

tivelj bttle colonng effect m.^amMneoff'Vnth-thftt

«

the deoxygenated blood .

In general, detinite cyanosis appeara whenever
arterial blood contains more than 5 gg ms_per cehi e

deoxygenated 'hemoglobin. In polyc^heroia ,
cyaSS>*

'

very cortnnojrbCTaUse Of the IdrgFaSounTof hemogl®“P
in the blood whereas in anemik, cyanosis is rare bec^“*'

it IS difficult for there to be enough deoxygenated h®®®

mia is much more likely to cause tissue hvpoxia thfl° •

polycYthamiB
Two other factors that affect the degree of cynosi*

fl) th^rate of blood flow through the skin, and<2) “
skin thickness (VngrnhgidU.rofnuw iHowrthe capi**^

blood otten ioses-most of its oxygen to the tissues

therefore becomes very blue even when the hemogl®"*^

u fully oxygenated in the arterial blood And the thip*^®

the akin the easIeiT3TFTo“TieeTKel)lue color of

capillary blood. For instance, in newboim babies,

have very thin skin, cyanosis occurs readily, particul^Y

in bighly vascular portions

^

fthebody-sui^as the b®®“

AlsoTin^dults as well as babies the lips and finger^j
o^n appear’o^i'OtiC before the remainder ofthe bod

ahowa kny blueness ~ ^

^
PY5P\M
Dy^nea meana a mentaL angwsh associated

’

lability to ventilate enough to' Mtistv'the demand
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levelopmcnt of the sensation of dyspnea. These are (1)

ibnonnaHty of the respiratory gases in the body fluids.
' '

‘ Ith" wiil be discussed beiowTrsDeaaU
ind to much less extent hypoxia, (2) the amount of work
hat must be performed by the respiratory muscles to

irovide^Saequate ventilalion. and <3rihc~ state of the
nind.

*“ —
person becomes very dyspneic especially from excess

luildup of carbon dioxide in body fluids. At times,

vonever, the levels of both carbon dioxide and oxygen
n the b^y fluids are completely normal, but to attain

his normality of the p>5piratDry gascs. the person has
o brea^e forcofullv. In these, instances the~f<pteful
ictivity oftRe respiratory muscles frequently gives the

person a seh^tion of veiy severe dyspnea.
' ’

Finally, the person's respiratory functions may be
xmpletely normal, ancT still dyspnea may be exp«Tt^
sne^because ol ^ abnormaTstale'Tir'mind is

called neufoaenU /Ivrrmf’fi flf. someiimes, emottonal

djspnea. tor instance, almost anyone momentarily
thinking about the act of breathing may suddenly start

taking breaths a little more deeply than ordinarily

because of a feeling of mild dyspnea. This feeling is

greatly enhancedln t^rsons who nave a psychic fear of

example,'many p&^'ns on entenng small or crowded
rooms immediately experience emotional dyspnea. Also,

patients vnth “cardiae neurosis" who have heard that

dyspnea is associated vnth heart failure frequently ex*

perience severe psychic dvsDnea_Ncufogenic dyspnea
has been knowm tiThe so intend that the perion oyer*

respires and causoi^^aiotic tetan^ '

HYPERCAPNIA

^
H^^rcapnia means excess carbon dioxide m the body

One might suspect on first thought that any respira-

tory condition that causes hypoxia would also cause

hy^rcapnia. Howev^er.. byperc^ma usually occurs in

assbcQiUcir~mth hypoxia only when the hypoxia is

caused by h^poientilation or by eirculalory drficienev.

The reasons Ibf this are^e following:

Obviously, hypoxia caused bv too little onpen in

air, bv too little hcmcRlobin, dr by /po»on»ng o/ the

ortdQftieenrvmeaTigS'to'Tlo only with the availability of

oxygen-or use of uiygen by the''iissuea. Therefore, it is

readily understandable thafhypcrcapnia is not~i con-

comitant of these types orhypoxia.
‘ "

Also, in hypoxia resulting from poor diiTusion through
the pulmonary membrane or through the tissues, serious

hypercapnia usually does not occur because carbon diox-

ide diffuses 20 times as rapidly as oxygen. Also, if

hypercapnia Hops he
f
pn to occur this Imm^iateiy stim-

ulates pulmonary ventilation, which^rrectsTtKeTiyper-
capnia but not necessarily the hypoxia. '

However, in nvTioi3a~taD5ea'S^vpoventilation. car-

bon dioxide transfer between'the alveoli and the atmos-

phere is affected as muchjsjajixygen-ltajisfer. There-
fore, hypercapnia alwaysTesiflts along with the hypoxia.

And in circulatory deficiency, diminished flow of blood

alters Of HYPERCAPNIA ON THE BODY

When the alveolar PcOt rises above approximately 60
to He, dyspnea usually beebm^ very figvsrerand"
^theTCO.nses to bU lo lUOmmHg.ihg Dersr.n'kl.,>nma'g

le^argic and sometimes even senitcOTiraTO5e.~ATipfiTh*' <n'^

can result when the Pco, rises to lD0^o^50’
mm Hg7'

OXYGEN THERAPY IN THE DIFFERENT
TYPES Of HYPOXIA

Oxygen can be administered by (X)^placiiig_jhe_pa-

oxygen, T2) allowing the patient to breathe either pure

or (3) administering oxygen through an rntranag^j tube.
Oxygen therapy is of great value m certain types of

h\-po:^ia-hut of almost no value at all ih othe^ types.
Howcv’cr, recalling the b^ic physiological phneipj^ of
the different types of hypoxia, one can readily decide
when oxygen therapy is ofvalue and, ifso, bow valuable.
Fnr in<8ta>ir<»-

/'Tj
'
^ri^itm^Dhenc Avparta . oxygen therapy can obviously
completely rori-feCnhe' depressed oxygen level in the
inspired gases and, therefore, provide 100 ppr cent
effective therapy ' - -

~

f2 j

hipoveniilation hypoxia, a person breathing 100
L-^per dntWfyielTcajrttWwe times as much oxygen

into the alveoli with each bruth as when^breathing
nonnal air. Thei^ore, here again oxygen therapy can
be extremely beneflcial, inmasing the availahlFoxygen
as much as fivefold. '(However, this provides no‘benefit

— fer the hypercapnia also caused by theh^veni^iat{«^
)

rSj Ih hypoxia caJised by imoarrerf diffuficn, esMntiallv
'^the samr resmC occurs^ ir^hypov^entijaiibn*^^^?^ }^

foi'^xygentherapy can 'increase~the tge fungs
fronnnwrmal value of aB^t IQQ mm Hg
60(1 mm Hg. This cauies' k greatly increased orvpt>n
diffusion gradient betweSTthe alveoh and the
the gradient rising trom a nonn^ value of 6q mm Hg
to'as high as 560 mwrHg or anTnerease of ifiofe’^an
600 cent. This highry beneficial effect of oxygen
therj^ in diffusiunJiypoxia is illustrated in Fig;ure 43-
6, v^icb shows that the pulmonary blood in this patient
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vith pulmonary edema pjckg up oxygen four times as

apitily as ti would with no therapy.

> In Aypoxia caused by qngmi'a orLothfr abnOrmahty of

lemogloBIh transport, oxygeti therapy is sUil of some
raiue oecauU a small amount of extra oxygen can be
Tansported in the dissolved form in the fluids of the

itood even though the^mouot ot oxygen trans^rted by

Jie'heroogiopjn is hardly'aJtercd This is illu^ratctOo

r'lgure^Jpi, whwh shows that an increase In alveolar

Po, from a nomial value of lOO mm Hg to 600 mm Ilg

increases the total oxygen in the blood (that combined

with hemoglobin plus the dissolved oxygen) from 5
volumes per cent to6 5 vojumes per cent Thisreprrscnls

a 30 per cent increase in the amount of oxygen trans-

port^ to the tissues, and 30 .pcY..ccnt >B ~otUn the

difference^bctwecn life and den^ Hov-ever. FiRur^43-

7 also shows tharoxygenThcroi^n a ftyperSartc pnt-
sure chamiHr st pressures above atmospherie pressure

(760 mm Hg) can be of even greater value,

p
In hypoxia caused by circuiatary deficiency, also called

ischemic ^lypQxta.bhe value oloxy^n therapy is usually

vSy sligTitTBtcause the problem here is sluggish flow of

blood and not insufficient oxygen For instance. Figure
43-6 illustrates that normal blood can carry only a
small amount of extra oxygen to the tissues (about 10
per cent extra) when the alveolar oxygen concentration

is increased to 600 mm Hg. Yet this 10 per cent differ-

enco may save the life of the patient, as, (or example,
following an acute heart attack which causes the cardiac
output to lail very low.

——

—

‘j 'm hypoxia eflUj^d b'?’ phystoloeic shunts the value of.

oxygen therapy is esen le^ thaa in ischmic hypoxia
^

Only Uvat blow passing chrough the ventilated alvcoU
can receive additional oxygen. And since the blood
passing through these alveoli is already either fully or
almost fully saturated, the amount of additional oxygen
that can be transported is only the portion that can
become dissolved in the fluid of the nonshunted blood, a
very small amount Yet again, this may be the difference
betvicen life and death

OXYCCM paanaL ppcssupc in uuuts

njute 4S-7. ttfecu of oxygen thetSpy m hypohwno^
nemte hypoxia

^In thcdilTcrcnt t>’pes of hypoxia Caused by tnad^ <i

~m$ue uie ofoxycen, there is no abnormality of oxyj

pickujTby iRe Tung# or of transport to the tlssi

Instep, the tissue enzymes simply are not avatUbli

utilize the oxygen that js delh'cred. Therefore, i(

doubtful that oxygen therapy it of any benefit at all

DASCUt or HYPmCArNlA DURISC
OXYCrN THIRAPY

In the preceding chapter it was noted that In <brt

hyjwxjajjixygen lack becomes s far more poweH'ur^
ulus to TTspimtion 'than usual, sometimes fnereos

the ventilation as mu.»h_a5 five* to sevenfold Thcref
during oxygen thero^,7«licr&I'lhV hypoxia btfasioni

causes the lev«>l of pulmonary ventiTatioB-taiecres*
low that lethal le'^s^orh^'Wfflpnia develop. For I

reason, oxygen tnerapy In nypoxia is sometimes «

traindicaled, particularly in conditions that othcrv

tend to cause hypercapnia, such as depressed Tcxoiral

center activity or airway obsLmetion.
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ody.

VBSORPTION OF ENTRAPPED AIR

Whenever air becomes entrapped and closed olT from
he atmosphere any>vhcre in the body, whether in the
dveoli as ^rcsaU'^rbroncnial onstruction, ifTjhe gas-
rointcktinal tract, in one ortho nasal or auditory cavi-
ics, Pr8iinply~mr Injected bcncaUriRe^llirrririaiBIly
ibsorbed in a tew hours ordaya .

“ •"*-—
PhysicaTlMnClplcg of Air Absorption. Figure 43-

) shows the progressive stages of air absorption from a
ayity. Tlie cavity to the Ted is (llled with reccntl)'

lyccted air that has become humidified almjCist' instan*
ancously by tho fluids surrounding the cavity. There*
ore, this cavity contains the normal concentrations of
ixygcQ, nitrogen, and water' vap^. found m humidified
«r at sea level. Note that the total prc£5Uiu uf Ujestr

•hree gases added together cqual<i 7fi0 mm lie Further*
nore, the pressure in the cavity remains almost the
lame during the entire processor absorption because
iie atmospheric pressure continually presses against
iie body, and the body's tissues’ arc flexible enough that
Jie atmospheric pressure is transmitted almost exactly
O most cavities bcnc.ith the ^kin .

At first, Uie f'o, m the in^eg^ air is much greater
than the .po, fn the interstitial fluid, so that oxygen
begins to be absorbcsl rapidly. Un the other hand, the
nitrogen pressure' (Pk,) in' tTie cavity Js actually Jess
than that in the interstitial fluid because nitrogen,
unlike oxygen, is not metabolized by the tissues of the
body. As a result, minute amounts of nitrogen nctunllv
diffuse into the cavity at tirst. Hut aft^r large-amounts
of oxygen have been absorbed, the POa falls to as little
as 90 mm Hg, as shown m the second cavity m Figure
43-9. This absorption of oxygen makes the cavity be*
come smaller, now increasing the Pw. to a value greater
than that in the interstitial fluid. Also, carbon dioxide
diffuses into the cavity.
The final equilibrium state between the g2Lses in the

cavity and in the interstitial fluid is shown in the third
cavity; the Po, has decrea^d to about 43 mm He. the
PcOi has increased to 4Cf mm Hg, 'and tfle has
increased to 630 mm ffg. ttfim then on, both oxygen

and nitrogen are absorbed continually because both of
these are than nt higher pressuTeTtirthe cavitvthan in
the surrounding tissues. As this reduces the siM of the
cavity, the carbon dioxide pressure also increases to

slightly higher than the pressure m the surrounding
fluids. As a consequence, the carbon dioxide also is

absorbed. And the water vapor returns to the liquid
state. This process continues until all tfle gases leave
the cavity and the cavity collapses totally.

*
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As man has ascended to higher and higher altitudes

m aviation, in mountain climbing, and m space vehicles.

It has become progressively more important to under-

stand the efTects of altitude and lovr gas pressures on

the human body In the early days of aviation only Uvo

factors were of concern, f 1 ) the effects of hypoxia on the

body and (2) the effects of physical factors of high

altitude, such as temperature and ultraviolet radiation

With further development of airplanes, it was soon

learned that they could be built to withstand aceelera-

tory fortes far greater than the human body can stand

Now, in the apace age, all these problems have multi-

plied to the point where the physical conditions in the

spacecraft must be created artiiicially

The present chapter deals with all these problems
first, the hypoxia at high altitudes, second, some of the

other physical factors affecting the body at high alti-

tudes. and, third, the tremendous acceleratory forces

that occur in both aviation and space physiology

tFFtCTS or LOW OXYGLN
PRESSURE ON THE BODY

&wt^w.^t.xve. Pxxwaxa* wt DsKxxxsit, As a
prelude to discussing the effects of low oxygen pressure

on the body, we must iKall that the total pressure of

all the gases m the air, the barvmetnc pressure, de-

creases as one rises to progressively higher altitudes

Table 4t-l gives the pressures at different altitudes.

showing that at sea level the pressure is 760 mm Hg

whereas at 10.000 feet it is only S23 mm Hg, and a

50.000 feet, 87 mm Hg This decrease in baromflni

pressure is the basic cause of all the hypoxia prcbl*™

in high altitude physiology, for as the barometric pres

sure decreases, the oxygen pressure decreases propw

tionateiy, remaining at all times slightly less thaii 2

per cent of the total barometnc pressure
Oxygen Partial Pressures at Different Elevation*

Table 44-1 also shews that the partial pressure o

oxygen (Po,) in dry air at sea level is approximately
1*'

mm Hg. though this can be decreased as much a^

mm when large amounts ofwater vapor exist tn the sir

The POj at 10,000 feet is approximately UO mm Hgl*

20.000 feet. 73 mm Hg; and at 50,000 feet, only 18

Hg

AlVEOtAR PO, AT DimRIST £L£VATI0S5

Obviously, when the Po, in the atmosphere decre?»

at higher elevations, a decrease in alveolar Po, is

to be expected At low altitudes the alveolar PO,

not decrease quite as much as the atmospheric

because increased pulmonary ventilation helps comj*''

M-tft Cax d.\w.vr.V5.h«4
®

higher altitudes the alveolar Po, decreases ever

than atmospheric Po„ for peculiar reasons that

explained as follows'

Effect of Carbon Dioxide and Water Vapor •>'

Alveolar Oxygen. Even at high altitudes carbon dio*

Table 44-1 tfftCTS OF ACUTE EXPOSURE TO LOW ATMOSPHERIC PRESSURES ON ALVEOLAR GAS
CONCENTRATIONS AND ON ARTERIAL OXYGEN SATURATION

Breatfilng Air Bresthlng Pure Oxygen ^

Amide (fl)

Berometrtc
tnMUfv
(mm Hs)

As, In

Air

(mm Hg)

/^, In

Atrectt

(mm Rg}

n>, In

Ahmlt
(mm Hg)

ArteiUI
Oxygen
SeturxOon

(»>

fto, In

Alveoli

(mm Hg)

Aj, In

AlveoH
(mm Hg)

AnerUt

0 760 159 40 104 97 40 673 100
10.000 523 110 36 67 90 40 436 too
10000 349 73 24 40 73 40 262 100
30000 226 47 24 21 30 40 139 99
40000 141 29 24 12 IS 36 58 87
•^0000

^528

B7 IB 14 2 1 24 16 22
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ie is continually excreted from the pulmonary blood

nto the alveoli. Also, water vaponzes into the inspired

lir from the respiratory surfaces. Therefore, these two
rases dilute the oxygen and nitrogen already in the
ilveoli, thus reducing the oxygen concentration.

The presence ofcarbon dioxide and water vapor in the

ilveoli becomes exceedingly important at high altitudes

jecause the total barometric pressure falls to low levels

vhile the pressures of carbon dioxide and water vapor

io not fall comparably. Water vapor pressure remains
17 mm Hg as long as the body temperature is normal,
regardless of altitude; and during acute exposure to very
high altitudes the pressure of carbon dioxide falls from
the normal sea level value of about 40 mm Hg to about
24 mm Hg because of increased respiration.

Now let us see how the pressures of these two gases
affect the alveolar oxygen. For Instance, assume that
the total barometric pressure falls to 100 mm Hg; 47

Hg of this must be water vapor, leaving only 53
mm Hg for all the other gases. Under acute exposure to

fhigh altitude, 24 mm Hg of the S3 mm Hg must be
picarbon dioxide, leaving only 29 mm Hg. If there were
i^no use of oxygen by the body, one fifth of this 29 mm
^Hg would be oxygen and four fifths would be nitrogen;
j,or, the Po, in the alveoli would be 6 mm Hg. However,
jjthe person’s tissues would be almost totally anoxic so

3 that even most of this last remaining alveolar oxygen
would be absorbed into the blood, leaving not more than

^ 2 mm Hg oxygen pressure m the alveoli. Therefore, at

g
a barometric pressure of 100 mm Hg, the person could

^
not possibly survive when breathing air. But the effect
IS very different if the person is breathing pure oxygen,

3,

as we shall see in the following discussions,

i A simple formula for approximating alveolar Po, is
' the following:

Alveolar Po. = Pb - Pco
,
- 47 . ABSORPTION

In this formula, Pb is barometric pressure, the value
47 is the vapor pressure ofwater, and Po, ABSORPTION
IS the oxygen pressure decrease caused by oxygen uptake
into the blood.

i' Alveolar Po, at Different Altitudes. The fifth col-

I umn of Table 44-1 shows the Po,s in the alveoli at
5 different altitudes when one is breathing air The alveo-
a lar Po, is 204 mm Hg at sea level; it ^ils to approxi-

njuie 44-1. Effect of low atmospheric pressure on anerial
o*ygen saturation when breathing air and when breathing pure
®*ysea

mately 67 mm Hg at 10,000 feet and to only 2 mm Hg
at 50,000 feet.

Saturation of Hemoglobin with Oxygen at Differ-

ent Altitudes. Figure 44-1 illustrates arterial oxygen
saturation at different altitudes when breathing air and
when breathing oxygen, and the actual per cent satu-

ration at each 10,000 foot level is given m Table 44-1.

Up to an altitude of approximately 10,000 feet, even
when air is breathed the arterial oxygen saturation

remains at least as high as 90 per cent. However, above

10,000 feet the arterial oxygen saturation falls progres-

sively, as illustrated by the left-hand curve of the figure,

until it is only 70 per cent at 20,000 feet altitude and
still less at higher altitudes.

mtCT OF BREATHING PURE OXYGEN ON
THE ALVEOLAR Po, AT DIFFERENT
AimUDES

Referring once again to Table 44-1, note that when a

person breathes air at 30,000 feet, the alveolar Po, is

only 21 mm Hg even though the barometric pressure is

226mm Hg. The most important cause of this difference

IS that almost three fourths of the alveolar air is nitro-

gen But if the person breathes pure oxygen instead of

air. most of the space in the alveoli formerly CKcupied

by nitrogen now becomes occupied by oxygen instead,

'nieoreticaliy, at 30,000 feet the aviator could have an
alveolar Po, of 139 mm Hg instead of the 21 mm Hg
when breaking air

The second curve of Figure 44-1 illustrates the arte-

rial oxygen saturation at different altitudes when
breathing pure oxygen Note that the saturation re-

mains atove 90 per cent until the aviator ascends to

approximately 39,000 feet; then it falls rapidly to ap-

proximately 50 per cent at about 47,000 feet.

THE • CEILING'' WHEN BREATHING AIR AND
WHEN BREATHING OXYGEN IN AN
UNPRESSURJZED AIRPLANE

Comparing the two artenal oxygen saturation curves

m Figure 44-1, one notes that an aviator breathing

oxygen can ascend to far higher altitudes than one not

breathing oxygen For instance, the arterial saturation

at 47.000 feet when breathing oxygen is about 50 per

cent and is equivalent to the artenal oxygen saturation

at 23,000 feetwhen breathing air. And, because a person

ordinanly can remain conscious imtil the artenal oxy-

gen saturation falls to 40 to 50 per cent, the ceiling for

an unaixlimatized aviator m an unpressunzed airplane

when breathing air is approximately 23,000 feet and
when breathing pure oxygen about 47,000 feet, provided

the oxygen-supplying equipment operates perfectly.

EFFECTS OP HYPOXIA

The rate of pulmonary ventilation ordinanly does not

increase significantly until one has ascended to about

6000 feet. At this height the artenal oxygen saturation

has fallen to approximately 93 per cent, at which level

the chemoreceptors begin to respond significantly. Above
8000 feet the chemorcceptor stimulatory mechanism
progressively increases the ventilation until one reaches
approximately 16,000 to 20,000 feet, at which altitude

the ventilation has reached a maximum about 65 per
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cent abo^•e nomal if the person is exposed only acutely

to the high altitude. (But several days of exposure

increases ventilation about 400 per cent.)

Other effects of hypoxia, beginning at an altitude of

approximately 12,000 feet, are drowsiness, lassitude,

mental fatigue, sometimes headache, occasionally nau*

sea, and sometimes euphona Most of these syroploms

increase m intensity at still higher altitudes, the head-

ache often becoming cspecisHy piomincnt and the cer-

ebral symptoms sometimes progressing to the stage of

twitchings or convulsions and ending, above 23,000 feet

in the unaccliraatized person, in coma

One of the most important effects of hypoxia is de-

creased mental proficiency, which decreases judgment,

memory, and the performance of discrete motor move-

ments Ordinarily these abilities remain absolutely nor-

mal up to approximately 9000 feet, and may be com-

pletely normal forashort timeup to elevations of 15,000

feet. But, if the aviator is exposed to hypoxia for a long

time, mental proficiency, as measured by reaction times,

handwriting, and psychological tests, may decrease to

80 per cent of nomal even at altitudes as low as 11,000

feet If an aviator stays at 16,000 feet for one hour,

mental proficiency ordinarily will have fallen to approx-
imately 50 per cent of normal, and after 18 hours at this

level to approximately 20 per cent of normal
Respiratory Center Depression as the Cause of

Death in Hypoxia. NVhen a person develops severe

hypoxia—that is, to the stage of coma—the respiratory

center itself often becomes depressed within another few
minutes because of metabolic deficit in its neuronal
cells This counteracts the stimuatory effect of the che-
moreceptor mechanism, and the respiration, instead of
increasing further, decreases precipitously until it ac-

tually ceases

Effects of Sudden Exposure to Low Po, At times
the aviator who has been flying at a very high altitude

with spcaal oxygen equipment or in a pressurized cabin
suddenly becomes detached from the oxygen supply, or
the cabin decompresses. The alveolar Po, falls unthm a
few seconds to a low value, but because oxygen is stored

in the body fluids fcombined with hemoglobin and vnth
various oxygen carriers of the tissues!, a short lime
elapses before the body suffers dire results from oxygen
lack

Figure 44-2 illustrates graphically the time that or-

dtnanly elapses, first, before the aviator shows signs of
diminished consciousness, and, second, before actual
coma results Note from this figure that at 38,000 feet

diminished consciousness begins in approximately 30
seconds, and coma results in approximately one minute,
while at 28.000 feet diminish!^ consciousness begins in
approximately one minute, and coma occurs in approx-
imately three minutes in the unacclimatuedperson

ACCUmriZATlON TO tow Po,

A person remaining at high altitudes for days, weeks,
or years gradually brames acclimstired to the low
so that it causes fewer and fewer deleterious effects on
the body and also so that it becomes possible for the
person to work harder without hypoxic effects or to
a.scend to still higher altitudes. The fire prinapal means
by which acclimatization comes about ore (D increased
pulmonary ventilation, (2) increased hemoglobin in the
blood, (3) increased diffusing capacity of^ lungs. (4)
increased vascularity of the tissues, and (5) inciesaed

j
ability of the cells to utilize oxygen despite the low P<v

Time (mirutnl

ngure 44-2. Time of exposure to low oxygen coocenCiSXS

required to cause diminished consciousness or coma (fiOT

Anmwong. Principles and Practice of Aviation Medlcne P«

Wiliams 2. Wilkins Co )

Increased Pulmonary Ventilation. On
exposure to low To,, the hypoxic stimulation ol w
chemoreceptors increases alveolar ventilation to a

imum of about 65 per cent This is an immediate

pensation for the high altitude, and It alone alli’wsU
person to nsc several thousand feet higher thaj'™®"
be possible without the increased ventilation. Then. i

the person remains at a very high altitude for

days, the ventilation gradually increases to as
three to seven times normal. The basic cause *f

gradual increase is the following:

The immediate 65 per cent vncrtase in pul®®^
ventilation on rising to a high altitude blows off l»>t!

quantities of carbon dioxide, reducing the PcOi

increasing the pH of the body fluids Both these chang^

I'nAihif the respiratory center and thereby
sltmulation by the hypoxia. However, during the cnsuiPl

two to five days, this inhibition fades away,
the respiratory center now to respond with full

the chemoreceptor stimuli resulting from
the ventilation increases to about three to seve^ h®”
normal The cause of this fading inhibition is

but there Is some evidence that it results from .

CSF bicarbonate ion and perhaps also reduced hra^

tissue bicarbonate ion. These changes, in turn,

the pH in the fluids surrounding the chcmoscnsiU”

neurons of the respiratory center, thus increasing un

activity of the center (See Chapter 42.)
,

Rise in Hemoglobin During AcclimatizaP?"- *

will be recalled from Chapter 4 that hyp®**® ,*1,^
pnncipal stimulus for causing an increase m oiw

cell production. Ordinarily, in full acclimatization 1®

oxygen the hematocrit rises from a normal value of
^

to45 to an average of60 to 65, with an average in^®*®

in hemoglobin concentration from a normal of 1® P®

per cent to about 22 gm per cent. .

In addition, the volume also increases, ofr*®
J

as much as 20 to 30 per cent, resulting in a total

in circulating hemoglobin of as tnuch as 50 to ^ P”

cent. .

Upfortunately, this increase in hemoglobin and

volume is a slow one, having almost no effect until aiwT

tiro to three weeks, reaching half development i" *



44 Aviation, High Altitude, And Space Physiology U 531

lonth or so, and becoming fully developed only after

lany months.
Decreased Ailinity ofthe Hemoglobin for Oxygen
'nder Hypoxic Conditions. Within a few hours after

le blood is first exposed to hypoxia at high altitudes,

icreased quantities ofphosphate compounds are formed
iside the red blood cells, and some of these combine
ith the hemoglobin to decrease its affinity for o:Qrgen,

lat is, to shift the hemoglobin-oxygen saturation curve

iward higher POjS, as was illustrated in Chapter 41.

ne of these, 2,3-diphosphoglycerate, commonly called

,3-DPG, is especially sigmilcant. Because of the reduced
[hnity for oxygen, the hemoglobin delivers the oxygen
) the tissue cells at a higher POj. At altitudes up to

bout 15,000 feet this effect increases oxygen delivery

s much as 10 to 20 per cent. But at still higher altitudes

le decreased affinity for oxygen also decreases the

. of oxygen by the hemoglobin in the lungs, and
lerefore it decreases the overall availability of oxygen
) the tissues, which can actually become more hannjful
lan the increased tendency for oxygen release by the
emoglobin at the tissue level is helpful.

Increased Diffusing Capacity During Accllmati-
ation. It will be recalled that the normal diffusing

opacity for oxygen through the pulmonary membrane
i approximately 21 ml per mm Hg pressure gradient
er minute, and this diffusing capacity can increase as

ouch as threefold dunng exercise. A similar increase
a diffusing capacity occurs at high altitude Part of the
ncrease probably results from greatly increased pul*

Qonary capillary blood volume, which expands the cap-
llaries and Increases the surface through which oxygen
an diffuse into the blood. Another part results from an
ncrease In lung volume, which expands the surface area
if the alveolar membrane. A final part results from an
ncrease in pulmonary artenal pressure; this forces
)lood into greater numbers of alveolar capillaries than
loxmally—especially m the upper parts of the lungs,
vhich are poorly perfused under usual conditions.

The Circulatory System in Acclimatization—In*
Teased Vascularity. The cardiac output often in*

Teases as much as 20 to 30 per cent immediately after
i person ascends to a high altitude, but it usually falls

lack to normal within a few days. Then, over a period
if months, the cardiac output decreases a moderate
imount, but this is associated with a simultaneous
ncrease m blood hematocrit so that the amount of
ixygen transported to the tissues remams approxi*
lutely normal—that is, unless the altitude becomes so
ligh that severe hypoxia results.

Another circulatory adaptation is an increase in num*
3ers and sizes of capillaries in the tissues, which is

ailed increased tioscu/orify. This occurs especially in
uiiinals bom and bred at high altitudes, but less so for

uiimals that later in life have become exposed to the
altitude. In very active tissues exposed to chronic hy*
poxia, the increase in vascularity is especially marked.
For instance, the capillary density in the right ventric-
ular muscle increases many per cent because of the
combined effects ofhypoxia and excess work load on the
right ventricle, caused by pulmonary hypertension at
high altitude (the hypertension results from pulmonary
vasoconstriction caused by low alveolar oxygen concen-
tration).

Cellular Acclimatization. In animals native to alti*

tudes of 13,000 to 17,000 feet, mitochondria and certain
cellular oxidative enzyme systems are more plentiful

than in sea level inhabitants. Therefore, it is presumed
that acclimatized human beings as well as these animals
can utilize oxygen more effectively than can their sea
level counterparts.

NATURAL ACCLIMATIZATION Of
NATIVES LIVING AT HIGH ALTITUDES

Many natives in the Andes and in the Himalayas live

at altitudes above 13,000 feet—one group in the Peru-
vian Andes actually lives at an altitude of 17,500 feet

and works a mine at an altitude of 19,000 feet Many of

these natives are bom at these altitudes and live there

all their lives In all the aspects of acclimatization Just

listed the natives are supenor to even the best-accli-

matized lowlanders, even though the lowlanders might
have also lived at high altitudes for ten or more years.

This process of acclimatization of the natives begins in

infancy The chest size, especially, is greatly increased

whereas the body size is somewhat decreas^, giving a
high ratio of ventilatory capacity to body mass In

addition, their hearts, particularly the right heart which
provides a high pulmonary artenal pressure to pump
blood through a greatly expanded pulmonary capillary

system, are considerably larger than the hearts of low-

landers

The delivery of oxygen by the blood to the tissues is

also highly facilitated in these natives. For instance,

Figure 44^ shows the hemoglobin-oxygen dissociation

curves for natives who live at sea level and for their

counterparts who live at 15,000 feet Note that the

artenal oxygen Po, in the natives at higher altitude it

only 40 mm Hg, but because of the greater quantity of

hemoglobin the quantity of oxygen in the artenal blood

is actually greater than m the blood of the natives at

the lower altitude. Note also that the venous Po, m the

high altitude natives is only 10 mm Hg less than the

venous Po, for the lowlanders, despite the low artenal

Po,, indicating that oxygen transport to the tissues is

exceedingly elective in the naturally acclimatized high

altitude natives.

ngute 44-3. Oxygeo-dusoclatton cu/v« (or blood of hlgh-

altttude and sea-level residents, showing the respeotve anetial

and vmous Po,s at>d oxygen contents as recorded In their rwttve

Mitroundlngs. (From “Oi^gen-dtssoclation curves (or bloods of

W^-eltltude and sea-(eve( residents.' FAHO Sdeno/lc Pubtkaxion

No. 140. Life at High Altitudes. I960.)
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IVOfiK CAPACnYAT HIGH AITITUDES:

THE ErnCT OFACCLIMATIIATION

Aside from the mental depression caused by hypoxia,

as discussed earlier, the work capacity ofall the muscles

Is also greatly decreased m hypoxia This includes not

only the skeletal muscles but also the cardiac muscle so

that even the maximum level of cardiac output is re-

duced. In general, the work capacity is reducedm direct

proportion to the decrease in maximum rate of oxygen
uptake that the body can achieve

To give an idea of the importance of acclimatisation

for work capacity, consider this The work capacities in

per cent of sea le\el maximum for unacclimatized and

acclimatircd persons at an altitude of 1'7,000 feet have
been measured to be the following'

percent
Unacchmalized 50
Acclimatized for two months 68
Kative living at 13,200 feel but
working at 17,000 feet 87

Thus, naturally acclimatized natives can achieve a
daily work output even at these high altitudes almost
equal to that of a normal person at sea level, but even
well-acclimatlied lowlendem can almost never achieve

this result.

To emphasize further the importance of natural accli-

matization of natives, the Sherpas of the Himalayas can
survive without oxygen for many minutes and perhaps
even hours at altitudes as high as Mt Everest—over
29,000 feet!

CHROMC MOUffTAIN StCKSESS

Occasionally, a person who remains at high altitude

too long develops chronic mountain sickness, m which
the following elTects occur (II the red cell mass and
hematocrit become exceptionally high, (2) the pulmo-
nary arterial pressure becomes elevated even more than
the normal elevation that occurs during accUmatitation,

(3) the right heart becomes greatly enlarged. (4) the
pcnpheral arterial pressure begins to fall, (5l congestive
failure ensues, and (6) death often follows unless the
person is removed to a lower altitude The cause of this

sequence of events is probably threefold First, the red
cell mass becomes so great that the blood viscosity

increases severalfold, this now actually decreases tissue

blood flow so that oxygen delivery begins to decrease ns
well Second, the pulmonary arterioles become vaso-
spastic because of the lung hypoxia This results from
the hypoxic vascular constrictor effect that normally
operates to divert blood flow from unacrated to aerated
alveoli, as explained in Chapter 24. But in this Instance
all the artenoles become constricted, the pulmonary
arterial pressure rises exccssnely, and the nght heart
fails Third, the pulmonary arteriolar spasm diverts
much of the blood flow through nonalveotar pulmonary
X csseis. thus causing an excess ofpulmonary shunt blood
flow where the blood is not oxygenated; and this furt^
compounds the problem Fortunately, most of these
persons recover within dajs or weeks when they are
moved to lower altitude.

ACim MOUNTAIN SICKNESS AND
HIGH ALTITUDE PUIMONARY EDEMA
A small per cent of persons who ascend rapidly to

}
high altitude become acutely sick end can die if not

given oxygen or removed to a low altitude. The si

'

begins from a few hours up to about two days afUr»'

ascent. Two different events frequently occur in

sickness

(,11 Acute cerebral edema This is believed to

from local vasodilatation of the cerebral blood VRS"'

caused by the hypoxia Dilatation of the arterioles t

creases the capillary pressure, which in turn

fluid to leak into the cerebral tissues The
edema can then lead to severe disorientation and

'

effects related to cerebral dysfunction

(2) Acute pulmonary edema. This is believed tO'

caused m the following way The severe hypox' ' -

the pulmonary artenoles to constrict potently, but

constriction is much greater in some parts of the
’

than m other parts so that more and more of

pulmonary blood flow is forced through fewer and

'

still unconatricted pulmonary vessels The result is

the capillary pressure in these areas of the lungs ^

comes especially high and local edema occur*

extension of the process to progressively more
areas of the lungs leads to severe pulmonary dysfuntto

that can be lethal However, allowing the person 1

breathe oxygen will usually reverse the process vitW

hours
Some persons have extreme pulmonary vascular

tivity to hypoxia, many times the reactivity n'
^

normal person: these people are especially suScept®

to acute high altitude pulmonary edema.

EFFECTS OF ACCELERATORY FORCES
ON THE BODY IN AVIATION AND
SPACE PHYSIOLOGY

Because of rapid changes in velocity and direction

'

motion in airplanes and space ships, several
'

accelcraUiry forces often affect the body during nip

At the beginning of flight, simple Imcar accc!6r*ti£

occurs; at the end of flight, deceleration; and. ev®ry liB

the vehicle turns, angular and centrifugal gccelecatio!

In aviation physiology it is usually centrifugal ?

ation that demands greatest consideration because tr

stiucture of Iho aiTplana is capable of witbstipair

much greater centrifugal acceleration than is the hum;

body

CCNTTUruCAt ACCflEIMTORy fOROS
When an airplane makes a turn, the force of centn

ugal acceleration is determined by the following ro

tionsbip.

fts
' “ r

in which f is the centrifugal acceleralory force, ^

mass of the object, v is the velocity of travel, nno r

the radius of curvature of the turn. From this focniu

it IS obvious that as the velocity increases, the

centrifugal acceleration increases in proportion W «

square of the velocity. It is also obvious that the lon

of acceleration is directly proportional to the sharpn*

of the turn (the less the radius) ^ „
measurement of Accelcratory Force—“G.

a man is simply sitting in his seat, the force with wni

he is pressing against the seat results from the pu'* ’

gravity, and it is equal to his weight. The intensity

'
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^iis force is said to be + 1 “G” because it is equal to the

''ull of gravity. If the force with which he presses against

Cie seat becomes five times his normal weight during

ull-out from a dive, the force acting upon the seat is

S'SG.

If the airplane goes through an outside loop so that
ithe man is held down by his seat belt, negative G is

Applied to his body, and, if the force with which he is

J^own against his belt is equal to the weight of his

ijody, the negative force is — 1 G
Effects of Centrifugal Acceleratory Force on the

idody. Effects on the Circulatory System. The most
important effect of centrifugal acceleration is on the
::ircuIatory system because blood is mobile and can be

iiranslocated by centnfugal forces Centrifugal forces

2ilso tend to displace the tissues but, because of their

solid structure, they only sag—ordinarily not
iSnough to cause abnormal function.

} When the aviator is subjected to positive G the blood
;is centrifuged toward the lower part of the'body Thus,
:if the centnfugal acceleratory force is +5 G and the
jierson is in an immobilued standing position, the hy.

^drostatic pressure in the veins of the feet is five times

j
normal, or approximately 450 mm Hg; even in the
sitting position this pressure is nearly 300 mm Hg As
jthe pressure in the vessels of the lower part of the body

,
increases, the vessels passively dilate, and a mi:oor

{Proportion of the blood IVom the upper part of the body
is translocated into these lower vessels. Because the
heart cannot pump unless blood returns to it, the greater

the quantify of blood "pooled” in the tower body the less

becomes the cardiac output
' Figure 44-4 illustrates the changes in systolic and
diastolic arterial pressures when an acceleratory force

of -t-S-S G 18 suddenly applied Note that both these

pressures fall below 20 mm Hg for the first few seconds

f
after the acceleration begins but then return to a systolic

,
pressure of about 55 nun Ug and a diastolic pressure of

I 20 mm Hg within another 10 to 15 seconds This sec*

,
ondary recovery is caused mainly by activation of the

,
baroreceptor reflexes

,
Acceleration greater than 4 to 6 G causes "blackout”

f

of vision within a few seconds and unconsciousness

j

shortly thereafter. If this degree of acceleration is con-

,
tinued, the person will die.

j
Effects on the Vertebrae. Extremely high acceler-

atory forces for even a fraction of a second can fracture

the vertebrae. The degree of positive acceleration that
the average person can withstand in the sitting position

before vertebral fracture occurs is approximately 20 G

TIME FROM START OF G TO SYMPTOMS
< (sec

)

f njure 44-4. ChAnges In systolic and diastolic arteilal picssufes

foQowlng abrupt and continuing exposure to an acceleratory force

( of + JJ C. (Modified lirom Marun and Henry. /. Aviidan Medi.

{
iZ382, 1951

)

This force also approaches the limit of safety for the
structural elements of most airplanes. Therefore, any
attempt to utilize such intense positive G as this in

maneuvers would be extremely dangerous for reasons
other than simply the effects on the body
Transverse G. The human body can withstand tre-

mendous transverse acceleratory forces (forces applied
along the antcro-postenor axis of the body—lying down
in the airplane, for instance) If the transverse acceler-

atory forces are applied uniformly over large areas of

the body, as much as 15 to 25 G can be withstood for

many seconds without senous effects other than occa-

sional collapse of a lung, which is not a lethal effect

Therefore, when very large acceleratory forces arc to be

involved, the aviator or astronaut flies m the semi-
reclming or lying position

Negative G. The effects of negative G on the body
are less dramatic acutely but possibly more damaging
permanently than the effects of positive G An aviaJor

c£in Usually go through outside loops up to negative

acceleratory forces of - 4 to — 5 G without harm except

for intense momentary hyperemia of the head, though
occasionally psychotic disturbances lasting for 15 to 20
minutes occur thereafter as a result of brain edema

Occasionally negative G forces can be so great and
centrifugation of the blood into the head so great that

the cerebral blood pressure reaches 300 to 400 Hg.
sometimes causing small vessels on the surface of the

head and in the brain to rupture However, the vessels

inside the cranium show less tendency for rupture than
would be expected, for the cerebrospinal fluid is centri-

fuged toward the head at the same time that blood is

centnfuged toward the cranial vessels, and the greatly

increas^ pressure of this fluid acts as a cushioning

buffer on the outside of the brain to prevent vascular

rupture Even so, animals exposed to negative acceler-

atory forces of 20 to 40 G have developed subarachnoid

hemorrhages, and undoubtedly such effects could occur

in the human being.

Because the eyes are not protected by the cranium,

intense hyperemia occurs m them during negative G
As a result, the eyes often become temporarily blinded

with “redout
”

Protection of the Body Against Centrifugal Ac-
cclcratory Forces. Specific procedures and apparatus

have been developed to protect aviators againbt the
circulatoiy collapse that occurs during positive G First,

if the aviator tightens the abdominal muscles to an
extreme degree and leans forward to compress the ab-

domen. some of the pooling of blood in the large vessels

of the abdomen can be prevented, thereby delajing the
onset of blackout Also, special “anti-G” suits have been
devised to prevent pooling of blood in the lower abdomen
and legs. The simplest of these applies positive pressure
to the legs and abdomen by inflating compression bags
as the G increases Thoorctically. a pilot submerged m
a tank or suit ofwater could withstand very high degrees
of acceleration, both positive and negative, for the pres-
sures developed m the w'jtcrand pressing on the outside
of the body dunng centnfugal acceleration almost ex-
actly balance the forces acting on the body. Unfortu-
nately, however, the presence of air in the lungs still

allows displacement of the heart, the lung tissues, and
the diaphragm into seriously abnormal positions despite
submersion m water. Therefore, even if this procedure

used, the hnnts ofsafety wouW 6e about f5 ig 20
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UnCTS or linear ACCEURATORr FORCES
ON THE BODY

Acccicratory Forces in Space Travel. Unlike an
airplane, a spacecraft cannot make rapid turns; there-

fore. centrifugal acceleration is of little importance ex-

cept when the spacecraft goes into abnormal gyrations.

On the other hand, blast-off acceleration and landing

deceleralion might be tremendous; both of these are

types of linear acceleration

Figure 44—5 illustrates a typical profile of the accel-

eration during blast-off in a three-stage spacecraft,

shoeing that the first stage booster causes acceleration

as high as 9 G and the second stage booster, as high as

8G In the standing position the human body could not

withstand this much acceleration, but m a semi-rechn-

mg position tmnswrsc to the cats of occeferation, this

amount of acceleration can be withstood wth ease de-

spite the fact that the acceleratory forces continue for

as long as hire minutes at a time. Therefore, we see the

reason for the reclining seats used by the astronauts.

Problems also occur during deceleration when the
spacecraft re-enters the atmosphere. A person traveling

at Mach 1 (the speed of sound and of fast airplanes) can
be safely decelerated in a distance of approximately 0 12
mile, whereas a person traveling at a s^ed ofMach 100
(a speed possible in interplanetary space travel) requires
a distance of about 10,000 miles for safe deceleration

The principal reason for this difference is that the total

amount of energy that must be dispelled during decel-

eration IS proportional to the square of the velocity,

which alone increases the distance lO.OOO-fold But, m
addition to this, a human being can withstand far less

deceleration if the period of deceleration lasts for a long
time than for a short time, Thereforo, deceleration must
be accomplished much more atowly from the very high
velocities than is necessary at the slower velocities

Occcleratory Forces Associated with Parachute
Jumps. When the parachuting aviator leaves the air-

plane. the velocity of fall is exactly 0 feet per second at
first. However, because of the acceleratory force of grav-
ity, ivithin 1 second the velocity of fall is 32 feet per
second (if there is no air resistance), in two seconds it is

64 feet per second, and so on However, as the rate of
fall increases, the air resistance tending to slow the fall

also increases Finally, the deceleratory force of the air

. nsorc44-.S.Acce)er4tOfy forces during me ukeoff ofa space-

resistance IS equal to the acceleratory force of gtji-i

60 that after falling for approximately 12 seconds amji

distance of 1400 feet, the person will be falhagiti

•^rminal velocity" of 109 to 119 miles per hourd”

feet per second)

If the parachutist has already reached the termaj!

velocity of fall before opening the parachute, an“oi)«mt!j

shock load" of approximately 1200 pounds occurs cq tli

parachute shroud
The usual-sized parachute slows the fall of the pan-

chutist to approximately one ninth the terminal velocitj

in other words, the speed of landing is approximai^

20 feet per second, and the force of impact against tii

earth is approximately 1/81 the impact force without i

parachute Even so, the force of impact is still greii

enough to cause considerable damage to the body itnles

the parachutist is properly trained in landing. ActuaBj'

the force of impact with the earth is approximately thr

same as that which would be experienced by ju?npiti{

from a height of about 6 feet. Unless forewarned, tk

parachutist will be tncked by the senses into stnliin;

the earth with extended legs, and this will result u

tremendous deceleratory forces along the skeletal am
of the body, resulting m fracture of the pelvis, of verte

brae, or of a leg Consequently, the trained parachuti"!

strikes the earth with knees bent, but muscles taut, It

cushion the shock of landing.

PERCEPTIONS OF EQUILIBRIUM AND
TURNING IN BLIND FLYING

The various sensations of equilibnum will be di*

cussed in Chapter 52. but m essence, whenever the besi

IS not positioned along the vertical axis of forces appliri

to the body, the otoliths m the utricles and saccules e

the vestibular apparatus apprise the psyche of a leek «

equilibrium However, the degree of proficiency of eqia

librium perceptions has certain limits For instance, ihi

body must lean forward as much as 5 to 10 degree

before the utricles sense this forward leaning. Therefore

when the aviator is flying blind, it is necessary thi'

appropriate instruments be available to indicate tJij

rate of descent, Also, the vestibular apparatus may fai

to appnse the pilot of ascent up to an error of as mud
as 24 degrees Obviousfy, Chen, blind flying often resali'

in stall of the airplane unless appropriate instnnnerfi

are available.

Perhaps the least effective of the perceptive orgftnsir

blind flying are those for turning, because the organ;

that perceive tunung—the semicircular canals—are W
cited only for the first few seconds after a turn begiK

and only for the first few seconds after the turn ends

Consequently, an aviator might perceive beginning ti

turn, but once m the turn, all perception ofcontinuiri

the turn may be lost. Furthermore, if one goes into th<

turn slowly—at an angular acceleratory rate less thai

2 degrees per second per second—the fact of entennj

the turn may not even be perceived Consequently, o

especial importance among the instruments for blim

flying are those that apprise the aviator of the directio:

of travel of the airplane and the rate of turn

PROBLEMS OF TEMPERATURE IN

AVIATION AND SPACE PHYSIOLOGY

The cold temperatures of the upper atmosphere in

voive essentially the same physiological problems si
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lid temperatures on the surface of the earth; these

-oblcins Kill bo discussed in Chapter 72. Thcrcrore, for

le present it shall only bo pointed out how the temper^
.urcs change as one ascends to higher elevations. If

1C temperature at the earth’s surface is approximately
)* C. temperatures at different altitudes arc approxi*

lately the following;

Feet *c

0 20
10,000 0

20,000 -22
30,000 -44
40,000 -55

It is obvious from these values that special clothing

r special heating apparatus must be designed for fl>'ing

t high altitudes.

Temperature In Space. Though the temperature of

he air falls to about -55* C several miles above the
orth, the temperature nscs to very high values in

pace. In the ionosphere several hundred miles above
he earth and in space, the kinetic energy of the few
aoicculcs, atoms, and ions that ore there is extreme,
lie reason for this is that any particles that can escape
his far away from the gravitational pull of the celestial

lodies must have a great velocity. As a result, by the
ime the eparecrail has reached an altitude above 350
ailcs the temperature of the surrounding particles is

ibout 3000* C. Yet. strangely enough, this has almost
to eHect on the temperature of the spacecraft because
if the sparsity of these panicles—that is, they are far

00 few to impart any significant amount of heat to the
pacccralt. Instead, the temperature of the spacecraft is

letermined by the relative absorption of radiant energy
rom the sun versus the re-radiation of energy away
nm the spacecraft. DilTcrcnt coatings for the spacecraft
lave dilTcrcnt absorptive and radiation characteristics,

fhereforc, with appropriate coating and oncntation of
iie spacecrall appropriately with respect to the sun. the
^mperature inside can be made almost any desired
I'alue.

iadiation at high altitudes
IN SPACE

Itadiation in the Atmosphere. The different types
if radiation change considerably between the surface of
die earth and at high altitudes because the atmosphere
filters some of the radiations from the sun and other
:elestial sources bcibre they reach the earth's surface.

Ordinarily most of the ultraviolet light is absorbed
before it reaches earth’s surface Consequently, a
person exposed to the sun in the upper atmosphere is

many times as likely to develop simburn as on the
earth’s surface.

Approximately 18 per cent of the visible light is

absorbed by the atmosphere before it reaches the surface
of the earth even on a perfectly clear day. Therefore,
the brightness of the sun is 1.2 times as great in the
upper atmosphere as on earth. This makes the earth
less distinct to the aviator than otherwise for two rca-
Mns: first, he or she is looking from an area of greater

brightness toward an area of lesser brightness, and
second, light is reflected from the atmosphere into his
eyes. This reflected light especially blocks his vision of
the horizon.

In aviation there is no significant hazard frorn gamma
rays, x-rays, and cosmic rays, but this does become a
problem in space physiology.

Radiation Hazards in Space Physiology. Large
quantities of cosmic particles, especially protons and
electrons, are continually bombarding the earth’s upper
atmosphere, some originating from the sun ond some
from outer space. The magnetic field of the earth traps
many of these cosmic particles in two major belts around
the earth called Van Allen radiation belts. The inner
belt begins at an altitude ofabout 300 miles and extends
to about 3000 miles. The outer belt begins at about 6000
miles and extends to 20,000 miles. However, because of
the magnetic field of the earth, these belts occur mainly
in the tropical and temperate zones around the earth
and not at the two poles.

The types of radiation in the two Van Allen belts are
almost entirely high energy electrons and protons. A
person traversing these two belts during an interpla-
netary space tnp con receive as much as l rad of
radiation, which is about 1/400 the lethal do^, and a
person in a spacecraft orbiting the earth vvithm one of
these two belts for prolonged periods of tiine could
receive enough radiation to cause death.

Thus, it IS usually important to orbit spacecraft below
an altitude of 200 to 300 miles, an altitude at vvhich the
radiation hazard is slight

-ARTiriCIAL CLIMATE” IN

THE SEALED SPACECRAH

Since there is no atmosphere m outer space, an arti-

ficial atmosphere and climate must be provided. Most
important of all, Iho oxygen concentration must remain
high enough and the carbon dioxide concentration low
enough to prevent suflbeatton. In some of the space
missions a capsule atmosphere containing pui> oxygen
at about 260 mm Hg pressure has been used. In others,

a gas mixture of 50 per cent oxygen and 50 per cent
nitrogen at a totaf pressure ofabout 38<J mm ffg has
been used. The presence of nitrogen in the mixture
greatly diminishes the likelihood of Are and explosion.
For space travel lasting more than several months, it

will be impractical to carry along an adequate oxygen
supply and enough carbon dioxide absorbent. For this

reason, “recycling techniques" have been developed for

use of the same oxygen over and over again. These
techniques also frequently include re-use of the same
food and water. Basically, they involve (1) a method for

removing oxygen from carbon dioxide, (2) a meth^ for

removing water from the human excreta, and (fj) use of

the human excreta for resynthesizing or regrowing an
adequate food supply.

Large amounts of energy are required for these proc-

esses, and the real problem at present is to derive enough
energy from the sim’s radiation to energize the necessary
chemical reactions. Some recyebng processes depend on
purely physical procedures, such as distillation, elec-

trolysis of water, and capture of the sun’s enigrgy by
solar batteries, whereas others depend on biological

methods, such as use of algae with their large store of
chlorophyll to generate foodstulTs by photosynthesis.

Unfortunately, a completely practical system fiji- recy-

chng 18 yet to be achieved, ihe problem is the W'eight of
the equipment that must be earned. i
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WEIGHTLESSNESS IN SPACE

A person in an orbiting satellite or in any nonpro-

pellsd spacecraft experiences ueig/it^essriess That is,

the person is not drawn toward the bottom, sides, or top

of the spacecraft but simply floats inside its chambers

The cause of this is not failure of gravity to puli on the

body, because gravity from any nearby heavenly body

is still active However, the gravity acts on both the

spacecraft and the person at the same time, and since

there is no resistance to movement in space, both are

pulled with exactly the same acceleratory forces and in

the same direction. For this reason, the person simply

IS not attracted toward any wall of the spacecraft

Weightlessness is mainly an engineering problem—
that IS, to provide special techniques for eating and
drinking (since food and water will not stay on open
plates or in glasses), special waste disposal systems
(especially for the excreta), and adequate hand holds or

other means for atahiliaing the person in the spacecraft

for adequately controlling the operation of the ship

Physiological Problems of Weightlessness. For-

tunately, the physiological problems of weightlessness

have not proved to be severe Most of the problems that

do occur appear to be related to two effects of the

weightlessness. (1) translocation of fluids withm the
body because of failure of gravity to cause hydrostatic

pressures, and (2) diminishment of physical activity

because no strength of muscle cantcaction ts required to

oppose the force of gravity

The observed effects of prolonged stay in space are
the following (li decrease in blood volume, (2) decrease
in red cell mass, 13) decreased muscle strength and work
capacity, (4) decrease m maximum cardiac output, and
(6) loss of calcium ftom the bones Essentially these
same effects also occur in persons lying in bed for an
extended period of tune For this reason extensive ex-
ercise programs are carried out during prolonged Space
Laboratory missions, and all the above effects are
greatly reduced In previous Space Lab expeditions, m
which the exercise program had been less vigorous, the
astronauts had considerably lower work capacities tor

the first few days after returning to earth They also
had & tendency to faint when they stood up during the
first day or so after return to gravity because of trans-

location of their diminished blood volume toward their
abdomens and legs

The effects of weightlessness that do occur usually
reach their maximum within the first few weeks after
the astronaut enters the space environment and fortu-
nately are not progressive thereafter with one excepUon*
the calcium loss continues for many months, presumably
because the stimulation of bone deposition requires the
extra stresses of gravity Nevertheless, it appears that
with an appropriate exercise program the physiological
effects of weightlessness will not be a aenous problem
even during prolonged space voyages

REFERtNCES
Adey, W It- The phytiology of weightleisneu. FfiyiicJagtii, ISl

i

1974
Amenran rhynoloxieal Society- High Altitude and Man.

OC. American I^jiologica) Society, 19A4

Armatrong, H 0 . Aeroepece Medicine Baltimoir, Williaini t a

'

)9ei
Bktmqvist. C C . and Stone. H L- Cardiovascular

gravtiational etresa In Shepherd, J T., and Abhoud, F U. M
Handbook of Cynology See 2. Vol HI Bethesda, Anerias Itn

loli^ical Society, 1933, p 1025

Brendel, W (ed.) High Altitude Physiology and Medicine I Pbys»lnp

of Adaptation Ke«» York, Spnnger Verlag, 1982

Bullard, R W Physiological problem! of space (rtvc) Anna Se

Phytiol . 3-f 205. 1972
Suilon, K R at al Man at high sustained *^CsBcteiention.Arcnn

Aeros^e Med. 43 lllS, 1974

Cacdievsseutar Pteblema Assoctated with Aviation Safety Spnngfiili

Va
, National Technical Inforicatjon Service, I97S

Cdta Foundation Symposia High Altitude Physiology Ne> T>t

Churchill Livingstone, 1971

Dill D B . ef 0/ Hemoconcentrotlon at altitude J AppL Phpd.

27 514,1969
Fnsancho, A R Functional adaptation to high altitude hypoiu- S’

eore 797313 1 975
Grover. R F , ei of High altitude pulmonary edema In nahnss. k

P and Renkin E M ieds V Pulmtmaty Edema. Baltimore WlM
PrtM, 1979, p 229

Kemplemaa. H V . and Lockwood. A. P M . The Physiology crPirq

IT) Man and Other Animals London, Edward Arnold. 197S

Hochachka. P W Living Without Oxygen Closed and Open Sj*!*®

af Hypoxia Tolerance Cambridge, Mi^ , Harvard University P>*“-

1980
Hock.RJ The physiology of high altitude 5ri,A'n,22352.1M}
Kell^g, K H Altitude acelimatustloB, a historical inlraductios sn

pha.eiairig the veguiation of breathing Fhysiologiii, II2T, IKS
Komer.P 1 Circulatory sdapistlen* ia hypoxia Phr>icl,Ktr,S9Br

1959

Lahiri S Physiological responses and adiplations to high Mtingt <<

MTP JntemaUenaJ Review ofScienee Physiology Vol 7.
Baltawa

University Pork Prsss, 1974, p 271
. , ,

,

Lahin S Physiological responses and adaptations to high itlituos

Rev FAyiiof . IS 2l7. 1977 .

lee. 0 H K (sd 1 Phyiioloor, Entirenmeai, and Mao. Ht*
Atadermt Press. 1970

McCaily. M Hypodynamies and Hypogravica. Tha Physiology of la*^

tmly and Weightleuneso New Yetk, AcaderaLC Press, 19W
Pace N Respiration at high altitude Fed Frw, 33 2126. 1974

Private Pilot’s Medical Hsnd^k Blue Ridge Summit, Pa .TAB Bomx

19*2 .

Read K Aercmedicine for Aviatoro New York.Slate Mutual Book*”

Periodical ServKeo 1982
Reeves. 3 T. el o7 Phyilologieal effetu of high altitude enW
putnenary sittulatlon {a Ridiectabaw. D (ed) lalamaUoMl nei^

of Physiology Envireamenlal Physiology HI Vol 20 BaltiB®*’

UniveTiily Park Press, 1979, p 239
.

Sandler H . and Winter, D L PhyiioIogleal Responses of

Simulated Weighllesuneas A feview of the Sigmflcaat

the First Femole Bed Rest Study Springfield, Vs ,
National Tech®®

Information Service. 1978 _
Sloan. A W Man in Exlieme En-rirooments Springfield. IIL, Chsn

C Thomas. 1979
Smith, £ E , and CruwoU. J W Influence of hematocrit ratio w
oumvel of unscclimatized dogs at simulated high altitude Am.

FAysiol .205 1172, 1963
, ^

fimiUi, E E . and Crowell. J W Role of the hemawent In aluW“

acclimalixation Aen>V}acv3frd,39 39, 1966
fitickney. J. C Some problems ol horaeoelasls in high altilud* exponim

PAyswfcigui, 73.349. 1972
. .

Suuiui,J R . et al_ Exereise at altitude Annu Rc« pAysiol.

1983



45
Physiology ofDeep
Sea Diving and
Other Hyperbaric
Conditions

When human beings descend beneath the sea, the

iressure around them increases tremendously To keep
he lungs from collapsing, air must bo supplied also

indcr high pressure, which exposes the blood m the

ungs to extremely high ahcolar gas pressures and
vhich is called h^per^nsm Beyond certain limits these

ugh pressures can cause tremendous alterations in the

ihysiology of the body, which explains the necessity for

he present discussion.

Also exposed to high atmosphenc pressures arc cais>

nn workers who, m digging tunnels beneath nvers or

ilsewhere, often must work in a pressunzed area to

teep the tunnel from caving in. Here again, the same
3robIema of excessively high gas pressures in the alveoli

xcur.

Before explaining the effects of hyperbansm on the

Mdy, it is Rcccs&aiy to review some physical principles

3f pressure and volume changes at different depths

beneath the sea.

Relationship of Sea Depth to Pressure, A column
of fresh water 34 feet high (sea water, 33 feet) exerts

the same pressure at its bottom os all the atmosphere
above the earth. Therefore, a person 33 feet beneath the
ocean surface is exposed to a pressure of2 atmospheres,
1 atmosphere of pressure caused by the air above the

water and the second atmosphere by the weight of the

water itself. At 66 feet the pressure is 3 atmospheres,
and so forth, in accord with the table in Figure 45-1.

Effect of Depth on the Volume of Gases—Boyle’s
I^w. Another important effect of depth is the compres*
sion of gases to smaller and smaller volumes Figure
45-1 also illustrates a bell jar at sea level containing 1

liter of air. At 33 feet beneath the sea where the pressure
IS 2 atmospheres, the volume has been compressed to

only one-half liter. At 100 feet, where the pressure is 4

atmospheres, the volume has been compressed to one-

fourth liter, and at 8 atmospheres (233 feet) to one-

eighth liter. Thus, the volume to which a given quantity
of gas is compressed is inversely proportional to the

pressure. This is the physical principle called Boyle’s

Law, which is extremely important m diving because
the increased pressures can cause the air chambers of
the diver’s body, including the lungs, to become so small
in some instances that serious damage results, as is

discussed later m the chapter.

Many times in this chapter it is necessary to refer to

actual lolume versus sea leiel volume For instance, we
might speak of an actual volume of 1 liter at a depth of

300 feet, this is the same quantity of air as a sea level

volume of 10 liters.

EFFECT OF HIGH PARTIAL
PRESSURES OF CASES ON
THE BODY

The three gases to which a diver breathing air is

normally exposed are nitrogen, oxygen, and carbon diox-

ide. However, helium is ollen substituted for nitrogen

in the diving mixture; therefore, the effects of this gas

under high pressure must also be considered

Nitrogen Narcosis at High Nitrogen Pressures.
Approximately four fiilhs of the air is nitrogen. At sea
level pressure the nitrogen has no known effect on bodily

function, but at high pressures it can cause varying

degrees of narcosis. ^Vhen the diver remains beneath
the sea for an hour or more and is breathing compressed
air, the depth at which the hrst symptoms of mild
narcosis appear is approximately 120 feet, at which
level he begins to exhibit joviality and to lose many of

his cares. At 150 to 200 feet, he becomes drowsy. At 200
to 250 feet, his strength wanes considerably, and he
often becomes too clumsy to perform the work required

of him. Beyond 250 feet (8.5 atmospheres pressure), the
diver usually becomes almost useless as a result of
nitrogen narcosis iFhe remains at these depths too long.

Nitrogen narcosis has characteristics very similar to

those of alcohol intoxication, and for this reason it has
frequently been called “raptures of the depths.”

Tiie mechanism of the narcotic effect is believed to be
the same as that of essentially all the gas anesthetics.
Iliat is, nitrogen dissolves freely in the fats of the body,
and it IS presumed that it, like most other anesthetic
gases, dissolves in the membranes or other lipid struc-
tures of the neurons and, because of its physical effect
on altering electrical conductance of the membrane,
reduces their excitability.

Oxygen Toxicity at High Pressures. Effect of
Extremely High Po^s on Blood Oxygen Transport

537
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Depth iferll

Sea level

33

66

100

133

166

200
300
400
5DO

When the Po, in the blood rises far above 100 mm
the amount of oxygen dissolved m the water of the bicrad

increases markedly This is illustrated in Figure 45^2.
which depicts the same oxygen-hemoglobin dissociation

curve as that shown in Chapter 41 except that the
alveolar Po, is now extended to over 3000 mm Ilg
depicted is the volume of oxygen dissolved in the fltlid

of the blood at each Po, level Note that in the nonP®!
range of alveolar Po., almost none of the total oxygen
in the blood is accounted for by dissolved oxygen, but^
the pressure rises progressively into the thousands of
millimeters of mercury, a large portion of the totol

oxygen is then dissolved rather than bound with hetoo-
globin

Effect of fligh Alveolar Po, on Tissue Po,. Let
assume that the Po, in the lungs is about 3000 mm Hg
t4 atmospheres pressure! Referring to Figure 45-2, (me
.finds that this represents a total oxygon content in etich
100 ml of blood of about 29 volumes per tent, as ino**

tratad by Point A in the figure. As this blood pas

through the tissue capillaries and the tissues utili

their normal amount of oxygen, about 5 ml from »
100 ml of blood, the oxygen content on leaving the tusi

capillaries is still 24 volumes per cent (Point B int

B^rc) At this point the Po, Is still about 1200 mm li

which means that oxygen is delivered to the tissues

this extremely high pressure instead of at (he twra

value of 40 mm Hg, Thus, once the alveolar Po, re

above a critical level, the hemoglobin-oxygen bu!!

mechanism (discussed in Chapter 41) is no longer i

pablc of keeping the tissue Po, in the normal safe ran

between 20 and 60 mm Hg.
Acute Oxygen Poisoning. Because of the extremi

high tissue Po, (hat occurs when oxygen is breathed

a very high alveolar oxygen pressure, one can read

understand that this can be very detrimental to ma
ofthe body's tissues This is especially true of the bra

In fact, exposure to 3 atmospheres pressure of oxjg

mm Hgjwi’ii cause con^BionsM'icnni
coma tn most persons after one to several hours. 7

convulsions often occur without any warning and.

obvious reasons, are likely to \x lethal to divets si

merged beneath the sea.

Other symptoms encountered In acute oxygen poisi

ing inciudo nausea, muscle twilehings, duztness, dish

bances of vuion, imtability, and discnentation.

Exercise greatly increases a diver’s susceptibility

oxygen toxicity, causing symptoms to appear muehe
her and with far greater seventy than in the rcsti

persion

Excessive /ntrare//uf&r Oxidation as the Cei

of O.Tygeii Tox}ciiy-~‘'Oxidizing Free Eadleal
Molecular oxygen (0,1 has very little capability of o

dizing other chemical compounds. Instead, it must fi

Hjure 4S-2. QuanHy of oxygen dissolved In die fluid of *

Uood and In combination with hemoglobin it veiy high
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be converted into an “active" form of oxygen. There are

several different forms of activ e oxygen; these are often

called oxidizing free radicals. One of the most important
of these is the superoxide free radical Oi. Even when
the tissue Po, is normal at the level of40 mm Hg, small
amounts of oxidizing free radicals are continually being
formed from the dissolved molecular oxygen. However,
the tissues also contain multiple enzimies that rapidly

remove these free radicals, indudmg espeaally peroxi-

dases, catalases, and superoxide dismutases. Therefore,

so long as the hemoglobin-oxygen buffering mechanism
functions properly and maintains a normal tissue PO).

the oxidizing free radicals are removed so rapidly that
they have little or no effect in the tissues.

On the other hand, above a critical alveolar Po,, the
hemoglobin-oxygen buffering mechanism fails, and the
tissue Po, can then nse to hundreds or thousands of

millimeters ofmercury. Then, the amounts of oxidizing

free radicals literally swamp the enzyme systems for

^

removing them, and now they do have serious destruc-
tive and even lethal effects on the cells. One of the
pnncipal effects is to oxidize the polyunsaturated fatty

acids that are essential components of many of the
membranous structures of the cells, and another effect

is to oxidize some of the cellular enzymes, thus damaging
severely the cellular metabolic systems These effects

can occur in all parts of the body, but the nervous tissues
are especially susceptible because of their high lipid

content. Therefore, most of the lethal effects of acute
oxygen toxicity are related to brain dysfunction

Another factor that may also play an important role

in oxygen toxicity is the following' The very high tissue

oxygen Po,a cause severe arteriolar constriction, and
the local tissue blood flow sometimes decreases to less

than 50 per cent of normal Under these conditions, it

is possible that delivery of various cellular nutrients
may become too low to maintain normal cellular func-

tion.

Chronic Oxygen Poisoning Aa a Cause of Pul-

monaryDisahUity. A person can be exposed to 100 per
cent oxygen at normal atmosphenc pressure almost
iodeflaitefywithout devefopingthe ocu*oxygen taxicUy
just described. However, after 12 or so hours of this

exposure, lung passageway congestion, pulmonary
edema, and atelectasis caused by damage to the linings

of the bronchi and alveoli begin to develop Here again,
it appears that these local tissues of the lungs are
damaged as a result of oxidative destruction of some of
the essential elements of the tissues. The reason this

effect occurs in the lungs and not in the other tissues at
these lower alveolar Po,a is that the lungs are directly

exposed to the high oxygen pressure, whereas oxygen is

delivered to the other tissues at essentially normal Po,
because of the hemoglobin-oxygen buffer system de-

scribed in Chapter 41. When the Po, m the air nses
above about 1500 mm Hg, this buffer system fails, which
then allows the Po, of all tissues to rise and to cause
the acute oxygen poisoning described in the previous
section.

Carbon Dioxide Toxicity at Great Depths. If the
diving gear ts properly designed and also functions
properly, the diver has no problem from carbon dioxide
toxicity, for depth alone does not increase the carbon
dioxide partial pressure in the alveoli. This is true
because depth does not increase the rate of CO, produc-
tion in the body, and as long as the diver continues to

breathe a normal tidal volume, he continues to expire
the carbon dioxide as it is formed, maintaining his

alveolar carbon dioxide partial pressure at a normal
value.
Unfortunately, though, in certain types of diving gear,

such as the diving helmet and the different types of
rebreathing apparatuses, carbon dioxide can frequently
build up in the dead space air of the apparatus and be
rebreathed by the diver. Up to an alveolar carbon dioxide
pressure (Pco,) of about 80 mm Hg. two times that of
normal alveoli, the diver tolerates this buildup, his
minute respiratory volume increasing up to a maximum
of eight- to elevenfold to compensate for the increased
carbon dioxide. However, beyond the 80 mm Hg level

the situation becomes intolerable, and eventually the
respiratory center begins to be depressed rather than
excited; the diver’s respiration then begins to fail rather
than to compensate. In addition, the diver develops
severe respiratory acidosis, and varying degrees of leth-

orgy, narcosis, and Anally anesthesia ensue, as was
discussed in Chapter 42.

Effects of Helium at High Pressures. In very deep
dives, helium is used in place of nitrogen because it has
only one fourth to one flJ^ the narcotic effect ofnitrogen.

Almost no effects of helium are observed until a person
descends below about 500 feet Beyond this level divers
begin to experience a so-called “high pressure nervous
syndrome” which is charactenzed by tremor at about
700 feet, drowsiness from 1000 feet onward, and lack of
coordination at still deeper levels.

Aside from the much smaller narcotic effect ofhelium
than nitrogen on the nervous system, three other prop-
erties also make it desirable m the diving gas mixture
under some conditions:

(1) Because of its low atomic weight, its density is

slight, which reduces the airway resistance of the diver.

(2) Also because of its low atomic weight, helium diffuses

through the tissues much more rapidly than nitrogen,

which allows more rapid removal of helium than nitro-

gen from the body fluids. (3) Helium is less soluble in

Uie body fluids than nitrogen, which reduces the quan-
tity of bubbles that can form in the tissues when the
diver is decompressed after a prolonged dive.

DtCOMPRlSSION OF THE DIVER AFTER
EXPOSURE TO HICH PRESSURES

When a person breathes air under high pressure for

a long time, the amount of nitrogen dissolved in the
body fluids becomes great. The reason for this is the
following: The blood flowing through the pulmonary
capillaries becomes saturated with nitrogen to the same
pressure aa that in the breathing mixture. Over several

hours, enough nitrogen is carried to all the tissues of

the body to saturate the tissues also with dissolved

nitrogen. And, since nitrogen is not metabolized by the

body, it remains dissolved until the nitrogen pressure

in the lungs decreases, at which time the nitrogen is

then removed by the reverse respiratory process.

Volume of Nitrogen Dissolved in the Body Fluids
at Different Depths. At sea level almost 1 liter of

nitrogen is dissolved in the entire body. A little less

than half of this is dissolved in the water of the body

and a little more than half in the fat of the body. This
IS true despite the fact that fat constitutes only 15 pgr
cent of the normal body because nitrogen is Ave times

as soluble in fat as in water.

After the diver has become totally saturated with
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nitrogen the sea level volume of nitrogen dissoh'ed m
the t^y nuids nt the different depths xs'

feet liters

33 2

lOQ 4

200 1

300 10

Hov.ever. several hours are required for the gas pres-

sures of nitrogen in all the body tissues to come to

equilibnum with the gas pressure of nitrogen in the

alveoli simply because the blood does not flow rapidly

enough and the nitrogen does not diffuse rapidly enough

to cause instantaneous equilibrium The nitrogen dis-

solved in the water of the body comes to almost complete

saturation m about one hour, but the fat, requiring

much more nitrogen for saturation and also having a
relatively poor blood supply, reaches saturation only

after several hours For this reason, if a person remains

at deep levels for only a few minutes not much nitrogen

dissolves m fluids and tissues, whereas if the person

remains at a deep level for several hours fluids and
tissues become almost completely saturated with nitro-

gen
Decompression Sickness (Synonyms: Bends,

Compressed Air Sickness, Caisson Disease, Diver’s
Paralysis, Dysbarism). If a diver has been beneath the

sea long enough so that large amounts of nitrogen have
dissolved in his body and then he suddenly comes back
to the surface of the sea. significant quantities of nitro-

gen bubbles can develop in his body fluids either mtra-
ccllularly or cxtracellularly, and these can cause minor
or serious damage in almost any area of the body,
depending on the amount of bubbles formed: this is

decompression sickness.

The principles underlyingbubble formation ere shown
in Figure 4$-3 To the loft, the diver’s tissues have
become equilibrated to a very high nitrogen pressure.
However, as long as the diver remains deep beneath the
sea. the pressure against the outside of his body (^00
mm Hg) compresses all the body tissues sufficiently to
keep the dissolved gases in solution But when the diver
suddenly rises to sea level, the pressure on the outside
of his body becomes only I atmosphere (7G0 mm Hg),
v.'hercas the pressure inside the body fluids is the sum

f^CSSlKE OUTSlDC BODY

njort 4S-3. Oiiseous pressures boih inside Jind ouaWe «he
body showing ai nghi the sre*t excess of Inirdbody pressure
jhat Is teiponiibie for bubWe fonTwtfon b the body rissues

of the pressures of water vapor, carbon dioxide, oxyptc

and nitrogen, or a total of 4065 mm Hg, wWch u
*

greater than the pressure on the outside of the boiij'

'Therefore, the gases can escape from the dissol
' •“

and form actual bubbles inside the tissues ilow^wr

the bubbles may not appear for many minutes to he®

because the gases can remain dissolved in the “bUPk

saturated" state sometimes for hours before bubbliiig

Exercise hastens the formation of bubbles dunsj

decompression because of increased agitation of ilif

tissues and fluids. This is an effect analogous to th^tof

shaking an opened bottle of soda pop to release ihf

bubbles.

Symptoms ofDecompression Sickness- In

who have developed decompression sickness, symp^^f

have occurred with the following frequencies*

Local pain in the legs or arms
per cent

89

Dizziness 53
Paralysis 23
Shortness of breath i“the chokes") 16
Extreme fatigue and pain 1.3

Collapse with unconsciousness 05

From this list jt can be seen that the most sefio®

problems are usually related to bubble formation iP

nervous system Bubbles sometimes actually dis^^

important pathways in the bram or spinal cord, t"

bubbles in the peripheral nerves can cause severe

Unfortunately, formation of large bubbles In the cei’*™

nervous system occasionally even leads to pennaf'®'’!

paralysis or permanent mental disturbances.

But the nervous system is not the only 1«U8 ofdart*®8‘

in decompression sickness, for bubbles can also

the blood and become caught in the capillaries of

lungs; these bubbles block pulmonary blood flow 8^®

cause “the chokes,” characterized by serious shorti'*®

of breath. This is often followed by severe pulmofi^n

edema, which further aggravates the condition and

cause death
The symptoms of decompression sickness usually

pear within a few minutes to an hour after aupder

decompression. However, occasional symptoms of

compression sickness develop as long as six or i*'®”

Rale of Nitrogen Elimination from the Body,^
compression Tables. Fortunately, if a diver is broi^f"

to the surface slowly, the dissolved nitrogen is ei'"“

nated through the lungs rapidly enough to prv'’®"

decompression sickness. Approximately two thiro* ®

the total nitrogen is liberated in one hour and aboi>v w

per cent in six hours. However, some excess nitrogc" '

still present for many hours, especially in the

tissues such as the brain, and the diver is not compls^®^

safe for as long as 9 to 12 hours. Therefore, a diver t**"

be decompressed over a period of many hours if he ^
been deep beneath the sea for a long lime This

compression is achieved by bringing the diver to

surface slowly, over a periM of many minutes to

The rate at which a diver can be brought to

surface depends on, first the depth to which he w*-

d^wended and. second, the amount of time he has

there. If he remains at deep levels for only a short

the body fluids do not become saturated, and, therefore

the decompression time can be reduced accordingly.

Special decompression tables have been prepared “3

the V S. Navy that detail procedures for safe decompre*

aion. To give the student an idea of the decomprt'ss’®^
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> Drocess, a diver who has been breathing air and has
;been on the bottom for 60 minutes at a depth of 190 feel

] is decompressed according to the following schedule:

^ 10 minutes at 50 feet depth
* 17 minutes at 40 feet depth

Id minutes at 30 feet depth
50 minutes at 20 feet depth

• 84 minutes at 10 feet depth

Thus, for a work period on the bottom of only one
. hour, the total time for decompression is about three

,
hours.

Decompression in a Tank and Treatment of De-

^

compression Sickness. Another procedure for de*

^

compression, used especially in heavily polluted waters

and when climatic situations require it, involves bring-

ing the diver to the surface immediately and then
placing him in a decompression tank within five minutes
after arriving at the surface. Pressure is reapplied, and
an appropriate decompression table that prevents bubble
formation is used.

A person who begins to develop sj’mptoms of de-

compression sickness can also be treated by being placed

in such a decompression tank for a long time, several

times as long as the usual decompression times, and
allowing the nitrogen to be released from the body
slowly. Also, for best results, the percentage of oxygen
in the gas mature of the decompression tank is in-

creased, sometimes to pure oxygen. This reduces the
nitrogen partial pressures in the alveoli to very tow
values, which causes several times as rapid removal of

the nitrogen.

Use of Helium-Oxygen Mixtures in Deep Dives.

In deep dives, helium has advantages over nitrogen,

including (1) decreased decompression time, (2) lack of

narcoUc effect, and (3) decreased airway resistance in

the lungs. The decreased decompression time results

from two of its properties: (1) Only 40 per cent as much
helium dissolves in the body as does nitrogen (2) Be-
cause of its small atomic size it diffuses trough the
tissues at a velocity about 2 5 times that of nitrogen.

However, helium is not always more advantageous
than nitrogen in the breathing mature For instance,

for short and shallow dives, the rapid rate of diffusion

of helium allows for more rapid buildup of dissolved

helium in the tissue fluids than is true for nitrogen,

which has a much slower rate of diffusion Therefore,

the amount of dissolved gas is actually less when using
nitrogen than when using helium. In general, if the

bottom time is one hour, nitrogen is more advantageous
at depths less than 100 feet and helium more advanta-

geous at greater depths

SOME PHYSICAL PROBLEMS OF
DIVING

Aside from the effects of high gas pressures on the

body, siiU other physical factors place Unutatwns on
diimg. For instance'

“Sea Level” Volume of Air That the Diver Must
Breathe to Eliminate Carbon Dioxide. To maintain
the Pco, in the alveoli at a normal level, the tidal

volume of air flowing in and out of the lungs with each

breath must remain the same regardless of the depth of

the dive. A tidal volume of 0.5 liter at 300 feet deep (10

atmospheres pressure) contains the same guantily of air

as a sea level volume of 5 liters. Therefore, when the

diver is working at a depth of 300 feet, the total quantity

of air, expressed in sea level volumes, must be ten times
as great as would be required when the same diver is

working at the surface of the sea. To express this still

another way, the diver exhausts the quantity m bis

tank at a rate ten times normal when working 300 feet

below the sea, and this seriously reduces the amount of

time that his breathing mixture will last. Thus, the
typical sea level volumes of air that a worker reqiures

each minute at difierent depths to blow off the required

amounts ofcarbon dioxide are approximately the follow-

ing

feel cubic feet

Sea level 1 5

33 3

66 4.5

100 6
200 105
300 IS

Change in Density of the Air—Effect on Maxi-
mum Breathing Capacity. The density of the air

increases in proportion to the pressure, which means
that the density is four times as great at 100 feet depth

as at sea level and seven times as great at 200 feet.

The resistance to air flow through the respiratory

passageways increases directly m proportion to the den-

sity of the breathing mixture Therefore, one can readily

see that the increased density of the air will increase

the work of breathing and. as a corollary, will decrease

the oiaximum breathing capacity (the amount of air

that one can breathe each minute) The following table

gives the maximum breathing capacity in per cent of

normal at different depths when breathing air and when
breathing a mature m which helium replaces the nitro-

gen of the air

Depth
(ft) Air ('k ofnormal)

Oxygen-hehum
(Cc of normal)

25 75 100

50 60 100 +
100 50 86
200 35 63

400 24 48

Effect of Rapid Descent—‘The Squeeze.” On rapid

descent, the volumes of all gases in the body become
greatly reduced because of increasing pressure applied

to the outside of the body. If additional quantities of air

are supplied to the gas cavities during descent—espe-

cially to the lungs—no harm is done, but, if the person
Continues to descend without addition of gas to the

Cavities, the volume becomes greatly reduced, and sen-

ous physical damage results, this is called “the squeeze.”

The most damaging effects of the squeeze occur in the

lungs, for the smallest volume that the lungs can nor-

mally achieve is approximately 1.2 liters. Even if the

div^r inspires a maximal breath pnor to descending, be
Can go down no farther than 100 feet before his chest

begins to cave in. Therefore, to prevent lung squeeze,

the diver must inspire additional air as he descends.

When air becomes entrapped m the middle ear during

descent, the squeeze can cause a ruptured t>'mpanum or

bleeding into the middle ear, and when air is entrapped

in one of the nasal sinuses intense pain and sinus
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bleeding results. Occasionally, also, when a diver loses

air pressure in his mask, the eyes can actually pop out

into the mask and the face can become greatly distorted

to fill the mask.
Overexpansion of the Lungs on Rapid Ascent

—

Air Embolism. Exactly the opposite pulmonary effects

occur on rapid ascent if the person fails to expel air from

the lungs on the way up Unfortunately, panic can

frequently cause a person to close his glottis spasticaily,

which can result in serious damage to the lungs. When
the lungs become expanded to their limit the pressure

in the alveoli then becomes much greater than the

external pressure, and above an excess alveolar pressure

of 80 to 100 mm Hg, air is forced into the pulmoruiry

capillaries, causing air embolism in the circulation and
often resulting in death. Also, increased pressure in the

lungs frequently blows out large blebs on the surfaces

of lungs or ruptures the lungs to cause pneumo-
thorax

In rare instances, in a diver who has been deep below
the sea for a long time and in whom large amounts of

gas have accumulated In the abdomen, rapid ascent can
also cause senous trauma m the gastrointestinal tract

Rapid ascent can be especially senous when a person

IS attempting to escape from a submarine and must nse
to the surface rapidly without appropriate diving gear
It also occurs frequently when the diver loses control of

his diving gear and hts suit balloons up so greatly that

he “blows up" to the surface

SCUBA DIVING (SELF-CONTAINED
UNDERWAHR BREATHING
APPARATUS)

Pnor to the 1940s, almost all dmng was done using

a diving helmet connected to a hose through which air

was pumped to the diver from the surface Then, in

1943, Jacques Cousteau developed and populanred (he

self-conlomed underwater breathing apparatus which is

popularly known aimpiy os the SCUBA apparatus

There are two basic types of SCUBA apparatuses (1)

the open circuit demand system, which is used in perhaps
99 per cent of all sports and commercial diving; and 12)

the closed circuit system, which is mainly expenmental
The Open Circuit Demand System. Figure 45-4

illustrates an open circuit demand type of underwater
breathing apparatus showing the following components
(1) one or more tanks of compressed air or of some other

breathing mixture, (2) a first stage “reducing" valve for

reducing the pressure from the tanks to a constant low
pressure level, (3) a combination inhalation “demand"
valve and exhalation valve that allows air to be pulled

into the lungs with very slight negative pressure and
then to be exhausted into the sea, and (4) a mask and
tube system with small “dead space.”

Basically, the demand system operates as follows The
first stage reducing valve reduces the pressure from the

tanks usually to a pressure of about 140 lbs per square
inch However, the breathing mixture does not Row
continually into the mask Instead, with each inspira*

tion, slight negative pressure in the mask pulls the
diaphragm of the demand valve inward, and this auto-

matically releases air from the hose into the mask and
lungs In this way only the amount of air needed for

inhalation enters the system Then, on expiraUon, the

ngate 4&—4. The open cliculc demind type of SCUBA *pp^-

air cannot go back into the tank but instead is expired
through the expiration valve.

The most important problem in use of the self-con*

tamed underwater breathing apparatus is the time limit

that one can remain beneath the surface: only a few
minutes ore possible at great depths because iremendotu
airflow from the tanks is requirra to wash carbon dioxide
out of the lungs—the greater the depth, the greater the
airflow m terms of quantity of air that is roquir^,
discussed earlier

The Closed Circuit System. In the simplest type of

closed circuit system a person breathes pure oxygen-
Thu system contains the following elements (1) a tank
ofpure oxygen. (2) a rubber bellows into which the diver
can breathe back and forth, (3) a valve system for

allowing oxygen to flow from the oxygen tank into the
bellows as needed to keep it moderately filled, (4> a
canister containing soda lime through which the rc-

brealhed air passes to absorb the carbon dioxide, and
lb) an oppropriate mask system with valves to keep the
gaseous mixture flowing in the nght direction through
the canister for carbon dioxide removal. 'Ihus, the clos^
cirrait system is similar to a standard anesthetic ma-
chine in which oxygen is continually rebreathed—except
that no anesthetic is used.
The most important problem m use of this oxygen-

filled dosed circuit system is limitation in depth at
which a person can remain beneath the sea berause of
poor oxygen tolerance by the body A safe working rule
IS no more than 30 minutes at 30 feet depth.
Several new closed circuit systems are available on

an experimental basis. These utilize mixtures of oxygen
and helium, and they have separate supply tanks for

each gas. As oxygen is utilized from the breathing
mixture, an electrical oxygen sensor end control mech-
anism replenishes the oxygen from the oxygen tank but
keeps the oxygen concentration from rising too high; at

the same time carbon dioxide is removed by a carbon
dioxide absorbent. Since this gaseous mixture can be
rebreathed again and again without ever blowing off

any of it into the sea, none of the gases are wasted-
Therefore, very’ small tanks of oxygen and helium allow

the diver to remain under the sea for many hours.
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SPECIAL PHYSIOLOGICAL
PROBLEMS IN SUBMARINES

Escape from Submarines. Essentially the same
problems as those of deep sea diving are oflen met in

relation to submarines, especially when it is necessary

to escape from a submerged submarine. Escape is pos-

sible from as deep as 300 feet even without using any
special type of apparatus. Proper use of rebreathmg
deriras using helium or hydrogen theoretically can allow
escape from as deep as 600 feet or perhaps more.

One of the major problems of escape is prevention of

air embolism. As the person ascends, the gases in his

lungs expand and sometimes rupture a pulmonary ves-

sel, allowing the gases to enter into the pulmonary
vascular system to cause embolism of the circulation.

Therefore, as the person ascends, he must exhale contin-

ually.

Expansion and exhalation of gases from the lungs

during ascent, even without breathing, is often rapid

enough to blow oIT the accumulating carbon dioxide in

the lungs. This keeps the concentration ofcarbon dioxide

from building up in the blood and keeps the person from
having the desire to breathe. Therefore, he can hold his

breath for an extra long time during ascent.

Health Problems in the Submarine Internal En-
vironment Except for escape, submanne medicine gen-

erally centers around several engineenng problems to

keep hazards out of the internal environment of the

submarine. In atomic submarines there exists the prob-

lem of radiation hazards, but, with appropriate shield-

ing, the amount of radiation received by the crew sub-

merged beneath the sea has actually been less than the

normal radiation received above the surface of the sea

from cosmic rays. Therefore, no essential hazard results

from this unless some failure of the apparatus causes

unexpected release of radioactive malenaU.
SeMnd, poisonous gases on occasion escape into the

atmosphere of the submanne and must be controlled

early. For instance, dunng several weeks' submergence,

cigarette smoking by the crew can liberate sufticient

amocmCs of carixin monoxide, if it is not rentoied from
the air, to cause carbon monoxide poisoning, and on
occasion even Freon gas has been found to diffuse

through the tubes in refngeration systems in sufficient

quantity to cause toxicity.

HYPERBARIC OXYGEN THERAPY

In recent years it has been learned that the intense

oxidizing properties ofhigh pressure oxygen (hyperbanc
oxygen) can have very valuable therapeutic effects in

several important clinical conditions. Therefore, large

pressure tanks are now available in many medical
centers into which patients can be placed and treated
with hyperbanc oxygen. The oxygen is usually admin-
istered at POjS of 2 to 3 atmospheres of pressure. It is

believed that the same oxidizing free radicals responsi-
ble for oxygen toxicity are also responsible for the
therapeutic benefits. Some of the conditions in which

h^ierbanc oxygen therapy has been especially beneficial

are the following:

Probably the most successful use of hyperbaric oxygen
has been in the treatment ofgas gangrene. The bacteria

that cause this condition, the clostridial organisms, grow
best under anaerobic conditions and actudly stop grow-
ing at oxygen pressures greater than about 70 mm Hg.
Therefore, hyperbaric oxygenation of the tissues can
frequently stop the infectious process entirely and thus
convert a condition that formerly was amost 100 per
cent fatal into one that is cured in most instances by
hyperbaric therapy.

Recent results also suggest that hyperbaric oxygena-
tion might have almost as dramatic an effect in curing
leprosy as in curing gas gangrene—also because of the

susceptibility of the leprosy bacillus to destruction by
high oxygen pressures.

Other conditions in which hyperbanc oxygen therapy
has been either valuable or possibly valuable include

decompression sickness, artenal gas embolism, carbon
monoxide poisoning, osteomyelitis, and possibly myocar-
dial infarction.
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46
Organization of the
Nervous System;
Basic Functions
of Synapses

The nervous system, along with the endocrine

system, provides most of the control functions for

the body. Irv general, the nervous system controls

the rapid activities of the body, such as muscular
contractions, rapidly changing visceral events, ond
even the rates of secretion of some endocrine
glands The endocrine system, by contrast, regu*

latcs principally the metabolic functions of the

body
The nervous system is unique in the vast com-

plexity of the control actions that it can perform
It receives literally millions of bits of information

from the different sensory organs and then inte-

grates all these to determine the response to be
made by the body The purpose of this chapter is

to present, first, a general outline of the overall

mechanisms fay which the nervous system per-

forms such functions Then we will ^scuss the
function of central nervous system synapses, the

baustc structures that control the passage of signals

Into, through, and then out of the nervous system.

In succeeding chapters we will analyze in detail

the functions of the individual parts of the nervous

system Before beginning this discussion, however,

the reader should refer to Chapters 10 and 12,

which present, respectively, the principles ofmem-
brane potentials and transmission of signals

through neuromuscular junctions.

GENERAL DESIGN
OF THE NERVOUS SYSTEM

THE SENSORY DIVISION^
SENSORY RECEPTORS

Most activities of the nervous system are initi-

ated by sensory experience emanating from sen-

sory receptors, whether these be visual receptors,

auditory receptors, tactile receptors on the surface

of the body, or other kinds of receptors. This

sensory experience can cause an immediate reac-

tion, or its memory can be stored in the brain for

minutes, weeks, or years and then can help deter-

mine the bodily reactions at some future date.
Figure <10-1 illustrates a portion of the sensory

system, the somatic portion that transmits sensory
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information from the receptors ofthe entire surface

of the body and deep structures. This information

enters the central nervous system through the

spinal nerves and is conducted to multiple “pri-

mary” sensory areas in (a) the spinal cord at all

levels, (b) the reticular substance of the medulla,
pons, and mesencephalon, (c) the cerebellum, (d)

the thalamus, and (e) the somesthetic areas of the

cerebral cortex. But in addition to these primary
sensory areas, signals are then relayed to essen-

tially all other parts ofthe nervous system as well.

TH£ MOTOJt D/V/S/OJV—
THE EFFECTORS

The most important ultimate role of the nervous
system is control of bodily activities. This Is

achieved by controlling (a) contraction of skeletal

muscles throughout the body, (b) contraction of

smooth muscle in the internal organs, and (c)

secretion by both exocrine and endocrine glands in

many parts of the body. These activities are collec-

tively called motor functions of the nervous system,
and the muscles and glands are called effectors

because they perform the functions dictated by the

nerve signals.

Figure 46-2 illustrates the motor axis of the

nervous system for controlling skeletal muscle

contraction. Operating parallel to this axis is an-

other similar system for control of the smooth
muscles and glands; it is the autonomic nervous

system, which will be presented in Chapter 57.

Motor or«a

Note in Figure 46-2 that the skeletal muscles can
be controlled from many different levels of the
central nervous system, including (a) the spinal
cord, (b) the reticular substance of the medulla,
pons, and mesencephalon, (c) the basal ganglia, (d)

the cerebellum, and (e) the motor cortex. Each of
these different areas plays its own specific role in
the control of body movements, the lower regions
being concerned primarily with automatic, instan-

taneous responses of the body to sensory stimuli
and the higher regions with deliberate movements
controlled by the thought processes of the cere-

brum.

PROCESSING OF INFORMATION—
‘'INTEGRATIVE" FUNCTION OF THE
NERVOUS SYSTEM v

The nervous system would not be at all effective

in controlling bodily functions ifeach bit ofsensory v
information caused some motor reaction. There- ’

fore, one of the major functions of the nervous
system is to process incoming information in such
a way that appropriate motor responses occur.

Indeed, more than 99 per cent of all sensory infor-

mation is discarded by the brain as irrelevant and
unimportant. For instance, one is ordinarily totally

unaware ofthe parts ofthe body that are in contact
with clothing and is also unaware of the seat

pressure when sitting. Likewise, attention is

drawn only to an occasional object in one’s field of

vision, and even the perpetual noise of our sur-

roundings is usually relegated to the background.

After the important sensory information has
been selected, it is then channeled into proper
motor regions of the brain to cause the desired

responses, which is called the integrative function

of the nervous system. Thus, if a person places a
hand on a hot stove, the desired response is to hit

the hand, plus other associated responses such as
moving the entire body away from the stove and
perhaps even shouting with pain. Yet even these

responses represent activity by only a small frac-

tion of the total motor system of the body.

Role of Synapses in Processing Information.
The synapse is the junction point from one neuron

to the next and, therefore, is an advantageous site

for control of signal transmission. Later in this

chapter we will discuss the details of synaptic

function. However, it is important to point out

here that the synapses determine the directions

that the nervous signals spread in the nenr’ous

system. Some synapses transmit signals from one

neuron to the next with ease, while others transmit

signals only with difficulty. Also, facilitatory and
inhibitory signals from other areas m the nervous

system can control synaptic activity, sometimes
opening the synapses for transmission and other

timee closing them. In addition, some postayoaptic

neurons respond with large numbers of impulses,

while others respond with only a few. Thus, the
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synapses perform a selective action, often blocking

the weak signals while allowing the strong signals

to pass, often selecting and amplifying certain

weak signals, and often channeling the signal in

many diflerent directions rather than simply in

one irection

STORAGE Of MTORMAT/ON—MEMORY

Only a small fraction of the important sensory

information causes an immediate motor response.

Much of the remainder is stored for future control

of motor activities and for use m the thinking

processes Most of this storage occurs m the cere-

bral cor/e.v, but not all. for even the basal regions

of the brain and perhaps even the spinal coni can
store small amounts of information.

The storage of information is the process we call

memory, and this too is a function of the synapses
Tliat is, each time certain types of sensory signals,

pas» through sequences of synapse.s, these syn-

apses become more capable of transmitting the
same signals the next time, which process is called

factlitation. After the sensory signals have passed
through the synapses a large number of times, the

synapses become so facilitated that signals gener-

ated within the brain itself can also cause trans-

mission of impulses through the same sequences
of synapses even though the sensory input has not

been excited This gives the person a perception of

experiencing the original sensations, though in

effect they are only memories of the sensations.

Unfortunately, we do not know the precise mech-
anism by which facilitation of synapses occurs in

the memory process, but what is known about this

and other details of the memory process will be
discussed in Chapter 54
Once memories have been stored in the nervous

system, they become part of the processing mech-
anism. The thought processes of the brain compare
nesv sensory experiences with the stored memories;

the memories help to select the important new
sensory information and to channel this into ap-

propi late storage areas for future use or into motor
areas to cause bodily responses

THE THREE MAJOR LEVELS OF
CENTRAL NERVOUS SYSTEM
FUNCTION

The human nervous system has inherited spe-

cific characteristics from each stage ofevolutionary

development From this heritage, three major lev-
els of the central nervous system have specific

functional attributes' Q) the spinal cord level, (2)

the lower brain level, and (3) the higher brain or

cortical level

The Spinal Cord Level

0 often think of the spinal cord as being only
’
'It for signals from the periphery of Oie

body lo the brain or in the opposite direction from

the brain back to the body. However, this is far

from the truth. Even after the spinal cord has been

cut in the high neck region, many spinal cord

functions still occur. For instance, neuronal cir-

cuits in the cord can cause

(1) walking movements,
(2) reflexe-s that withdraw portions of the body

from objects,

(3) reflexes that stiffen the legs to support the

body against gravity,

(4) reflexes that control local blood vessels, gas-

trointestinal movements, and so forth,

(5) and many other functions.

In fact, the upper levels of the nervous system
often operate not by sending signals directly to the

penphery of the body but instead by .sending sig-

nals to the control centers of the cord, simply

“commanding” the cord centers to perform their

functions

The lower Brain Level

Many, if not most of what wo call subconscious
activities of the body are controlled in the lower
areas of the brain—m the medulla, pons, mesen-
cephalon, hypothalamus, thalamus, cerebolluni,

and basal ganglia Subconscious control of arterial
pressure and respiration is achieved mainly in the
medulla and pons Control of equilibrium is a
combined function of the older portions of the
cerebellum and the reticular substance of the me-
dulla, pons, and mesencephalon Feeding reflexes,

such as salivation in response to the taste of food

and the licking of the lips, are controlled by areas
in the medulla, pons, mesencephalon, amygdala,
and hypothalamus; and many emotional patterns,
such as anger, excitement, sexual activities, reac-

tion to pain, or reaction of pleasure, can occur in

animals without a cerebral cortex.

The Higher Brain or CorHcal Level

After recounting all the nervous system func-
tions that can occur at the cord and lower bram
levels, what is left for the cerebral cortex to do?
The answer to this is a complex one, but it begins
with the fact that the cerebral cortex is an ex-

tremely large memory storehouse. The cortex

never functions alone but always in association

with the lower centers of the nervous system.
Without the cerebral cortex, the functions of the

lower brain centers are often very imprecise The
vast storehouse of cortical information usually
converts these functions to very determinative and
precise operations.

Finally, the cerebral cortex is essential for most
ofour thought processes even though it also cannot
function alone in this. In fact, it is the lower

centers that cause wakefulness in the cerebral

cortex, thus opening its bank of memories to the

thinking machinery of the brain.
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Thus, each portion of the nervous system per-

forms specific functions. Many integrative func-

tions are well developed in the spinal cord, and
many of the subconscious functions of the brain

are originated and executed entirely in the lower
regions of the brain. But it is the cortex that opens
the world up for one’s mind.

COMPARISON OF THE NERVOUS
SYSTEM WITH AN ELECTRONIC
COMPUTER

When electronic computers \^ere first developed m
many different laboratories of the world by as many
different scientists, it soon became apparent that all

these machines have many features in common with the

ner>'ous system. First, they all have input circuits that

arc comparable to the sensory portion of the nervous
system and output arcuits that are comparable to the

motor portion of the nervous system. In the conducting

pathway betiAeen the inputs and the outputs are the

mechanisms for performing the different types of com-
putations.

In simple computers, the output signals are controlled

directly by the input signals, operating m a manner
similar to that of the simple reflexes of the spinal cord
But) in tho more complex computers, the output is

determined both by the input signals and by information

that has already been stored m memory in the computer,
which is analogous to the more complex reflex and
processing mechanisms of our higher nervous system
Furthermore, as the computers become even more com-
plex It is necessary to add still another unit, called the
central programming unit, which determines the se-

quence of all operations liiis unit is analogous to the
mechanism m our brain that allows us to direct our
attention first to one thought or sensation or motor
activity, then to another, and so forth, until complex
sequences of thought or action take place

Figure 46-3 illustrates a simple block diagram of a
modem computer. Even a rapid study of this diagram
will demonstrate its similanty to the nervous system.
The fact that the basic components of the general pur-
pose computer are analogous to those of the human
nervous system demonstrates that the brain is basically

a computer that continuously collects sensory informa-

tion and uses this along with stored information to

compute the daily course of bodily activity.

rigure 46-3. Block diagram of a general purpose efectrorac

computer, showing the basic components and their kuerretaaon-

ships.

THE CENTRAL NERVOUS SYSTEM
SYNAPSES

Every medical student is aware that information
is transmitted in the central nervous system
mainly in the form of nerve impulses through a

succession of neurons, one after another. However,
it IS not immediately apparent that each impulse
(a) may be blocked in its transmission from one
neuron to the next, (b) may be changed from a
single impulse into repetitive impulses, or (c) may
be integrated with impulses from other neurons to

cause highly intricate patterns of impulses in suc-

cessive neurons. All these functions can be classi-

fied as synaptic functions ofneurons

types of Synapses—Chemical and
Electrical

Nerve signals are transmitted from one neuron
to the next through intemeuronal junctions called

synapses. In the animal world there are basically

two different types of synapses: fl) the chemical
synapse, and (2) the electrical synapse.

From a practical view, almost all the synapses
utilized for signal transmission m the central ner-

vous system are chemical synapses. In these, the

first neuron secretes a chemical substance called

a neurotransmitter at the synapse, and this trans-

mitter in turn acts on receptor proteins in the

membrane of the next neuron to excite the neuron,

to inhibit It, or to modify its sensitivity in some
other way. Over 30 different transmitter sub-

stances have been discovered thus far.

Electrical synapses are characterized by direct

channels that conduct electricity from one cell to

the next. Most of these consist of small protein

tubular structures called gap junctions that allow

free movement of ions from the interior of one cell

to the next. These were discussed in Chapter 9.

Only a few gap junctions have been found in the

central nervous system, and their significance is

not known. On the other hand, it is by way of gap
junctions and other similar junctions that action

potentials are transmitted from one smooth muscle
fiber to the next in visceral smooth muscle (Chap-
ter 11) and also from one cardiac muscle cell to

the next in cardiac muscle (Chapter 13).

One-Way Conduction Through Chemical
Synapses. Chemical synapses have one exceed-
ingly important characteristic that makes them
highly desirable as the form of transmission of
nervous system signals: they always transmit the
signals in one direction—that is, from the neuron
that secretes the transmitter, called the presyn-
aptic neuron, to the neuron on which the trans-
mitter acts, called the postsynaptic neuron. This is

the principle ofone-way conduction through chem-
ical synapses, and it is quite different from con-
duction through electrical synapses that can trans-
mit signals in either direction.
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Think for a moment about the extreme impor-

tance of the one-way conduction mechanism. It

allows signals to bo directed toward specific goals.

Indeed, it is this specific transmission of signals to

discrete and highly focused areas in the nervous

system that allows the nervous system to perform

its myriad functions of sensation, motor control,

memory, and many others.

rHYS/OlOCIC ASATOm or the synapse

Figure 4&-4 illustrates a typical motor neuron

in the anterior horn of the spinal cord. It is com-
posed of three major parts: the soma, which is the

main body of the neuron; a single axon, which
extends from the soma into the peripheral nerve;

and the dendrites, which are thin projections of

the soma that extend up to 1 mm into the sur-

rounding areas of the co^
An average of about 6000 small knobs called

presynapiie terminals he on the surfaces of the

dendrites and soma of the motor neuron, approxi-

mately 80 to 90 per cent of them on the dendrites

and only 10 to 20 per cent on the soma These
terminals are the ends of nerve fibrils that origi-

nate in many other neurons, and usually not more
than a few of the terminals are derived from any
single previous neuron. Later it will become evi-

dent that many of these presynaptic terminals are

excitatory and secrete a substance that excites the

Hguie 46—5. Physiologic anatomy of the synapse

postsynaptic neuron, whereas others are inhibitory

and secrete a substance that inhibits the neuron-
Neurons in other parts of the cord and brain

differ markedly from the motor neuron in (1) the

size of the cell body, (2) the length, sire, and
number of dendrites, ranging in length from al-

most none at all up to as long as many centimeter^,

(3) the length and sire of the axon, and (4) the

number ofpresynaptic terminals, which may range
from only a few to more than a hundred thousand.

These differences make neurons in diHerent parts

of the nervous system react differently to incoming
signals and therefore perform different functions

The Presynaptic Terminals. Electron micro-

scopic studies of the presynaptic terminals show
that they have varied anatomical forms, but most
resemble small round or oval knobs and therefore

are frequently called (erminaf knobs, boutons, end-
feet. or synaptic knobs.

Figure 46^ illustrates the basic structure of the

presynaptic terminal. It is separated from the
neuronal soma by a synaptic cleft having a width
usually of 200 to 300 Angstroms. The terminal has
two internal structures important to the excitatory
or inhibitory functions of the synapse' the synaptic

vesicles and the mitoc/uindria. The synaptic vesi-

cles contain a transmitter substance which, when
released into the synaptic cleft, either excites or

inhibits the neurons—excites if the neuronal mem-
brane contains excitatory receptors, inhibits if it

contains inhibifory receptors. The mitochondria
provide ATP, which is required to synthesize new
transmitter substance. The transmitter must be

synthesized extremely rapidly because the amount
stored in the vesicles is sufficient to last for only
a few seconds to a few minutes ofmaximum activ-

ity.

When an action potential spreads over a presyn-

aptic terminal, the membrane depolarization

causes emptying ofa small number of vesicles into

the cleft; and the released transmitter in turn

causes an immediate change in the permeability

characteristics of the postsynaptic neuronal mem*
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brane, which leads to excitation or inhibition of

the neuron, depending on its receptor characteris-

tics.

Mechanism by Which Action Potentials

Cause Transmitter Release at the Presynaptic
Terminals—Role of Calcium Ions. The synaptic

membrane of the presynaptic terminals contains

large numbers of voltage-gated calcium channels.

This is quite dilTerent from the other areas of the

nerve fiber which contain very few of these chan-

nels. ^Vhen the action potential depolarizes the
terminal, large numbers of calcium ions, along
with the sodium ions that cause the action poten-

tial, fiow into the terminal. And the quantity of

transmitter substance that is released into the

synaptic cleft is directly related to the number of

calcium ions that enter the terminal. The precise

mechanism by which the calcium ions cause this

release is not known but it is believed to be the

following:

When the calcium ions enter the synaptic ter-

minal, it is believed that they bind with protein

receptors on the inside surfaces of the synaptic

membrane called release sites. This in turn causes

the transmitter vesicles in the local vicinity to

bind with the membrane and actually to fuse with
it, and finally to open to the extenor by the process

called exocytosis that was described in Chapter 2.

Often several hundred vesicles release their trans-

mitter into the cleft following a single action po-

tential.

Because of the requirement for calcium ions to

cause release of the synaptic transmitter, any
condition that reduces the quantity of calcium ions

entering the presynaptic terminal also wilt de-

crease the amount of transmitter released. Some
conditions that can cause this are (a) a weak action

potential caused by preliminary partial depolari-

zation of the presynaptic terminal, (b) decrease in

concentration of calcium ions m the extracellular

fluid, or (c) any factor that reduces the permeabil-
ity of the presynaptic terminal to calcium ions.

One transmitter substance that occurs in certain

parts of the nervous system is acetylcholine, as is

discussed later. It has been calculated that about
3000 molecules ofacetylcholine are present in each
vesicle, and enough vesicles are present in the

presynaptic terminal on a neuron to transmit a
few thousand impulses.

Synthesis of New Transmitter Substance.
Fortunately, the presynaptic terminals have the
capability of continually synthesizing new trans-

mitter substance. Were it not for this, synaptic

transmission would become completely ineffective

within a few minutes. The synthesis occurs either

partially or totally in the cytoplasm of the presyn-

aptic terminals, and then the newly synthesized

transmitter is immediately absorbed into the ves-

icles and stored until needed.
As an example, acetylcholine is synthesized from

acetyl-CoA and choline in the presence of the

enzyme choline acetyltransferase, an enzyme that
is present in abundance in the cytoplasm of the
cholinergic type of presynaptic terminal. When
acetylcholine is released from the terminal into

the synaptic cleft, it is rapidly split again to acetate
and choline by the enzyme cholinesterase that is

adherent to the proteoglycon reticulum that fills

the space of the synaptic cleft. Then the choline is

actively transported back into the terminal to be
used once more for synthesis of new acetylcholine.
Recycling of the Vesicles. Not only are some of the

transmitter substances recycled, such as recycling of

choline, but the vesicles themselves are also recycled.

When Aey fuse with the synaptic membrane and open
up to the exterior, the extra membrane supplied by the
vesicles at first simply enlarges the synaptic membrane.
However, shortly thereafter, the vesicle portions of the

synaptic membrane mvagmate back toward the inside

ofthe terminal and then pinch off to form new vesicles.

Furthermore, these new vesicles still contain the appro-

pnate transport proteins that are required for concen-

trating new transmitter substance m the vesicles.

Thus the vesicles are used again and again. But even
so, both the vesicles and the mitochondria that supply
the energy for transmitter synthesis eventually disin-

tegrate. Fortunately, new vesicles and mitochondria are

continually transported from the cell soma down the

axon to the presynaptic terminal, moving along the
axon at a velocity of about 40 cm per day, thus replen-

ishing the supply in the terminals.

Action of the Transmitter Substance on the
Postsynaptic Neuron—The Function ofRecep*
tors. At the synapse, the membrane of the post-

synaptic neuron contains large numbers of receptor

proteins, illustrated in Figure 46-5. These recep-

tors have two important components: (1) a binding
component that protrudes outward from the mem-
brane into the synaptic cleft—it binds with the

neurotransmitter from the presynaptic terminal,

and (2) an ionophore component that protrudes

througli the membrane to the interior of the post-

synaptic neuron The ionophore in turn is one of

two types: (1) a chemically activated ion channel,

or (2) an enzyme that activates an internal meta-
bolic system of the cell.

The chemically activated ion channels (also

called ligand-activated channels) are mainly of
three types: (a) sodium channels that allow mainly
sodium ions (but some potassium ions as well) to

pass through, (b) potassium channels that allow
mainly potassium ions to pass, and (c) chloride

channels that allow chloride and a few other anions
to pass. We shall learn later that opening the
sodium channels excites the postsynaptic neuron.
Therefore, a transmitter substance that opens the
sodium channels is called an excitatory transmitter.
On the other hand, opening of potassium and
chloride channels inhibits the neuron, and trans-
mitters that open either or both of these are called
inhibitory transmitters.

Activation of an enzymatic type of receptor
causes other effects on the postsynaptic neuron.
One effect is to activate cellular genes, which in
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turn manufacture additional receptors for the post-

synaptic membrane. Another effect is to activate

protein kinases that decrease the numbers of re-

ceptors. Changes such as these can alter the reac-

tivity of the synapse for minutes, days, months, or

even years. Therefore, transmitter substances that

cause such effects are called synaptic modulators

rather than excitatory or inhibitory transmitters.

Recent experiments have demonstrated that such
modulators are important in at least some of the

memory processes, which we shall discuss in Chap-
ter 54.

Duration of Action of the TranBmilter, and
Removal of the Transmitter from the Synapse.
When either an excitatory or an inhibitory trans-

mitter is released into the synaptic cleft, it binds

almost instantly vnth its specific chemically acti-

vated ion channels and opens these either to the

flow of sodium ions in the case of the excitatory

transmitter or the flow of potassium or chloride

ions in the case of the inhibitory transmitter.

However, after these channels have remained open
for only 1 to 2 milliseconds, in most instances,

they close equally as rapidly. The reason for this

is that the transmitter agent itself is rapidly re-

moved from the synaptic cleft. This is achieved in

three different ways.

(1) By diffusion of the transmitter out of the

cleft into the surrounding fluids.

(2) By emymatie destruction within the cleft

itself. For instance, m the case of acetylcholine,

the enzyme cholinesterase is present in the cleft,

bound m the proteoglycan matrix that Alls the

space. Each molecule of this enzyme can split os

many as ten molecules of acetylcholine each mil-
lisecond, thus inactivating this transmitter sub-
stance Similar effects occur for other transmitters.

(3) Many of the transmitters arc ocfirefy trans-

ported back into the presynaptic terminal itselfand
are then reused again and again. This is called

tmasmitter re-uplake It occurs especially pcoiai-

nently at the presynaptic terminals of the sympa-
thetic nervous system for the re-uptake of norepi-

nephrine, as we shall discuss in Chapter 57.

The degree to which each of these methods of
removal is utilized is different for each type of
transmitter.

CHEMICAL AND PHYSIOLOGICAL NATURES OF
THE TRANSMIHER SUBSTANCES

Excitation and Inhibition. Whether a trans-
miller will cause excitation or inhibition is deter-
mined not only by the nature of the transmitter
but also by the nature of the receptor in the
postsynaptic membrane To give an example, the
same neuron might be excited at a synapse that
releases acetylcholine but inhibited at still another
synapse that releases glycine. Thus, the neuronal
membrane at the first synapse contains an excita-

tory receptor for acetylcholine and at the second

synapse an inhibitory receptor for glycine. To give

another example, norepinephrine released at soine

synapses in the central nervous system causes

inhibition whereas at other synapses it causes

excitation. In the first case, the postsynaptic nsu-

rona! membranes contain an inhibitory receptor

for norepinephrine while the others contain

excitatory receptor for the same transmitter.

C/iem/ca/ SabsUncts Th»t Function As
Neurotrnnsmitlers

More than 30 different chemical substances have
either been proved or postulated to be synaptic

transmitters; most are listed in Table 4&-i. In

general, there are four different classes of trans-

mitter substances:

Class 1: Acetylcholine in a class by itself.

Class 2: Several different amines.
Class 3; Several different amino acids.

Class 4: Neuroactivc peptides.

The different neurotransmilters have been iden-

tified or postulated in a number of different waj’s:

(1) by actually isolating the transmitter sub-

stance from the neuronal tissue;

<2) by showing that the appropriate enzymes
available for synthesis of the specific transmitter.

Table 4$-l NtUROTRANSMinERS

CU»$l!
~

A<ei>l«holine

Oast It! The Amlnei
Noieplnephrine
tpinephrlfie

Dopamine
Serotonin

Clast nil Amino Acl4*

7-AmInobutyric acid (CABA)
Glycine

Outamate

Class IVi rrpdde*
A HypoihaJamic-releasIng hormones

Thyrotropin-releasing hormone
luteinizing hormone-releasing hormone
Somatostatin (growth hormone-lnhlWtory factor)

B ntulta/y peptides

AC7H
B Endorphin

o-Melanocyie-stlmuUrtng hormone
Vasoptessln

Oxytocin
C. Peptides that act on gut and brain

Leucine enkephalin

Methionine enkephalin

Substance P
CholecystokJnin

Vasoactive Intestinal polypeptide (VIP)

Neurotensin

Insulin

Glucagon

O from other tissues

Angiotensin II

Brac^klnln

Camosine
Bombesin
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(3) by demonstrating that injection of the trans-

mitter substance into local neuronal areas will

cause excitation or inhibition;

(4) by demonstrating specific enzymes for remov-
ing the transmitter substance after it is released;

and
(5) in several other ways.
Some of the more important of the transmitters

are the following:

Acetylcholine is secreted by neurons in many
areas of the brain, but specifically by the large

pyramidal cells of the motor cortex, by many dif-

ferent neurons in the basal ganglia, by the motor
neurons that innervate the skeletal muscles, by
the preganglionic neurons of the autonomic ner-

vous system, by the postganglionic neurons of the
parasympathetic nervous system, and by some of
the postganglionic neurons of the sympathetic ner-
vous system. In most instances acetylcholine has
an excitatory effect; however, it is known to have
inhibitory effects at some of the peripheral para-
sympathetic nerve endings, such as inhibition of
the heart by the vagus nerves.

Norepinephrine is secreted by many neurons
whose cell bodies are located in the brain stem
and hypothalamus. Specifically, norepinephrine-
secreting neurons located in the locus ceruleus in

the pons send nerve fibers to widespread areas of

the brain and help control the overall activity and
mood of the mmd. In many of these areas it

probably causes excitation, but in others inhibi-

tion. Norepinephrine is also secreted by most of
the postganglionic neurons of the sympathetic ner-
vous system, where it excites some organs but
inhibits others.

Dopamine is secreted by neurons that originate
in the substantia nigra. The terminations of these
neurons are mainly in the striatal region of the
basal ganglia. The effect of dopamine is xisually

inhibition.

Glycine is secreted mainly at synapses in the
spinal cord. It probably always acts as an inhibi-
tory transmitter.

Gamma-aminobutyric acid (GABAl is secreted
by nerve terminals in the spinal cord, the cerebel-
lum, the basal ganglia, and many areas of the
cortex. It is believed always to cause inhibition.

Glutamate is probably secreted by the presyn-
aptic terminals in many of the sensory pathways
as well as in many areas of the cortex. It probably
always causes excitation.

Substance P is probably released by pain fiber

terminals in the dorsal horns of the spinal cord.

And it is also found in the basal ganglia and
hypothalamus. In general, it causes excitation.

Enkephalins are probably secreted by nerve ter-

minals in the spinal cord, in the brain stem, in the
thalamus, and in the hypothalamus. These proba-
bly act as excitatory transmitters to excite other
systems that inhibit the transmission of pain.

Serotonin is secreted by nuclei that originate m
the median raphe of the brain stem and project to

many brain areas, especially to the dorsal horns
of the spinal cord and to the hypothalamus. Sero-
tonin acts as an inhibitor of pain pathways in the
cord, and it is also believed to help control the
mood of the person, perhaps even to cause sleep.

Despite this long list of transmitter substances,
It is only a partial list. Other substances that have
been proved or suggested include peptides, other
amino acids, histamine, prostaglandins, cyclic

AMP, and many others.

Release of Only a Single Type ofTransmitter
Substance by Each Neuron. Except in special

cases, it is believed that each neuron releases only
one type of transmitter, and it releases this same
transmitter at all of its separate terminals. This
is frequently called the Dale principle in honor of

the physiologist most instrumental in developing
this concept.

However, like all good theories, a number of

exceptions have now been found in which the same
nerve terminal might secrete a transmitter that
acts as an excitatory or inhibitory transmitter and
yet another that acts as a modulator. For instance

the excitatory transmitter might be glutamate
which causes immediate excitation, but at the
same time one of the neuropeptides might be
secreted as a modulator to increase the number of

glutamate receptors, m this way increasing the
sensitivity of the same synapse for days or weeks.
Unfortunately, little is yet known about the mod-
ulator mechanisms. Therefore, for the most part,

in the remainder of this chapter we will discuss

principally the excitatory and inhibitory effects of

the neurotransmitters.

UtCTmCAL IVINTS DURING NIURONAL
EXCITATION

The electrical events in neuronal excitation have
been studied in the large motor neurons of the

anterior horn of the spinal cord. Therefore, the

events to be described in the following few sections

pertain essentially to these neurons. However,
except for some quantitative differences, they ap-

ply to most other neurons of the nervous system
as well.

The Resting Membrane Potential of the Neu-
ronal Soma. Figure 46-6 illustrates the soma of

a motor neuron, showing the resting membrane
potential to be about - 65 millivolts. This is some-
what less than the -80 to -90 millivolts found
in large peripheral nerve fibers and in skeletal

muscle fibers; the lower voltage is important, how-
ever, because it allows both positive and negative

control of the degree of excitability of the neuron.

That is, decreasing the voltage to a less negative

value makes the membrane of the neuron more
excitable, whereas increasing this voltage to a
more negative value makes the neuron less excit-

able. This is the basis of the two modes of function

of the neuron—either excitation or inhibition—as
we will explain in detail in the following sections.
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Concentration DiH'erences of Ions Across
the Neurons] Sotnaf Membrane. Figure 4&-6
also illustrates the concentration diiTerences acros.s

the neuronal somal membrane of the three ions

that are most important for neuronal function*

sodium ions, potassium ions, and chloride ions

At the top, the sodium ion concentration is

shown to be very great in the extracellular fluid

but low inside the neuron This sodium concentre*

tion gradient is caused by a strong sodium pump
that continually pumps sodium out of the neuron.

The figure also shows that the potassium ion

concentration is large inside the neuronal soma
but very low \n the extracellular fluid. It illustrates

that there is also a potassium pump (the other half

of the Na'-K*^ pump, as described m Chapter 9)

that tends to pump potassium to the interior while

there is a very high degree of permeability to

potassium The potassium ions leak through the

neuronal somal pores so readily that this nullifies

most but not all of the efTectiveness of the pump.
Figure 46-6 shows the chloride ion to be of high

concentration in the extracellular fluid but low
concentration inside the neuron It also shows that

the membrane is highly permeable to chloride ions

and that there may be a weak chloride pump. But
whether there is or is not a chloride pump, most
of the reason for the low concentration of chloride

ions inside the neuron is the - 65 millivolts in the

neuron. That is, this negative voltage repels the

negatively charged chloride ions, forcing them out-

ward through the pores until the concentration

difference is much greater outside the membrane
than on the inside.

Let us recall at this point what we learned in

Chapters 9 and 10 about the relationship of ionic

concentration differences to membrane potentials.

It will be recalled that an electrical potential

across the membrane can exactly oppose the move-
ment of ions through a membrane despite concen-
tration differences between the outside and inside

of the membrane if the potential is of the proper
‘ j and magnitude. Such a potential that

"
)

exactly opposes movement of each type of ion is

called the Nemst potential; the equation for this

is the following:

EMFfmV) = ±61 X log
(

Concentration outside
^

Concentration inside
^

where EMF is the Nemst potential in millivolts

on the inside of the membrane The potential will

be positive ( + ) for a positive ion and negative ( -

)

for a negative ion.

Now, let us calculate the Nemst potential that

will exactly oppose the movement of each of the

three separate ions: sodium, potassium, and chlo-

ride.

For the sodium concentration difference shovm
in Figure 46-6, 142 mEq/Iiter on the exterior and
14 mEq/Iiter on the interior, the membrane poten-

tial that would exactly oppose sodium ion move-
ment through the sodium channels would be +61
millivolts. However, the actual membrane poten-

tial is -65 millivolts, not +61 millivolts. There-
fore, sodium ions normally diffuse inward through
the sodium channels; however, not many sodium
ions will diffuse because most of the sodium chan-
nels are normally closed. Furthermore, those so-

dium ions that do diffuse to the interior are nor-

mally pumped immediately back to the exterior by
the ^mm pump.
For potassium ions, the concentration gradient

is 120 mEq/liter inside the neuron and 4.5 mEq/
liter outside This gives a Nemst potential of - 86
millivolts inside the neuron, which is more nega-
tive than the -65 that actually exists Therefore
there is a tendency for potassium ions to diffuse to

the outside of the neuron, but this is opposed by
the continual pumping of these potassium ions

back to the intenor.

Finally, the chloride ion gradient, 107 mEq/litcr
outside and 8 mEq/liter inside, yields a Nemst
potential of -70 millivolts inside the neuron,
which is slightly more negative than the actual
value measured. Therefore, chloride ions tend nor-
mally to leak to the interior of the neuron, but
thoM that do diffuse are moved back to the exte-

rior, perhaps by an active chloride pump
Keep these three Nemst potentials in mind and

also remember the direction in which the different

ions tend to diffuse, for this information will be
important in understanding both excitation and
inhibition of the neuron by synaptic transmission

Origin of the Resting Membrane Potential
of the I^euronal Soma. The basic cause of the
—65 milUvoit resting membrane potential of the

neuronal soma is the sodium-potassium pump
This pump causes the extrusion of more positively

charged sodium ions to the exterior than potassium

to the interior—3 sodium ions for each 2 potassium

ions. Since there are large numbers of negatively

charged ions inside the soma that cannot diffuse

through the membrane—protein ions, phosphate
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ions, and many others—extrusion of the excess

positive ions to the exterior leaves all these non*
diiTusible negative ions inside the cell unbalanced
by positive ions. Therefore, the interior of the

neuron becomes negatively charged as the result

of the sodium-potassium pump. This principle was
discussed in more detail in Chapter 10 in relation

to the resting membrane potential of nerve fibers.

In addition, as also explained in Chapter 10, dif*

fusion of potassium ions outward through the
membrane is another cause of intracellular nega-
tivity.

Uniform Distribution of the Potential Inside
the 5oma. The interior of the neuronal soma
contains a very highly conductive electrolytic so-

lution, the intracellular fluid of the neuron. Fur-
thermore, the diameter of the neuronal soma is

very large (from 10 to 80 microns in diameter),

causing there to be almost no resistance to con-

duction of electrical current from one part of the
somal interior to another part. Therefore, any
change in potential in any part of the intrasom^
fluid causes an almost exactly equal change in

potential at all other points inside the soma. This
is an important principle because it plays a major
role in the summation of signals entering the
neuron from multiple sources, as wo shall see in

subsequent sections of this chapter.

Effect of Synaptic Excitation on the Post-
synaptic Membrano—The Excitatory Postsyn-
aptic Potential. Figure ‘1&-7A illustrates the rest-

ing neuron with an unexated presynaptic terminal
resting upon its surface. The resting membrane
potential everywhere in the soma is -65 milli-

volts.

Figure 4S-7B illustrates a presynaptic terminal
that has secreted a transmitter into the cled be-

tween the terminal and the neuronal somal mem-
brane. This transmitter acts on a membrane exci-

tatory receptor to increase the membrane’s
permeability to both Na* and K*. However, be-

cause of the large electrochemical gradient that
tends to move sodium inward and because the
potassium concentration gradient is not far from
equilibrium with the electrical potential, this large

opening of the membrane pores mainly allows
sodium ions to rush to the inside of the membrane.
The rapid influx ofthe positively charged sodium

ions to the interior of the neuron neutralizes part
of the negativity of the resting membrane poten-

tial. Thus, in Figure 46-7B the resting membrane
potential has been increased from —65 millivolts

to -45 millivolts. This increase in voltage above
the normal resting neuronal potential—that is, to

a less negative value—is called the excitatory post-

synaptic potential (or EPSP) because when this

potential rises high enough it will elicit an action

potential in the neuron, thus exciting it. In this

case the EPSP is + 20 millivolts.

However, we must issue a word of warning at

this point. Discharge of a single presynaptic ter-

REST/N6 NEURON
Initial segment

of axon

No*
influx ^ Snreod

_ action Potential
EXC/TED NEURON

INHIBITED NEURON
ngure 46-7. Three slates of a neuron. /4. A resting neuron. B,

A neuron In an excited state, with increased Intraneuronal poten-
tial caused by sodium Influx C, A neuron In an Inhibited state,

with decreased Intraneuronal membrane potential caused by
potassium Ion efflux and chloride ion Influx

minal can never increase the neuronal potential

from -65 millivolts up to -45 millivolts. Instead,

an increase of this magnitude requires the simul-
taneous discharge of many terminals—about 70
for the usual anterior motor neuron—at the same
time or in rapid succession. This occurs by a
process called summation, which will be discussed

in detail in the following sections.

Generofioj} ofAction Potentials at the Axon
Hillock of the Neuron—Threshold for Excita-
tion. When the membrane potential inside the
neuron rises high enough, there comes a point at

which this initiates an action potential in the

neuron. However, the action potential does not
begin on the somal membrane adjacent to the

excitatory synapses. Instead, it begins in the axon
hillock, which is the point of origin of the axon
from the neuronal soma. The main reason for this

point of origin of the action potential is that the
soma has relatively few voltage-gated sodium
channels in its membrane, which makes it difflcult

to open the required number of channels to elicit

an action potential. On the other hand, the mem-
brane of the axon hillock has seven times as great
a concentration of voltage-gated sodium channels
and therefore can generate an action potential

with much greater ease than can the soma. The
excitatory postsynaptic potential that will elicit an
action potential at the axon hillock is between
+ 15 and +20 millivolts. This is in contrast to
approximately +30 millivolts required on the
soma.
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Once the action potential begins, it travels both

peripherally along the axnn and also backward

over the soma. In many instances, it travels back-

ward into the dendrites, too, but not into all of

them because they, like the neuronal soma, also

have very few voltage-gated sodium channels.

Thus, in Figure 46-7B, it is shown that under

normal conditions the threshold for excitation of

the neuron is about -45 millivolts, which repre-

sents an excitatory postsynaptic potential of +20
millivolts—that is, 20 millivolts more positive

than the normal resting neuronal potential of - 65
millivolts,

ELECTRICAL EVENTS IN NEURONAL INHIBITION

Effect of Inhibitory Synapses on the Post-

synaptic Membrane—The Inhibitory Poslsyn-
aptic Potential. It was pointed out earlier that

the excitatory synapses open “sodium" channels in

the postsynaptic membrane, and these allow easy
passage mainly of sodium ions And, because of

the very large difference between the resting mem-
brane potential and the Nemst potential for so-

dium, especially large numbers of sodium ions

move into tbe neuron and cause the excitatory

postsynaptic potential The inhibitory synapses, by
contrast, open the potassium and chloride chan-

nels, allowing easy passage of both these ions

Now, to understand now the inhibitory s3mapses

inhibit the postsynaptic neuron, we must recall

what we learned about the Nemst potentials for

both the potassium ions and the chloride ions. We
calculated this potential for potassium ions to be
about -86 millivolts and for chloride ions about
-70 millivolts Both these potentials are more
negative than the -65 millivolts normally present

inside the resting neuronal membrane. Therefore,

opening the potassium and the chloride channels
will allow potassium ions to move to the extenor,

which will make the membrane potential more
negative than normal and will allow the chloride

ions to move to the interior, which also will make
the membrane potential more negative than usual

This increases the degree of intracellular negativ-

ity, which IS called hyperpnlaruation It obviously

inhibits the neuron because the membrane poten-

tial IS now farther away than ever from the thresh-
old for excitation. Therefore, the increase in ne-
gativity beyond the normal resting membrane
potential level is called the inhibitory postsynaptic

potential (IPSPI

Thus, Figure 46-7C illustrates the effect on the
membrane potential caused by excitation of inhib-
itory synapses, allowing chloride influx into the
cell and potassium efflux from the cell, with the
membrane potential decreasing from its normal
value of - 65 millivolts to the more negative value
of -70 millivolts. This membrane potential that
15 5 millivolts more negative is the inhibitory

jnaptic potential. Thus the IPSP in this in-

’ncc is -5 millivolts.

Inhibition of Neurons Without Causing an
Inhibitory Postsynaptic Potential—“Short
Circuiting’’ of the Membrane, Sometimes acti-

vation of the inhibitory synap-ses causes little or

no inhibitory postsynaptic potential but neverthe-

less still inhibits the neuron.

The reason that the potential often does not

change is that in some neurons the concentration

differences across the membrane for the potassium

and chloride ions arc only able to cause a diffusion

potential equal to the normal resting potential.

Therefore, when the inhibitory pores open, there

IS no net flow of ions to cause an inhibitory post-

synaptic potential Yet, both the potassium and
the chloride ions do diffuse bidirectionally through
the wide-open pores many times as rapidly as

normally, and this high flux of these two ions

inhibits the neuron in the following way: When
excitatory synapses fire and sodium ions flow into

the neuron, this now causes far less excitatory

postsynaptic potential than usual because any ten-

den^ for tbe membrane potential to change away
from the resting potential is immediately opposed
by rapid flux of potassium and chloride ions

through the inhibitory pores to bring the potential

back to the negative equilibrium potential for

these two ions Therefore, the influx ofsodium ions

required to cause excitation may be as much as 5

to 20 times normal
This tendency for the potassium and chloride

ions to maintain the membrane potential near the

resting value when the inhibitory pores are wide
open IS called “short circuiting" of the membrane,
thus making the sodium current flow caused by
excitatory synapses ineffective in exciting the cell

To express the phenomenon of short circuiting more
mathematically, one needs to recall the Goldman equa-
tion from Chapter 10. This equation shows that the
membrane potential is determined by summation of the
tendencies for the different ions to carry electrical

charges through the membrane in the two directions.

The membrane potential will approach the Nemst equi-
libnum potential for those ions that permeate the mem-
brane to the greatest extent SVhen the inhibitory chan-
nels are wide open, the chloride and potassium ions

permeate the membrane greatly Therefore, when the
excitatory channels open, it is difficult to raise the
neuronal potential up to the threshold value for excita-

tion

PresynAptic Inhibition

In addition to the inhibition caused by inhibitory

synapses operating at the neuronal membrane,
called postsynaptic inhibition, another type of in-

hibition often occurs before the signal reaches the

synapse This type of inhibition, called prcsynapt'ic

i/iAi&ifio/i, is believed to occur m the following

way.
In presynaptic inhibition, the inhibition is

caused by “presynaptic” synapses that lie on the

terminal nerve fibrils before they themselves ter-

minate on the following neuron. It is believed that
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these prcsynaptic synapses secrete a transmitter

substance that in some way not yet understood

depresses the voltage of the action potential that

occurs at the synaptic membrane of the terminal

and, as has already been pointed out, this greatly

decreases the amount of calcium ions that enter

the terminal and therefore also the amount of

transmitter released by the terminal. Therefore,

the degree of excitation of the neuron is also

greatly suppressed, or inhibited.

Prcsynaptic inhibition occurs in many of the

sensory pathways m the nervous system. That is,

the adjacent nerve fibers inhibit each other, which
minimizes the spread of signals from one fiber to

the next. We will discuss this phenomenon more
fully in the following chapter.

The precise mechanism by which the presynaptic
synapses function is not known. However, since

most of the nerve fibers involved are excitatory

types of fibers, it has been suggested that presyn-

aptic inhibition might be caused by excitatory

synapses that cause partial depolarization of the

terminal nerve fibrils on which they lie. This m
turn would reduce the intensity of the action po-

tential passing into this terminal fibril and thereby

reduce the release of transmitter substance be-

cause even a slight reduction of the magnitude of

the action potential reduces calcium entry into the

presynaptic terminal and this reduction causes an
even for greater reduction in the amount of trans-

mitter released.

Presynaptic inhibition is different from postsyn-

aptic inhibition in iU time sequence. It requires
many milliseconds to develop, but once it docs
occur, it can last for as long as minutes or even
hours. Postsynaptic inhibition, at least of the an-
terior motor neurons, lasts for only 10 to 15 mil-

liseconds.

SUMMATION OF POSTSYNAPTIC
POTENTIALS

Time Course of Postsynaptic Potentials.
When a synapse excites the anterior motor neuron
the neuronal membrane becomes highly permeable
for only 1 to 2 milliseconds. During this time
sodium ions diffuse rapidly to the interior of the
cell to increase the intraneuronal potential, thus
creating the excitatory postsynaptic potential. This
potential then persists for about 15 milliseconds,

because this is the time required for the positive

charges to fiow into the dendrites and axon or for

potassium ions to leak out or chloride ions to leak
in to re-establish the normal resting membrane
potential.

Precisely the opposite effect occurs for the inhib-

itory postsynaptic potential. That is, the inhibitory

synapse increases the permeability of the mem-
brane to potassium and chloride ions for 1 to 2
milliseconds, and this usually decreases the intra-

neuronal potential to a more negative value than
normal, thereby creating the inhibitory postsyn-

aptic potential. This potential also persists for

about 15 milliseconds.

However, other types of transmitter substances
acting on other neurons can perhaps excite or
inhibit for hundreds of milliseconds or even for

seconds, minutes, or hours.

Spatial Summation of the Postsynaptic Po-
tentials. It has already been pointed out that
excitation of a single presynaptic terminal on the
surface of a neuron will almost never excite the

neuron. The reason for this is that sufficient trans-

mitter substance is released by a single terminal
to cause an excitatory postsynaptic potential usu-

ally no more than a millivolt at most, instead of

the required 15 to 20 millivolts to reach the usual
threshold for excitation. However, during excita-

tion in a neuronal pool of the nervous system,

many presynaptic terminals are usually stimu-

lated at the same time, and even though these

terminals are spread over wide areas ofthe neuron,

their effects can still summate. The reason for this

summation is the following: It has already been
pointed out that a change in the potential at any
single point within the soma will cause the poten-

tial to change everywhere in the soma almost

exactly equally. Therefore, for each excitatory syn-

apse that discharges simultaneously, the intraso-

mal potential becomes more positive by as much
as a small fraction of a millivolt up to about 1

millivolt. When the excitatory postsynaptic poten-

tial becomes great enough, the threshold for firing

will be reached, and an action potential will gen-

erate at the axon hillock. This effect is illustrated

m Figure 46-8, which shows several excitatory

postsynaptic potentials. The bottom postsynaptic

potential in the figure was caused by stimulation

of only four excitatory synapses; then the next

higher potential was caused by stimulation of two

times as many synapses; finally, a still higher

excitatory postsynaptic potential was caused by
stimulation of four times as many synapses. This

time an action potential was generated at the axon

hillock.

njure 46-a. Exauto/y po&tsynaptic potentials, showing that

dnsultaneous firing of only a few synapses wili not cause sufficient

summ^ed potential to elicit an action potential, but that simul-

taneous firing of nvuiy synapses wiJI raise the summated potential

to the threshold for excitation and cause a supenmposed action
potential.



55S The Nervous System

This efTect of summing simultaneous postsyn-

aptic potentials by excitation of multiple terminals

on widely spaced areas of the membrane is called

spatial summation.
Temporal Summation. Most presynaptic ter-

minals can fire repetitively in rapid succession

only a few milliseconds apart. Each time a termi-

nal fires, the released transmitter substance opens
the membrane channels for a millisecond or so.

Since the postsynoptic potential lasts up to 15
miUtseconds, a second opening ofthe same channel

can increase the postsynaptic potential to a still

greater level so that the more rapid the rate of

terminal stimulation, the greater the effective

postsynaptic potential. Thus, successive postsyn-

aptic potentials of individual presynaptic termi-

nals, if they occur rapidly enough, can summate
in the same way that postsynaptic potentials can
summate from widely distributed terminals over
the surface of the neuron. This summation is called

temporal summation.
Simultaneous Summation of Inhibitory and

Excitatory Postsynaptic Potentials. Obviously,

if an inhibitory postsynaptic potential is tending

to decrease the membrane potential to a more
negative value while an excitatory postsynaptic

potential is tending to increase the potential at

the same time, these two effects can either com-
pletely nullify each other or partially nullify each
other Also, inhibitory "short circuiting" of the
membrane potential can nullify much of an exci-

tatory potential Thus, if a neuron is currently

being excited by an excitatory postsynaptic poten-

tial, then an inhibitory signal from another source

can easily reduce the postsynaptic potential to less

than the threshold value for excitation, thus turn-

ing off the activity of the neuron.

Facilitation of Neurons. Often the summated
postsynaptic potential is excitatory in nature but
has not nsen high enough to reach the threshold

Cor excitation When this happens the neuron is

said to be facilitated. That is, its membrane poten-

tial is nearer the threshold for finng than normally
but not yet to the finng level. Nevertheless, a
signal entering the neuron from some other source

can then excite the neuron very easily. Diffuse

signals in the nervous system often facilitate large
groups of neurons so that they can respond quickly
and easily to signals arriving from second sources.

SPECIAL rUNCnONS OFPENDRmS
IN EXCITING NEURONS

The Large Spatial Field of Excitation of (he
Dendrites. The dendrites of the anterior motor
neurons extend for 0.5 to 1 millimeter In all direc-

tions from the neuronal soma. Therefore, these
dendrites can receive signals from a lai^c spatial

area around the motor neuron. This provides vast
opportunity for summation of signals from many
separate presynaptic neurons.

It is also important that between 80 and 90 per

cent of all the presynaptic terminals terminate on

the dendrites of the anterior motor neuron in

contrast to only 10 to 20 per cent terminating on

the neuronal soma. Therefore, the preponderant

share of the excitation of the neuron is provided

by signals transmitted over the dendrites.

Failure of Many Dendrites to Transmit Ac-
tion Potentials. Many dendrites fail to transmit

action potentials because their membranes have
relatively few voltage-gated sodium channels, so

that their thresholds for excitation are very high.

Vet they do transmit electrotonic current down the

dendrites to the soma. (Transmission of clectro-

tonic current means the direct spread of current

by electrical conduction in the fluids of the den-

drites with no generation of action potentials.)

Stimulation of the neuron by this current has

special charactenstica, as follows:

Decrement of EJectrotonic Conduction in

the Dendrites—Creater ExdUiUon by Syo-
apses Near the 5oma. In Figure 48-9 a number
of excitatory and inhibitor}* synapses arc shown
stimulating the dendntes of a neuron. On the two
dendrites to the left in the figure are shown exci-

tatory effects near the ends of the dendrites; note

the high levels of the excitatory postsynaptic po*

tcntiais at these ends—that is, the less negative
membrane potentials. However, a large share of

the excitatory postsynaptic potential is lost before

It reaches the soma. The reason for this is that the

dendrites arc long and thin, and their membranes
are also leaky to electrical current. Therefore,
before the excitatory potentials can reach the

soma, a lai^e share of the potential is lost by
leakage through the membrane. This decrease in

membrane potential as it spreads elcclrotonically

along dendrites toward the soma is called decre-

mental conduction.

nsure4S-9. St1tTHj!a«on of « neuron by presyMpHc terming!*

toured on dendrtres. showing, especially, decremencal corKtiK-

tfon of excitatory electroionk, potentials In the two der>drltei to

the left «5«I InhSbiaon of denddrtc excitation In the dendrite that

b uppermost.
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It is also obvious that the nearer the excitatory

synapse is to the soma of the neuron, the less will

be the decrement of conduction. Therefore, those
synapses that lie near the soma have far more
excitatory effect than those that lie far away from
the soma.
Rapid Re-Bxcitation of the Neuron by the

Den^itea After the Neuron Fires. When an
action potential is generated in a neuron, this

action potential spreads back over the soma but
not always over the dendrites. Therefore, the ex-

citatory postsynaptic potentials in the dendrites

often are only partially disturbed by the action

potential, so that just as soon as the action poten-
tial is over, the potentials still existing in the
dendrites are ready and waiting to excite the

neuron again. Thus, the dendrites have a “holding

capacity” for the excitatory signal from presyn-
aptic sources.

Summation of Excitation and Inhibition in
Dendrites. The uppermost dendnte of Figure 46-
9 is shown to be sUmulated by both excitatory and
inhibitory synapses. At the tip of the dendrite is a
strong excitatory postsynaptic potential, but
nearer to the soma are two inhibitory synapses
acting on the same dendrite. These inhibitory

synapses provide a hyperpolarizing voltage that
completely nullifies the excitatory eftect and in-

deed transmits a small amount of inhibition by
electrotonic conduction toward the soma. Thus,
dendrites can summate excitatory and inhibitory

postsynaptic potentials in the same way that the
soma can,

REtATION OF STATE OF EXCITATION OF THE
NEURON TO THE RATE OF FIRING

The '‘Excitatory State.** The “excitatory state”
of a neuron is defined as the degree of excitatory

drive to the neuron. If there is a higher degree of
excitation than inhibition of the neuron at any

h given instant, then it is said that there is an
excitatory state. On the other hand, if there is more
inhibition than excitation, then it is said that there
is an inhibitory state.

When the excitatory state of a neuron rises

above the threshold for excitation, then the neuron
will fire repetitively as long as the excitatory state

remains at this level. However, the rate at which
It will fire is determined by how much the excita-

tory state is above threshold. To explain this, we
must first consider what happens to the neuronal
somal potential during and following the action

potential.

Changes in Neuronal Soraal Potential Dur-
' ing and Following the Action Potential. Figure
4^10 illustrates an action potential spreading
backward over the neuronal soma after being ini-

tiated at the axon hillock by an excitatory postsyn-
aptic potential. Following the spike portion of the
action potential, there is a very long positive after-

potential—that is, a state of “hypolarization”

—

lasting for many milliseconds. During this interval
the somal membrane potential falls below the
normal resting membrane potential of - 65 milli-

volte. This is probably caused by a high degree of
permeability of the neuronal membrane to potas-
sium ions that persists for many milliseconds after
the action potential is over. And, in addition, the
high membrane conductivity for potassium ions
also “short circuits” excitatory potentials.

The importance of this state of hyperpolarization
and short circuiting after the spike potential is

that the neuron remains in an inhibited state

during this period of time. Therefore, a far greater
excitatory state is required during this time than
normally to cause re-excitation of the neuron.

Relationship of Excitatory State to Fre-
quency of Firing. The curve shown at the top of
Figure 46-10, labeled "Excitatory state required
for re-excitation,” depicts the relative level of the
excitatoiy state required at each instant after an
action potential is over to re-excite the neuron.
Note that very soon after an action potential is

over, a very high excitatory state is required. That
Is, a very large number of excitatory synapses
must be firing simultaneously. Then, after many
milliseconds have passed and the state of hyper-
polarization and the short circuiting of the neuron
have begun to disappear, the excitatory state re-

quired becomes greatly reduced.

Therefore, it is immediately evident that when
the excitatory state is high, a second action poten-

tial will appear very soon after the previous one.

Then still a third action potential will appear soon
after the second, and this process will continue

indefinitely. Thus, at a very high excitatory state

the frequency of firing of the neuron is great.

On the other hand, when the excitatory state ia

only barely above threshold, the neuron must re-

cover almost completely from the hyperpolariza-

tion and short circuiting, which requires many

rizurc 46-10. A neuronal pocentUI followed by « tuolortscd
period of r>eurx>nal hyperpoUrludorv Also shown Is the ‘exet-
Utory state" required for re-excJucion of the rteuron at gfven
kuervals after the acdon potential ts over.
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risute 46-1 1. Response characteristics of differertt types of

neurons to progressively Increasing levels of excitatory state

raiUiscconds, before it will fire again. Therefore,

the frequency of neuronal firing is low.

Response Characteristics of Different Neu*
rons to Increasing Levels of Excitatory State.

Histological study of the nervous system immedi-
ately convinces one of the widely varying types of

neurons in different parts of the nervous system.

And, physiologically, the different types ofneurons

perform different functions. Therefore, as would be

expected, the ability to respond to stimulation by
the synapses varies from one type of neuron to

another.

Figure 46-11 illustrates theoretical responses of

three different types of neurons to varying levels

of excitatory state. Note that neuron #i has a low
threshold for excitation while neuron #3 has a
high threshold But note also that neuron #2 has
the lowest maximum frequency of discharge, while

neuron #3 has the highest maximum frequemy.

Some neurons in the central nervous system fire

continuously because even the normal excitatory

state is above the threshold level. Their frequency

of firing can usually be increased still more by
further increasing their excitatory state Or, the

frequency may be decreased, or firing even be
stopped, by superimposing an inhibitory state on
the neuron
Thus, different neurons respond differently,

have different thresholds Cor excitation, and have
widely differing maximal frequencies of discharge.

With a little imagination one can readily under-

stand the importance ofhaving neurons with many
different types of response characteristics to per-

form the widely varying functions of the nervous
system

SOME SPECIAL CHARACTERISTICS
OF SYNAFTiC TRANSMISSION

Fatigue of Synaptic Transmission. When ex-
citatory synapses are repetitively stimulated at a
rapid rate, the number of discharges by the post-

ssmaptic neuron is at first very great, but it

comes progressively less in succeeding milliss*

con^ or seconds. This is called fatigue of synaptic

transmission.

Fatigue is an exceedingly important character*

istic of synaptic function, for when areas of th®

nervous system become overexcited, fatigue causes

them to lose this excess excitability after a white-

For example, fatigue is probably the most impcT*

tant means by which the excess excitability of the

brain during an epileptic convulsion is finally

subdued so that the convulsion ceases. Thus, the

development of fatigue is a protective mechanism
against excess neuronal activity. This will be dis-

cussed further in the description of reverberating

neuronal circuits in the following chapter.

The mechanism of fatigue is mainly exhaustion

of the stores of transmitter substance in the syn-

aptic terminals, particularly since it has bean
calculated that the excitatory terminals can store

enough excitatory transmitter for only 10,000 nor-

mal synaptic transmissions, an amount that c^n

be exhausted in only a few seconds to a fpw

minutes. However, part of the fatigue process prob'

ably also results from two other factors as well’ iD
progressive inactivation of many of the postsyn-

aptic membrane receptors, and (2) slow buildup of

calcium ions inside the postsynaptic neuronal
caused by the successive action potentials—these

calcium ions in turn open calcium-activated potas-

sium channels which cause an inhibitory effect dn
the postsynaptic neuron.
Post-Tetanic FaciUtation. When a rapidly repetitive

senes of impulses stimulates an excitatory synapse {or

a period of time and then a rest penod is allowed, tP®
postsynaptic neuron will usually be even more respon-
sive to subsequent stimulation than normally. This «
called post-telanic facililaliori.

Experiments have shown that post-tetanic facilitation

is caused mainly by the buildup of excess caldum ioi’s

in the presynaptic terminals, caused by the successive
influx of more calcium ions with each action potential
because the calcium pump pumps too slowly to remove
all of these immediately. These accumulated calcium
ions add to the effects ofthe action potentials themselves
in causing more and more vesicular release of transmit-
ter substance Occasionally the effect can be gre^t
enough to cause the release of transmitter at a rate two
times nomtal
The physiological significance of post-tetanic facilita-

tion Is still very doubtful, and it may have no real

significance at all. However, since post-tetanic facilita-

tion can last from a few seconds m some neurons to

several hours in others, it is immediately apparent that

neurons could possibly store information this mech-
anism Iberefore post-tetanic facilitation might well be

a mechanism of “short-term” memory in the central

nervous system. This possibility will be discussed fuV*

ther in Chapter 54 in relation to the memory function

of the cerebral cortex.

Effect of AcidosU and Alkalosis on Synaptic
Transmission. The neurons are highly responsive to

changes in pH of the surrounding interstitial fluids

Alkalosis greatly increases neuronal excitabtlily For in*
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stance, a rise in arterial pH from the normal of 7.4 to

about 7.8 often causes cerebral convulsions because of

increased excitability of the neurons. This can be dem-
onstrated especially well by having a person who is

predisposed to epileptic convulsions overbreathe. The
overbreathing elevates the pH of the blood only momen-
tarily, but even this short interval can often precipitate

an epileptic attack.

On the other hand, acidosis greatly depresses neuronal

activity: a fall in pH from 7.4 to below 7.0 usually causes

a comatose state. For instance, in very severe diabetic

or uremic acidosis, coma always develops.

Effect of Hypoxia on Synaptic Transmission. Neu-
ronal exatability is also highly dependent on an ade-

quate supply of oxygen. Cessation of oxygen supply for

only a few seconds can cause complete inexcitability of

the neurons. This is often seen when the cerebral cir-

culation is temporarily interrupted, for within 3 to 5
seconds the person becomes unconscious.

Effect of Drugs on Synaptic Transmission. Many
different drugs are known to increase the excitability of

neurons, and others are known to decrease the excita-

bility. For instance, caffeine, theophylline, and theo-

bromine, which are found in coffee, tea, and cocoa,

respectively, all increase neuronal excitability, presum-
ably by reducing the threshold for excitation of the
neurons. However, strychnine, which is one of the best

known of all the agents that increase the excitability of

neurons, does not reduce the threshold for excitation of

the neurons at all but, instead, inhibits the action of at
least some of the inhibitory transmitters on the neurons,
probably especially the inhibitory effect of glycine in

the spinal cord. In consequence, the effects of the exci-

tatory transmitters become overwhelming, and the neu-
rons become so excited that they go into rapidly repeti-

tive discharge, resulting in severe convulsions.

Most anesthetics mcrease the membrane threshold for

excitation and thereby decrease synaptic transmission
at many points in the nervous system. Because most of
the anesthetics are hpid-soluble, it has been reasoned
that they might change the physical characteristics of

the neuronal membranes, making them less responsive
to excitatory agents.
Synaptic Delay. In transmission of an action poten-

tial from a presynaptic neuron to a postsynaptic neuron,
a certain amount of time is consumed in the process of

(a) discharge of the transmitter substance by the pre-

synaptic terminal, (b) diffusion of the transmitter to the
postsynaptic neuronal membrane, (c) action of the trans-

mitter on the membrane receptor, (d) action of the
receptor to increase the membrane permeability, and (e)

inward diH'usion of sodium to raise the excitatory post-

synaptic potential to a high enough value to elicit an
action potential. The minimal period of time required
for all these events to take place, even when large

numbers of presynaptic terminals are stimulated simul-
taneously, is about 0.5 millisecond. This is called the

synaptic delay. It is important for the following reason:

Neurophysiologists can measure the minimal delay time
between an input volley of impulses and an output volley

and from this can estimate the number of series neurons
in the circuit.
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Neuronal
Mechanisms and
Circuits for

Processing
Information

Certain types of neuronal mechanisms and neu-

ronal circuits are used again and again throughout
the nervous system. The purpose of this chapter is

to characterize some of these and to preview some
of their important uses.

(NrORMAnOiV, SICNAtS, AND MiPUtiCS

The term m/hrmahon, as it applies to the ner-

vous system, means a variety of diHerent things,

such as knowledge, facta, quantitative values, in-

tensity of pain, intensity of light, temperature, and
any other aspect of the body or its immediate
surroundings that has meaning. Thus, pain from
a pm prick is information, pressure on the bottom
of the feet is information, degree of angulation of

the loints is information, and a stored memory in

the bram is information

However, information cannot be transmitted in

Its original form but only in the form of action

potentials, also called nerve impulses. Thus, a part

of the body that is subjected to pain must first

convert this information into nerve impulses; spe-

cific areas of the bram convert abstract thoughts
also into nerve impulses that are then transmitted

either elsewhere in the brain or into peripheral
nerves to motor effectors throughout the body. The
retina of the eye converts vision into nerve impul-
ses, the nerve endings of the joints convert degree
of angulation of the joints into nerve impulses,
and so forth

Signals, In the transmission of information, it

IS frequently not desirable to speak in terms ofthe
individual impulses but instead of the overall pat-

tern of impulses; this pattern is called a signal As
an example, when pressure is applied to a large
area of skin, impulses are transmitted by large
numbers of parallel nerve fibers, and the tot^

pattern of impulses transmitted by all these fibers

IS o signal. Tixus, we can speak of visual signals,

auditory signals, somesthctic sensory signals, mo*
tor signals, and ao forth

TRANSMISSION OF SIGNALS
IN NERVE TRACTS

SICMl STRISCTH

One of the characteristics of information that

always roust be conveyed is its quantitative inten-

sity, for instance the intensity of pain. The differ-

ent gradations of intensity can be transmitted
either by utilizing increasing numbers of parallel

fibers or by sending more impulses along a single

fiber. These two mechanisms are caJI^ respec-

tively, spatial summation and temporal summa-
tion

Spatial Summation (Multiple Fiber Summa-
tion). Figure 47-1 illustrates the phenomenon of

spatial summation, whereby increasing signal

strength is transmitted by using progressively

greater numbers of fibers. This figure shows a

section of skin innervated by a large number of

parallel pain nerve fibers. Each of these arbortfes

into hundreds of minute free nerve endings that

serve as pain receptors. The entire cluster of fibers

from one pain fiber frequently covers an area of

skin as large as 5 cm in diameter, and this ares ia

celled the receptive field of that fiber. The number
of endings is large in the center of the field but

diminishes towaid the periphery. One can also see

from the figure that the arborizing nerve fibrils

overlap those from other pain fibers. Therefore, a

pin prick of the skin usually stimulates endings

from many different pain fibers simultaneously.

1
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figure 47-i. Pattern of stimulation of pain fibers In a nerve

crunk leading from an area of skin pricked by a pin.

But, if the pin prick is in the center ofthe receptive

held of a particular pain fiber, the degree of stim*
ulation of that fiber is far greater than if it is in

the periphery of the field.

Thus, in the lower part of Figure 47-1 is shown
three separate views of the cross-section of the

nerve bundle leading from the skin area. To the

left is shown the effect of a weak stimulus, with
only a single nerve fiber in the middle of the
bundle stimulated very strongly (represented by
the solid fiber) whereas several adjacent fibers are
stimulated weakly (half-solid fibers). The other two
views of the nerve cross-section show the efiect

respectively of a moderate stimulus and a strong
stimulus, with progressively more fibers being
stimulated. Thus, the stronger signals spread to

more and more fibers. This phenomenon is called

spatial summation, which means simply that one
of the means by which signals of increasing

strength are transmitted in the nervous system is

by utilizing progressively greater numbers of fi-

bers.

Temporal Summation. A second means for

transmitting signals of increasing strength is by
increasing the frequency of nerve impulses in each
fiber, which is called temporal summation. Figure
47-2 illustrates this type of summation, showing

Figure 47—2. Translation of signal strength Into a frequenqr-
modulated series of nerve Impulses, showing above the strength

of signal and below the separate nerve Impulses.

in the upper part a changing strength of signal
and in the lower part the actual impulses trans-
mitted by the nerve fiber.

TRANSMISSION AND PROCESSING
OF SIGNALS IN NEURONAL POOLS

The central nervous system is made up of liter-

ally hundreds or even thousands of separate neu-
ronal pools, some of which contain very few neu-
rons while others hold vast numbers. For instance,

the entire cerebral cortex could be considered to

be a single large neuronal pool. It has many
separate fiber tracts coming to it (afferent fibers)

and others leaving it (efferent fibers). Furthermore
it maintains the same quality of spatial orientation

as that found in the nerve bundles, individual
points of the cortex connecting with specific points
elsewhere in the nervous system or connecting
through the peripheral nerves with specific points

in the body. However, within this pool of neurons
are large numbers of short nerve fibers whereby
sisals spread horizontally from neuron to neuron
within the pool itself.

Other neuronal pools include the different basal
ganglia and the specific nuclei in the thalamus,
cerebellum, mesencephalon, pons, and medulla.
Also, the entire dorsal gray matter of the spinal

cord could be considered to be one long pool of
neurons, and the entire anterior gray matter an*
other long neuronal pool. Each pool has its own
special characteristics of organization which caxise

it to process signals in its own special way, thus
allowing these special characteristics to achieve
the multitude of functions of the nervous system.

Yet, despite their differences in function, the pools

also have many similarities that are described in

the following pages.

RUAYING OrSICSALS
THROUGH NBURONAL POOLS

Organization of Neurons for Relaying Sig-

nals. Figure 47-3 is a schematic diagram of sev-

eral neurons in a neuronal pool, showing "input”

fibers to the lefl; and “output” fibers to the right.

Each input fiber divides himdreds to thousands of

times, providing an average of a thousand or more
terminal fibnls that spread over a large area in

the pool to synapse with the dendrites or cell bodies

of the neurons in the pool. The dendrites of some
ofthe neurons also arborize and spread in the pool.

The neuronal area stimulated by each incoming

nerve fiber is called its stimulatory field. Note that

each input fiber arborizes so that large numbers
of its terminals lie on the centermost neurons in

its “field,” but progressively fewer terminals lie on
the neurons farther from the center of the field.

Threshold and Sublhreshold Stimuli—Facil-

itation. Prom the disa^^^on.'oFiyftapJjc function
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rtguM 47-<3. Bulc org^nlxation of » neuroruf pool

in the previous chapter, it will be recalled that

discharge of a single excitatory presynaptic ter*

mmal almost never stimulates the postsynaptic

neuron. Instead, large numbers of terminals must
discharge on the same neuron either simultane*
ously or in rapid succession to cause excitation.

For instance, in Figure 47-0, let us assume that

six separate terminals must discharge slmultane*

ously to excite any one of the neurons If the
student will count the number of terminals on
each one of the neurons from each input fiber, he
or she will see that input fiber (1) has more than
enough terminals to cause neuron (a) to discharge

Therefore, the stimulus from input fiber (1) to this

neuron is said to be an excitatory stimufus, or it is

also called a threshold stimulus because it is above
the threshold required for excitation.

Input fiber (1) also contributes terminals to neu-

rons (b) and (c) but not enough to cause excitation.

Nevertheless, discharge of these terminals makes
both these neurons more excitable to signals arriv-

ing through other incoming nerve fibere There-
fore, the stimulus to these neurons is said to be
sublhreshoici, and the neurons are said to be facil-

itated

Similarly for input fiber (2) the stimulus to

neuron (d) is a threshold stimulus and to neurons
(b) and (c) a suhthreshold, but facilitating, stimu-
lus

It must be recognized that Figure 47-3 repre-

sents a highly condensed version of a neuronal
pool, for each input nerve fiber usually provides

terminals to hundreds or thousands of separate
neurons in its distribution “field,” as illustrated in

Figure 47—4 In the central portion of the field,

almost all the neurons are stimulated by the in-

coming fiber, designated in Figure 47—4 by the

darkened circle area Therefore, this is said to be

the discharge zone of the incoming fiber, also called

excited zone or Itminal zone. To cither side, the

neurons are facilitated but not excited, and these

areas are called the facilitated zone, or also called

subthreshold zone or subliminal zone.

Inhibition of a Neuronal Pool. We must also

remember that some incoming fibers inhibit neu-

rons rather than excite them. This is exactly the

opposite of facilitation, and the entire field of the

inhibitory branches is colled the inhibitory zone.

However, the degree of inhibition in the center of

this zone is very great because of large numbers
of endings in the center while it becomes progres-

sively less toward its edges.

Dtversence of Slgnuls Pissing
Through Neuropil Pools

Often It 15 important for signals entering a

neuronal pool to excite far greater numbers of

nerve fibers leaving the pool. This phenomenon is

colled divergence. Two major types of divergence

occur and have entirely different purposes. These
are illustrated in Figure 47-6 and may be de-

scribed as follows

An amplifying type of divergence often occurs,

in Figure 47-bA. This means simply
that an input signal spreads to an increasing
number of neurons as it passes through successive

figure 47-5. "Divergence- In neuronal pattiways. 4. Dtvcr-

gttKe wUhln a pathway «o cause “ampnficatlon" of the signal &
Divergence Into multiple tracts to transmit the signal to separaie

»re*s
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pools ofa nervous pathway. This type ofdivei^ence

is characteristic of the corticospinal pathway in its

control ofskeletal muscles, as follows: Stimulation

of a single large pyramidal cell in the motor cortex

transmits a single impulse into the spinal cord.

Yet, under appropriate conditions of very strong

cord facilitation, this impulse can stimulate per-

haps several hundred intemeurons and anterior

motor neurons. Each of the motor neurons then
stimulates as many as 100 or more muscle fibers.

Thus, there is a total divergence, or amplification,

of as much as 10,000'fold.

The second type of divergence, illustrated in

Figure 47-5B, is divergence into multiple tracts. In
this case, the signal is transmitted in two separate

directions from the pool, to difierent parts of the

nervous system where it is needed. For instance,

information transmitted in the dorsal columns of

the spinal cord takes two courses in the lower part

of the brain: (1) into the cerebellum, and (2) on
through the lower regions of the brain to the

thalamus and cerebral cortex. Likewise, in the

thalamus almost all sensory information is relayed

both into deep structures of the thalamus and to

discrete regions of the cerebral cortex.

Convergence of SIgnAJs

* Often it is important for signals from multiple

incoming neurons to excite the same neuron. That
is, these incoming fibers converge on this same
neuron. Like divergence, there are also two basic

types of convergence, illustrated in Figure 47-6.

Section A of this figure shows convergence from
a single source. That is, multiple terminals from
an incoming fiber tract terminate on the same
neuron. The importance of this is that neurons are

almost never excited by an action potential from
a single input terminal. But action potentials from
multiple input terminals will provide enough
“summation” to bring the neuron to the threshold

required for discharge.
However, convergence can also result from input

signals (excitatory or inhibitory) front several dif-

Source
Source 0

1

multiple sources

Excitolory synopses

t'ber

^

-/o*i y Excilolion

^-•<0* ^ ) Inhibilion

Inhibitory'synopse

ngure 47-7. inhibitory clrcuL Neuron 2 1$ an inhibitory neuroa

ferent sources, which is illustrated in Figure 47-
6B. For instance, the intemeurons of the spinal
cord receive conver^ng signals from (a) peripheral
nerve fibers entering the cord, (b) propriospinal
fibers passing from one segment of the cord to

another, (c) corticospinal fibers from the cerebral
cortex, and (d) several other long pathways de-
scending from the brain into the spinal cord. Then
the signals from the intemeurons converge on the
anterior motor neurons to control muscle function.
Such convergence allows summation of infor-

mation from different sources, and the resulting
response is a summated effect of all the different

types of information. Obviously, therefore, conver-
gence is one of the important means by which the
central nervous system correlates, summates, and
sorts different types of information.

NeuronAl Qrcult CAUsIng Both IxdtAtory

And Inhibitory Output SlgnAls

Sometimes an incoming signal to a neuronal

pool causes an output excitatory signal going in

one direction and at the same time an inhibitory

signal going elsewhere. For instance, at the same
time that an excitatory signal is transmitted by

one set of neurons in the spinal cord to cause

forward movement of a leg, an inhibitory signal is

transmitted simultaneously through a separate set

of neurons to inhibit the muscles on the back of

the leg so that they will not oppose the forward

movement. This type of circuit is characteristic of

control of all antagonistic pairs of muscles, and it

is called the reciprocal inhibition circuit.

Figure 47-7 illustrates the means by which the

inhibition is achieved. The input fiber directly

excites the excitatory output pathway, but it stim-

ulates an intermediate inhibitory neuron (neuron

2) which then inhibits the second output pathway

from the pool. This type of circuit is probably also

important in preventing overactivity in many
parts of the brain.

TKANSMISSION OF SPATIAL PATTERNS
through SUCCESSIVE NEURONAL POOLS

Most information is transmitted from one part

of the nervous system to another through several

successive neuronal pools. For instance, sensory

information from the skin passes first through the

peripheral nerve fibers, then through second order

neurons that originate either in the spinal cord or .
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DISCRETE POINT TO POINT

ngUTC 47--S. Typlut organluilon of a sensory pattiway (rom

the skin to cerebral cortex. Below The patterns of Abet

stlmulatton at different points in the pathway following stimulation

by a pinprick when the pathway Is A facUltited. B Inhibited, and

C norm^ly excitable

in the cuneate and gractle nuclei of the medulla,

and finally through third order neurons originat*

ing in the thalamus to the cerebral cortex. Such a
pathway is illustrated at the top of Figure 47*8.

Note that the sensory nerve endings in the skin
overlap each other tremendously; and the terminal

fibrils of each nerve fiber, on entering each neu-
ronal pool, spread to many adjacent neurons, in-

nervating perhaps 100 or more separate neurons.

On first thought, one would expect signals from
the skin to become completely mixed up by this

haphazard arrangement of terminal fibrils in each
neuronal pool. For statistical reasons, however,
this does not occur, which can be explained as
follows:

First, if a single point is stimulated in the skin,

the nerve fiber with the most nerve endings m
that particular spot becomes stimulated to the
strongest extent, while the immediately adjacent
nerve fibers become stimulated less strongly, and
the nerve fibers sUll farther away become stimu-

lated only weakly When this signal arrives at the
first neuronal pool, the stimulus spreads in many
directions in the terminal fibrils of the neuronal
pool. Yet the grea/esf number oFexciledpresynaptic
terminals lies very near the point of entry of the
most excited input nerve fiber. Therefore, the neu-
ron closest to this central point is the one that
becomes stimulated to the greatest extent Exactly
the same effect occurs in the second neuronal pool
in the thalamus and again when the signal reach^

^the cerebral cortex

%

Yet, it is true that a signal passing through

highly facilitated neuronal pools could diverge so

much that the spatial pattern at the terminus of

the pathway would be completely obscured. This

effect is illustrated in Figure 47-8A, which shows

successively expanding spatial patterns of neuron

stimulation in such a facilitated, diverging path-

way.
However, the degree of facilitation of the differ-

ent neurons! pools varies from time to time. Under
some conditions the degree of facilitation is so low

that the pathway becomes converging, as illus-

trated in Figure 47-8B. In this case, a broad area

of the skin is stimulated, but the signal loses part

of its fringe stimuli os it passes through each

successive pool until the breadth of the stimulus

becomes contracted at the opposite end. One can

achieve this typo of stimulation by pressing ever

so lightly with a flat object on the skin. The signal

converges to give the person a sensation of almost

a point contact.

In Figure 47-fiC, four separate points are si-

multaneously stimulated on the skin, and the

degree of excitability in each neuronal pool is

exactly that amount required to prevent either

divergence or convergence. Therefore, a reasonably
true spatial pattern of each of the four points of

stimulation is transmitted through the entire

pathway.
Centrifugal Control of Neuronal Facilitation

in the Sensory Pathways. It is obvious from the
preceding discussion that the degree of facilitation

of each neuronal pool must be maintained at ex-

actly the proper level if faithful transmission of
the spatial pattern is to occur. Recent discoveries
have demonstrated that the degrees of inhibition
or facilitation of most—indeed, probably all—neu-
ronal pools in the different sensory pathways are
controlled by centrifugal nerve fibers that pass from
the respective sensory areas of the cortex down-
ward to the separate sensory relay neuronal pools.

Thus, these nerve fibers undoubtedly help to con-
trol the faithfulness of signal transmission.
Lateral Inhibition to Provide Contrast in the

Spatial Poltem. When a single point of the skin
or other sensory area is stimulated, not only is a
single fiber excited but a number of “fringe” fibers

are excited less strongly at the same time, as
already explained Therefore, the spatial pattern
is blurred even before the signal begins to be
tronsmitted through the pathway. However, in

almost all pathways that transmit very exact in-

formation, such as the critical sensory pathways,
lateral inhibitory circuits inhibit the fringe neu-
rons and re-establish a truer spatial pattern.

Figure 47-9A illustrates one type of lateral

inhibitory circuit, showing that the nerve fibere of

a pathway give off collateral fibers that excite in-

hibitory neurons. These inhibitory neurons in turn
inhibit the less excited fringe neurons in the sig-

nal pathway. The effect of this on transmission of

the spatial pattern is illustrated in Figure 47-9B,
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WITHOUT LATERAL
INHIBITION

ngure 47-9. A. One type of lai

an excited fiber ofa neuronal pool

fibers. B. Increase in contrast of il

the Inhibitory circuit.

\ INHIBITED
<0 J

» EXCITED

’} INHIBITED

WITH LATERAL
INHIBITION

al inhibitory circuit by which

1 cause Inhibition of ac^acent

stimulus pattern caus^ by

which shows the same point-to-point transmission

pattern that was illustrated in Figure 47-8C. The
left-hand pattern illustrates four strongly excited

fibers (the solid fibers) with penumbras of fringe

excitation surrounding each of these. In the illus-

tration to the right, the penumbras have been
removed by the lateral inhibitory circuits; ob-

viously, this increases the contrast in the signal

and helps in the faithfulness of transmission of the
spatial pattern.

Unfortunately, we still know little about all the
capabilities of the lateral inhibition mechanism,
but the more we learn the more it becomes clear

that this is one of the most useful of all the
neuronal circuits of the nervous system to differ-

entiate and analyze sensory signals. We shall dis-

cuss this much more fully in the following chap-
ters.

PROLONGATION OFA SIGNAL BYA
NEURONAL POOL^‘‘AFTER-DI5CHARCL“

Thus far, we have considered signals that are
merely relayed through neuronal pools. However,
in many instances, a signal entering a pool causes
a prolonged output discharge, called after-dis-

charge, even after the incoming signal is over, and
lasting from a few milliseconds to as long as many
minutes. The three basic mechanisms by which
after-discharge occurs are the following:

Synaptic After-Discharge. When excitatory

synapses discharge on the surfaces of dendrites or
the soma of a neuron, a postsynaptic potential

develops in the neuron and lasts for many milli-

seconds—in the anterior motor neuron for up to

15 milliseconds, though perhaps much longer in

other neurons—especially so when some of the
long-acting synaptic transmitter substances are
involved. As long as this potential lasts it can
continue to excite the neuron, causing it to trans-

mit a continuous train of output impulses, as was
explained in the previous chapter. Thus, as a result

of this synaptic after-discharge mechanism alone,

it is possible for a single instantaneous input to

cause a sustained signal output (a series of repet-

itive discharges) lasting as long as 15 or more
milliseconds.

The Parallel Circuit Type of After-Dis-

charge. Figure 47-10 illustrates a second type of

neuronal circuit that can cause intermediate pe-

riods of after-discharge. In this case, the input

signal spreads through a series of neurons in the

neuronal pool, and from many of these neurons
impulses keep converging on an output neuron. It

will be recalled that a signal is delayed at each
synapse for about 0.5 millisecond, which is called

the synaptic delay. Therefore, signals passing

through a succession of intermediate neurons
reach the output neuron one by one after varying

periods of delay. Therefore, the output neuron
continues to be stimulated for many milliseconds.

It is doubtful that more than a few dozen suc-

cessive neurons ordinarily enter into a parallel

after-discharge circuit. Therefore, one would sus-

pect that this type of after-discharge circuit could

cause after-discharges that last for no more than
perhaps 25 to 50 milliseconds. Yet, this circuit

does represent a means by which a single input

signal, lasting less than 1 millisecond, can be
converted into a sustained output signal lasting

for a rather precise period of time.

The Reverberatory (Oscillatory) Circuit as a
Cause of After-Discharge. Many neiuophysiolo-

gists believe that one of the most important of all

circuits in the entire nervous system is the rever-

beratory, or oscillatory, circuit. Such circuits are

caused by positive feedback within the neuronal

pool. That is, the output of a neuronal circuit feeds

back to re-excite the same circuit. Consequently,

once stimulated, the circuit discharges repetitively

for a long time.

Several different postulated varieties of rever-

beratory circuits are illustrated m Figure 47-11,

the simplest—in Figure 47-llA—involving only a

single neuron. In this case, the output neuron

simply sends a collateral nerve fiber back to its

own dendrites or soma to restimuiate itself; there-

fore, once the neuron should discharge, the feed-

back stimuli could theoretically help keep the

neuron discharging for a long time thereafter.

Figure 47-1 IB illustrates a few additional neu-
rons in the feedback circuit, which would give a
longer period of time between the initial discharge

and the feedback signal. Figure 47-llC illustrates

Figure 47-10. The parallel after.dlscharse circuit.
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figure 47-1

1

, ftev9tteM(0(y <lrcules of increasing eomplexliy

a still more complex system in which both facili-

tatoty and inhibitory fibers Impinge on the rever*

berating pool A facilitatory si^al increases the

ease with which reverberation takes place,

whereas an inhibitory signal decreases the ease of

reverberation.

Figure 47-1 ID illustrates that most reverber-

ating pathways are constituted of many parallel

fibers, and at each cell station the terminal fibrils

diffuse widely. In such a system the total rever-

berating signal can be either weak or strong,

depending on how many parallel nerve fibers arc

momentarily involved in the reverberation

Finally, reverberation need not occur only in a
single neuronal pool, for it can occur through a
circuit involving two or more successive pools in

the positive feedback pathway.
C/iaractemf/c5 of After-Discharge from a

Reverberatory Circuit Figure 47-12 illostrates

postulated output signals from a reverberatory

after-discharge circuit The input stimulus need
last only 1 millisecond or so, and yet the output
can last for many milliseconds or even minutes.

The figure demonstrates that the intensity of the
output signal increases to a reasonably high value
early m the reverberation, then decreases to a
critical point, and at that point suddenly ceases
entirely. Furthermore, the duration of the after-

discharge IS determined by the degree of inhibition

or facilitation of the neuronal pool. In this way.

signals from other parts of the brain can control

the reaction of the pool to the input stimulus.

Almost these exact patterns of output signals

can be recorded from the motor nerves exciting a

muscle involved in the flexor reflex (discussed in

Chapter 51), which Is believed to be caused by a

reverberating type of after-discharge following

stimulation of pain fibers.

Importance of Synaptic Fatigue in Deter-

mining the Duration of Devcrheration. It was
pointed out in the previous chapter that synapses

fatigue ifstimulated for prolonged periods of time.

Therefore, one of the most important factors that

determines the duration of the reverberatory type

of after-discharge is undoubtedly the rapidity with

which the involved synapses fatigue. Rapid fatigue

would obviously tend to shorten the period of after-

discharge.

On the other hand, the greater the number of

successive stages of neurons in the reverberatory

pathway and the greater the number of collateral

feedback fibrils, the easier would it be to keep the

reverberation going.

Some Reverberatory Systems of the Ner-
vous System and Their Durations of Rever-
beration. Even though neurophysiologists are not

certain which functions of the nervous system can
rightfully be ascribed to reverberatory circuits,

some of those that have been postulated have
reverberatory durations as short as 10 milliseconds

or as long as several minutes, or perhaps even
hours Some examples include: (1) In an animal
whose spina) cord is transected in the neck, a
sudden painful stimulus to the animal’s paw ivill

cause the flexor muscles to contract and remain
contracted from a fraction of a second to as much
as several seconds after the stimulus ends. It is

believed that this is caused by an edter-discharge

of the reverberatory type. (2) During respiration

the inspiratory neuronal pool In the medulla be-
comes excited for about 2 seconds during each
re^initory cycle. One theory suggests that this is

caused by reverberation within the inspiratory
neuronal pool. And (3) one theory of wakefulness
IS that continual reverberation occurs somewhere
within the brain stem to keep a wakefulness area
excited during the waking hours. If this be true,

flsore 47-12. Typical pattern ef the output slsna! from a

revetbrratoty circuit following a single Input stimulus, showing

the effects of fadlltailon and InfUbldon
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then this would represent a 14 to 18 hour period

of reverberation.

Continuous SlgnAl Output
From Neuronal Pools

Some neuronal pools emit output signals contin-

uously even without excitatory input signals. At
least two different mechanisms theoretically can
cause this effect: (1) intrinsic neuronal discharge

and (2) reverberatory signals.

Continuous Discharge Caused by Intrinsic

Neuronal Excitability. Neurons, like other excit-

able tissues, discharge repetitively if their mem-
brane potentials rise above certain threshold lev-

els. The membrane potentials of many neurons
even normally are high enough to cause them to

emit impulses continually. This occurs especially

in large numbers of the neurons of the cerebellum

as well as in most of the intemeurons of the spinal

cord. The rates at which these cells emit impulses

can be increased by facilitatory signals or de-

creased by inhibitory signals; the latter can some-
times decrease the rate to extinction.

Continuous Signals Emitted from Reverber-
ating Circuits as a Means for Transmitting
Information. Obviously, a reverberating circuit

that never fatigues to extinction could also be a
source ofcontinual impulses. Facilitatory impulses
entering the reverberating pool, as illustrated in

Figure 47-llC, could increase the output signal,

and inhibition could decrease or even extinguish
the output signal.

Figure 47-13 illustrates a continual output sig-

nal (rom a pool of neurons, whether it be a pool

emitting impulses because of intrinsic neuronal
excitability or as a result of reverberation. Note
that an excitatory (or facilitatory) input signal

greatly increases the output signal, whereas an
inhibitory input signal greatly decreases the out-

put. Those students who are familiar with radio

transmitters will recognize this to be a carrier

wave type of information transmission. That is,

the excitatory and inhibitory control signals are
not the cause of the output signal, but they do
control it. Note that this carrier wave system

ngure 47—13. Continuous output from either a reverbetadns

circuit or from a pool of intrlnsicaliy discharging neurons. This

figure also shows the effect of exciutoty or inhibitoty Input signals.

INCREASING CAROTID
BCOY STIMULATION

ngure 47-14. The rhythmical output from the respiratory

center, showing that progressively increasing stimulation of the

carotid body increases both the intensity and frequency of osal-

tattocL

allows decrease in signal intensity as well as

increase, whereas, up to this point, the types of

information transmission that we have discussed

have been only positive information rather than
negative information. This type of information

transmission is used by the autonomic nervous
system to control such functions as vascular tone,

gut tone, degree of constriction of the iris, heart

rate, and others.

RHYTHMIC SIGNAL OUTPUT

Many neuronal circuits emit rhythmic output

signals—for instance, the rhythmic respiratory

signal originating in the reticular substance of the

medulla and pons. This repetitive rhythmic signal

continues throughout life, while other rhythmic
signals, such as those that cause scratching move-
ments by the bind leg of a dog or the walking
movements in an animal, require input stimuli

into the respective circuits to initiate the signals.

Many rhythmic signals are postulated to result

from reverberating circuits or successive reverber-

ating circuits that feed excitatory or inhibitory

signals from one to the next. However, many other
more complex mechanisms could also be responsi-

ble for rh^hmic signals.

Obviously, facilitatory or inhibitory signals can
affect rhythmic signal output in the same way that
they can affect continuous signal outputs. Figure
47-14, for instance, illustrates the rhythmic res-

piratory signal in the phrenic nerve. However,
when the carotid body is stimulated by arterial

oxygen deficiency, the frequency and amplitude of
the rhythmic signal pattern increase progres-
sively.

INSTABILITY AND STABILITY OF
NEURONAL CIRCUITS

Almost every part of the brain connects either
directly or indirectly with every other part, and
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this creates a serious problem If the first part

excites the second, the second the third, the third

the fourth, and so on until finally the signal re-

excitcs the first part, it is clear that an excitatory

signal entering any part of the brain would set off

a continuous cycle of re-excitation of all parts. If

this should occur, the brain would be inundated

by a mass of uncontrolled reverberating signals

—

signals that would be transmitting no information

but, nevertheless, would be consuming the circuits

of the brain so that none of the informational

signals could be transmitted Such an effect ac-

tually occurs in widespread areas of the brain

during epileptic convulsions.

How does the central nervous system prevent

this from happening all the time? The answer
seems to lie m two basic mechanisms that function

throughout the central nervous system: (I) inhib-

itory circuits, and (2) fatigue of synapses.

INHIBITORY aRCUnS AS A
MECHANISM TOR STABILIZING
NERVOUS SYSTEM FUNCTION

The phenomenon of lateral Inhibition that was
discussed earlier m the chapter prevents signals

in an informational pathway from spreading dif-

fusely everywhere. In addition, two other types of

inhibitory circuits in widespread areas of the brain

help prevent excessive spread: (al inhibitory feed-

back circuits that return from the termini of path-

ways back to the initial excitatory neurons of the
same pathways^these are believed to occur in all

the sensory nervous pathways, and they inhibit

the input neurons when the termini become overly

excited, and (b) some neuronal pools that exert
gross inhibitory control over widespread areas of

the brain—for instance, many of the basal ganglia

exert inhibitory influences throughout the motor
control system.

SYNAPTIC FATIGUE AS A MEANS FOR
STABIUZINC THE NERVOUS SYSTEM

Synaptic fatigue means simply that the signal

becomes progressively weaker the more prolonged

the penod of excitation Figure 47-15 illustrates

three successive records of a flexor reflex elicited

in an animal caused by inflicting pain in the

footpad of the paw. Note in each record that the

strength of contraction progressively “decre-

ments’-that is, its strength diminishes; this is

believed to be caused by fatigue of the synapses in

the flexor reflex circuit. Furthermore, the shorter

the interval between the successive flexor reflexes,

the less becomes the intensity of the reflex re-

sponse. Thus, in most neuronal circuits that are

overused, the sensitivities of the circuits become
depressed

Automatic Short-Term Adjustment of Path-
way Sensitivity by the Fatigue Mechanism.
Now let us apply this phenomenon of fatigue to

multiple pathways in brain. Those that are

SECONDS

Djurc 47— IS. Succuilve flexor reflexes Dlustrsttng ladgue d
conduction d'roujh the reflex pdthwjry

overused usually become fatigued so that their

sensitivities will be reduced. On the other hand,

those that are underused will become rested and
their sensitivities will increase. Thus, fatigue and
recovery from fatigue constitute an important
short-term means for moderating the sensitivities

of the different nerv’ous system circuits, helping to

keep them operating in a range of sensitivity that
allows effective function.

Long-Term Changes In Synaptic Sensitivity
Caused by Aulomalic Downgrading or Up-
grading of Synaptic neceptors. Recently It has
been learned that the long-term sensitirities of
synapses can be changed tremendously by dowm-
fading the number of receptor proteins at the
ssmaptic sites when there is overactivity and up-
grading the receptors when there is undernctivity.
The mechanism for this is believed to be the
following- Receptor proteins are being formed con-
stantly by the endoplasmic reticular-Golgi appa-
ratus system and are constantly being inserted
into the synaptic membrane. However, when the
synapses are overused and excesses of transmitter
substance combine with the receptor proteins,
many of these proteins are inactivated perma-
nently and presumably removed from the synaptic
membrane. This Is especially true when some of
the “modulator" transmitter substances are re-

leased at the synapses.
Therefore, in many if not most coses, overusage

of a circuit will lead to gradually decreasing sen-
sitivity of the synapses b^ause of decreased recep-
tor proteins, while underusage will cause pro-
longed increase in sensitivity. This is still another
mechanism for continually adjusting the sensitiv-
ities ofthe respective neuronal circuits. It is indeed
fortunate that fatigue and downgrading or upgrad-
ing of receptors, as well as other control mecha-
nisms of the nervous system, continually aeijuat

the sensitivity in each circuit to almost the exact
level required for proper function. Think for a
moment how serious it would be if the sensitivities

ofonly a few ofthese circuits should be abnormally
high; one might then expect almost continual mus-
cle cramps, convulsions, psychotic disturbances,
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hallucinations, tension, or many other nervous
disorders. But the automatic controls normally
readjust the sensitivities of the circuits back to a
controllable range of reactivity any time the cir-

cuits begin to be too active.
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Sensory Receptors
and Their Basic
Mechanisms of
Action

Input to the nervous system is provided by the

sensory receptors that detect such sensory stimuli

as touch, sound, light, pain, cold, warmth, and so

forth The purpose of this chapter is to discuss the
basic mechanisms by which these receptors change
sensory stimuli Into nerve signals and, also, how
both the type of sensory stimulus and its strength

are detected by the brain.

TYPES OF SENSORY RECEPTORS
AND THE SENSORY STIMULI THEY
DETECT

The student of medical physiology will have
already studied many different anatomical types

of nerve endings, and Table 4d-l gives a list and
classification of most of the body’s sensory recep-

tors This table shows that there are basically five

different types of sensory receptors: (1) mechano-
receptors, which detect mechanical deformation of

the receptor or of cells adjacent to the receptor; <2)

thermoreceptors, which detect changes in temper-
ature, some receptors detecting cold and others

warmth, (3) nociceptors, which detect damage in

the tissues, whether it be physical damage or

chemical damage, (4) electromagnetic receptors,

which detect light on the retina of the eye; and (5)

ckemoreceptors, which detect taste in the mouth,
smell in the nose, oxygen level in the arterial

blood, osmolality of the body fluids, carbon dioxide

concentration, and perhaps other factors that make
up the chemistry of the body.

This chapter will discuss the function of a few
specific types of receptors, primarily peripheral

mechanoreceptors, to illustrate some of the basic

principles by which receptors in general operate.

Other receptors will be discussed in relation to the
sensory systems that they subserve. Figure 4&-1
illustrates some of the different types of mechan-
oreceptors found in the skin or in the deep struo-
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tures of the body, and Table 48-1 gives their

respective sensory functions. All these receptors

will be discussed in the following chapters in

relation to the respective sensory systems How-
ever, the functions of some of these are described

for illustrative purposes in this chapter as well.

DirnREf/TiAL SENSrrtvnr or Rfarross

The first question that must be answered is, how
do two types of sensory receptors detect different

types of sensory stimuli? The answer is by virtue

of differential sensitivities. That is, each type of

receptor is very highly sensitive to one type of

nutlim'i Golsl tendon Uuicle
and-orgsn epperetui spindle

rigare 48-T. Several types of somatic sensoiy oerve endings
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Table 48-1 CIASSIFICATJON Of SENSORY RECEPTORS

McchAnorcccpton
SVjn tactile semlbdiiiet (epidetmis and detmis)

free nerve endings

Expanded tip crKlings

MetLel's discs

Plus several other variants

Spray endings

Rulfirtl s ertdings

Encapsulated erKlmgs

Meissner s corpuscles

Krause s corp;»clcs

Hair cf>d -organs

Deep tissue sensibilities

Free nerve endings

Expanded tip endings

Plus a lew other variants

Spray endings

RuffinTs endings

Encapsulated endings
Pacinian corpuscles

Plus a few other variants

Muscle erxlings

Muscle splcxUes

Ct^gl tendon receptors

Hearing

Soutsd receptors of cochlea

Equilibrium

Vestbular receptors

Arterial pressure

baroieccptors ol carotid sinuses and aoru

Theruereceptors
Cold

Cold receptors
Warmth
Warm receptors

Nociceptors

Pain

free nerve endings

Eicctromagnedc Bcccptors
Vision

Rods
Cones

Chemorcteptors
Taste

Receptors of taste buds
Smell

Receptors ol olfactory epithelium
Arterial oxygen

Receptors of aortic arvl carotid bodies
Osmolalliy

Probably neurons of supraoptic nuclei

Blood CO,
Receptors In or on surface of medulla and in aortic and

carotid bodies
Blood glucose, amino adds, fatty adds

Receptors in hypothr^amus

stimulus for which it is designed and yet is almost
nonresponsive to normal intensities of the other
types of sensory stimuli. Thus, the rods and cones
are highly responsive to light but are almost com-
pletely nonresponsive to heat, cold, pressure on
the eyeballs, or chemical changes in the blood. The
osmoreceptors of the supraoptic nuclei in the hy-
pothalamus detect minute changes in the osmolal-

ity of the body fluids but have never been known
to respond to sound. Finally, pain receptors in the
skin are almost never stimulated by usual touch
or pressure stimuli but do become highly active

the moment tactile stimuli become severe enough
to damage the tissues.

ModAllty of Sensation—
The “Labeled Line" Principle

Each of the principal types of sensation that we
can experience—pain, touch, sight, sound, and so
forth—is called a modality of sensation. Yet, de-
spite the fact that we experience these different

modalities of sensation, nerve fibers transmit only
impulses Therefore, how is it that different nerve
fibers transmit different modalities of sensation?
The answer to this is that each nerve tract

terminates at a specific point in the central ner-
vous system, and the type of sensation felt when
a ner\'c fiber is stimulated is determined by this

point m the nervous system to which the fiber

leads. For instance, if a pain fiber is stimulated,
the person perceives pain regardless of what type
of stimulus excites the fiber. The stimulus can be
electricity, heat, crushing, or stimulation of the
pain nerve ending by damage to the tissue cells.

Yet, whatever the means ofstimulation, the person
still perceives pain. Likewise, if a touch fiber is

stimulated by exciting a touch receptor electrically

or m any other way, the person perceives touch
because touch fibers lead to specific touch areas in

the brain. Similarly, fibers from the retina of the
eye terminate in the vision areas of the train,

fibers from the ear terminate in the auditory areas

of the brain, and temperature fibers terminate in

the temperature areas

This specificity of nerve fibers for transmitting

only one modality of sensation is called the “la-

beled line” principle.

TRANSDUCTION OF SENSORY
STIMULI INTO NERVE IMPULSES

LOCAL CURRENTS AT SERVE ENDINGS—
RECEPTOR POTENTIALS

All sensory receptors have one feature in com-
mon. Whatever the type of stimulus that excites

the receptor, its immediate effect is to change the
potential across the receptor membrane. This
change in potential is called a receptor potential.

Mechanisms of Receptor Potentials. Differ-

ent receptors can be excited in several different

ways to cause receptor potentials: (1) by mechani-
cal deformation of the receptor, which stretches
the membrane and opens ion channels; (2) by
application of a chemical to the membrane, which
also opens ion channels; (3) by change of the
temperature of the membrane, which alters the
permeability of the membrane; or (4} by the effects
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Figure 48-2. Typical relailonship between receptor poientbl

and action potentials when the receptor potential rises above the

threshold level

of electromagnetic radiation such as light on the

receptor, which either directly or indirectly

changes the membrane characteristics and allows

ions to flow through membrane channels. It will

be recognized that these four different means for

exciting receptors correspond in general with the

different types of known sensory receptors In all

instances, the basic cause of the change m mem*
brane potential is a change in receptor membrane
permeability, which allows ions to diffuse more or

less readily through the membrane and thereby
change the transmembrane potential.

Relationship of the Receptor Potential to

Action Potentials. When the receptor potential

rises above the threshold for eliciting action poten*

tials in the nerve fiber attached to the receptor,

then action potentials begin to appear. This is

illustrated in Figure 48-2. Note also that the more
the receptor potential rises above the threshold
level, the greater becomes the action potential

frequency Thus, the receptor potential stimulates

the terminal nerve fiber in the same way that the

excitatory postsynaptic potential stimniates neu*
rons in the central nervous system.

lUustrative ExAiriples of Receptor Function

The Receptor Potential of the Pacinian Cor*
puscle. The pacinian corpuscle is a very large and
easily dissected sensory receptor. For this reason,

one can study in detail the mechanism by which
tactile stimuli excite it and by which it causes
action potentials in the sensory nerve fiber leading
from it. Note in Figure 48-3 that the pacinian
corpuscle has a central nonmyelinated tip of a
nerve fiber extending through its core. Surround-
ing this fiber are many concentric capsule layers,

as shown in Figure 48-1, so that compression on
the outside of the corpuscle tends to elongate,
indent, or otherwise deform the central core ofthe
fiber, depending onhow the compression is applied.
This deformation causes sudden opening of ion

. channels that mainly carry positively charged so-

risurt 48-3. Exclution of 4 »«nsory nerve fiber by * reeepfO'

potential produced In a padnian corputcle (Modified from Lo^*
ensielftr^nn MV Acad 5(1. 94510. 1901)

dium ions to the interior of th<i fiber. This in tum
creates more positivity m the fiber, which is the

receptor potential. The receptor potential in tuni

induces a local circuit of current flow that spreads

along the nerve fiber At the first node of Ranvier,

which itself lies mstde the capsule of the pacimsu
corpu.sclc. the local current flow initiates action

potentials jn the fiber That is, the current flow

through the node depolarizes it, and this then sets

off a typical action potential that is transmitted

along the nerve fiber toward the central nervoifS

system
Relationship Between Stimulus Strength

and the Receptor Potcrltlal. Figure 46-4 illus*

trates the effect on the amplitude of the receptor

potential caused by progressively stronger mO*
chanical compression applied experimentally to

the central core of the pacinian corpuscle. Note
that the amplitude increases rapidly at first but

then progressively less rapidly at high stimulus
stren^hs. The maximum amplitude that can
achieved by receptor potentials is around 100 mil'

livolts. That is, o receptor potential can have
almost as high a voltage as an action potential.

Relationship of Amplitude of Receptor PP*
tent'ial to Nerve Impulse Rate. The frequency cit

Iptr eim)

ngure 4S-4. Relatiofishlp of amplitude of retcpior potential

to stiensih of a stimulus applied to a paeJnUn corpuscle. (Frwf

LoSwereieln Ann NY. Acad Scl, 94510. 1961

)

I
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Figure 4&-S. ReUtion&hlp between the receptor poientU of a

muscle splTKlIe and the (rctjuency of seruory Impulses transnnined

from Che spindle. (From Kao. / t'lrysiol (LondX 1112.61. 19S0)

action potentials in the nerve fiber (impul^ rate)

is almost directly proportional to the omplitude of

the receptor potential. This relationship is illus*

trated in Figure 48-5, which shows the impulse

rate corresponding to different receptor potential

amplitudes recorded from a muscle spindle; there

is an almost exact proportional relationship. This

same relationship between receptor potential and

impulse rate is approximately true for most sen-

sory receptors.

ADAPTATION Of RICIPTORS

A special characteristic of all sensory receptors
,

is that they adapt either partially or completely to

their stimuli after a period of time. That is, when
a continuous sensory stimulus is applied, the re-

ceptors respond at first with a very high impulse

rate, then at a progressively lower rate until fi--

nally many of them no longer respond at all.

Figure 48-6 illustrates typical adaptation of

certain types of receptors. Note that the padnian
corpuscle adapts extremely rapidly and hair recep-

tors adapt within a second or so, while joint capsule

and muscle spindle receptors adapt very slowly.

Furthermore some sensory receptors adapt to a

far greater extent than others. For example, the

pacinian corpuscles adapt to “extinction” within a

few thousandths to a few hundredths of a second,

and the hair base receptors adapt to extinction

within a second or more. It is probable that all

other mechanoreceptors also adapt completely

eventually, but some require hours or days to do

so, for which reason they are frequently called

“nonadapting” receptors. The longest measured
time for complete adaptation ofa mechanoreceptoi

ts about two days for the carotid and aortic baro-

receptors.

Some of the other types of receptors, the chem-
oreceptors and pain receptors for instance, proba-

bly never adapt completely. Each of these will be
discussed in turn in subsequent chapters.

Mechanisms by Which Receptors Adapt. Ad-
aptation of receptors is an individual property of

each type of receptor in much the same way that

development of a receptor potential is an indivdual

property. For instance, in the eye, the rods and
cones adapt by changing their chemical composi-

tions fwhith will be discussed m Chapter 59). In

the case of the mechanoreceptors, the receptor that

has been studied for adaptation in greatest detail

is the pacinian corpuscle. Adaptation occurs in this

receptor in two ways. First, the corpuscular struc-

ture itself very rapidly adapts to the deformation

ofthe tissue. This can be explained as follows; The
pacinian corpuscle is a viscoelastic structure so

that when a distorting force is suddenly applied to

one side of the corpuscle this force is instantly

transmitted by the viscous component of the cor-

puscle directly to the same side of the central core,

thus eliciting the receptor potential However,

within a few thousandths to a few hundredths of

a second the fiuid within the corpuscle redistrib-

utes so that the pressure becomes essentially equal

all through the corpuscle; this now applies an even

pressure on all sides of the central core fiber, so

that the receptor potential is no longer elicited.

Thus, the receptor potential appears at the onset

of compression but then disappears within a small

fiTiction of a second even though the compression

continues.

Then, when the distorting force is removed from

the corpuscle, essentially the reverse events occur.

TTie sudden removal ofthe distortion from one side

of the corpuscle allows rapid expansion on that

side, and a corresponding distortion of the central

core occurs once more. Again, within milliseconds,

Flfurt 4a-e. Adaptation of different types of receptors, show-
ing rapid adaptation of some receptors and slow adaptation of
otbers.
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the pressure becomes equalized all through the

corpuscle and the stimulus is lost Nevertheless,

this disturbance of the central core fiber signals

the offset of compression as well as signalling the

onset of compression.

The second mechanism of adaptation of the pa-

cinian corpuscle, but a much slower one, results

from a process called accommodalion that occurs

in the ner\'e fiber itself. That is, even if by chance

the central core fiber should continue to be excited,

as can be achieved after the capsule has been

removed and the core is compressed with a stylus,

the tip of the nerve fiber itself gradually becomes
“accommodated” -to the stimulus This probably

results from “inactivation” of the sodium channels

in the nerve fiber membrane, which means that

the current flow itself through the channels in

some way causes them gradually to close, as was
explained in Chapter 10

Presumably, these same two general mecha-
nisms of adaptation apply to other types of me-
chanoreceptora. That is, part of the adaptation

results from readjustments in the structure of the
receptor itself, and part results from accommoda-
tion m the terminal nerve fibril.

Function of the Slowly Adapting and Non-
adapting Receptors to Detect Continuous
Stimulus Strength—The “Tonic" Receptors.
The slowly adapting receptors continue to transmit
impulses to the brain as long as the stimulus is

present (or at least for many minutes or hours).

Therefore, they keep the brain constantly apprised

of the status of the body and its relation to its

surroundings. For instance, impulses from the
slowly adapting joint capsule receptors allow the

person to “know" at all times the degree of bending
of the joints and therefore the positions of the

different parts of the body. And impulses from the

mu.scle spindles and Golgi tendon apparatuses al-

low the central nervous system to know respec-

tively the status ofmuscle contraction and the load

on the muscle tendon at each instant

Other types of slowly adapting receptors include
the receptors of the macula in the vestibular ap-
paratus, the pam receptors, the faaroreceptors of
the arterial tree, the chemoreceptors of the carotid

and aortic bodies, and some of the tactile receptors,

such os the Rufiini endings and the Merkel’s discs.

Because the slowly adapting receptors can con-

tinue to transmit information for many hours, they
are also called tonic receptors. Many of these
slowly adapting receptors will adapt to extinction

if the intensity of the stimulus remains absolutely

constant for several hours or days Fortunately,
because of our continually changing bodily state,

these receptors almost never reach a state of com-
plete adaptation

Function of the Rapidly Adapting Receptors
to Detect Change in Stimulus Strength—The
"Bate Receptors” or “Movement Receptors”
or “Phasic Receptors.” Obviously, receptors that
adapt rapidly cannot be used to transmit a contin-

uous signal because these receptors are stimulated

only when the stimulus strength changes. Yet they

react strongly while a change is actually taking

place. Furthermore, the number of impulses trans-

mitt^ is directly related to the rate at which the

change takes place. Therefore, these receptors are

called rate receptors, movement receptors, orpkaw
receptors. Thus, in the case of the pacinian corpus-

de, sudden pressure applied to the skin excites

this receptor for a few milliseconds, and then its

excitation is over even though the pressure contin-

ues But then it transmits a signal again when the

pressure is released. In other words, the pacinian

corpuscle is exceedingly important for transmit-

ting information about rapid changes in pressure

against the body, but it is useless for transmitting

information about constant pressure applied to the

body.

Importance of the Bate Receptors

—

TlieU
Predictive Function. If one knows the rate at

which some change in bodily status is taking place,

one can predict the state of the body a few seconds

or even a few minutes later For instance, the

receptors of the semicircular canals in the vestib-

ular apparatus of the ear detect the rate at which
the head begins to turn when one runs around a

curve. Using this information, a person can predict

a turn of 10, 30, or some other number of degrees
within the next 10 seconds and can adjust the
motion of the limbs ahead of time to keep from
losing balance. Likewise, pacinian corpuscles and
other receptors located in or near the joint capsules
help detect the rates of movement of the difterent

parts of the body Therefore, when one vs running,
information from these receptors allows the ner-
vous system to predict where the feet will be
during any precise fraction ofa second, and appro-
priate motor signals can be transmitted to the
muscles of the legs to make any necessary antici-

patory corrections in limb position so that the
person will not fall. Loss ofthis predictive function
makes it impossible for the person to run

PSYCHIC INTERPRETATION OF
STIMULUS STRENGTH

The ultimate goal of most sensory stimulation is to

apprise the psyche of the state of the body and Its

surroundings. Therefore, it is important that we discuss
bnefly some of the principles related to the transmission
of sensory stimulus strength to the higher levels of the
nervous system
The first question that comes to mind is. How is it

possible for the sensory system to transmit sensory
experiences of tremendously varying intensities? For
instance, the auditory system can detect the weakest
possible whisper but can also discern the meanings of

an explosive sound only a few feet away, even though
the sound intensities of these two e.spenences can vary
more than ten billion fold, the eyes can see visual images
with light intensities that vary as much as a halfmillion



48 Sensory Receptors and Their B*slc MechAnfsms ofAcdonU 577

fold; or the skin can detect pressure dilTerences of ten

thousand* to one hundred thousandfold.

As a partial explanation of these effects, note in Figure
4&-4 the relationship of the receptor potential produced

by the pacinian corpuscle to the strength of stimulus.

At low stimulus strength, >eiy slight changes in stim-

ulus strength increase the potential markedly, whereas

at high levels of stimulus strength further increases m
receptor potential are very slight. Thus, the pacinian

corpuscle is capable of accurately measuring extremely

minute changes in stimulus strength at low intensity

levels, but at high intensity levels the change in stim-

ulus strength must be much greater to cause the same
amount of change in receptor potential.

The transduction mechanism for detecting sound by
the cochlea of the car illustrates still another method
for separating gradations of stimulus intensity. When
sound causes vibration at a specific point on the basilar

membrane, weak vibration stimulates only those hair

cells at the point of maximum vibration. But, as the

Nibration intensity increases, not only do these hair ceils

become more intensely stimulated, but still many more
hair cells in each direction farther away from tho max-
‘mum vibratory point also become stimulated Thus,

signals transmitted over progressively increasing num-
bers of cochlear nerve fi^rs is another mechanism by
which stimulus strength is transmitted into the central

ner\‘ous system This mechamsm plus the direct effect

of stimulus strength on impulse rate in each nerve fiber,

as well as several other mechanisms, makes it possible

for the ear to operate reasonably faithfully at stimulus

intensity levels changing more Uian ten billionfold

Importance of the Tremendous Intensity Range
of Sensory Reception. Were it not for the tremendous
intensity range of sensory reception that we con expe-

rience, the various sensoty systems would more often

than not operate in the wrong range This is illustrated

by the attempts of most persons to adjust the light

exposure on a camera without using a light meter Left

to intuitive judgment of light intensity, a person almost
always overexposes the film on very bright days and
greatly underexposes the film at twilight Yet, that

person’s eyes arc capable of discriminating with great

detail the surrounding objects in both very bright sun-

light and at twilight, the camera cannot do this because

of the narrow critical range of light intensity required

for proper exposure of film.

JUDGMENT or STIMULUS STRENGTH

Physiopsychologists have evolved numerous methods
for testing one’s judgment of sensory stimulus strength,

but only rarely do the results from the different methods
agree with each other For instance, one testing method
requests the subject to select a weight that is exactly

100 per cent heavier than another But the person

usually selects a weight that is about 50 per cent heavier
instead of 100 per cent heavier. Thus, the weak stimulus
IS underestimated and the strong stimulus is overesti-

mated. In still another test procedure, a person is given
a weight to hold and is then required to select the
minimum amount of additional weight that must be
added to detect a difference In this case the person
might be holding a 30 gram weight and finds that an
additional 1 gram is needed to detect a difference. Then
the person holds a 300 gram weight and finds that 10
grams ofadditional weight are required In this instance

the discriminatory ability is far greater at the low
intensity level than at the high intensity level. Thus,
the results of these two different types of tests are
exactly opposite to each other, which means that the
real argument lies in the meaning of the tests them-
selves. Therefore, at present no real agreement exists

as to a proper method for measuring one’s judgment of

stimulus strength. Yet, two principles are widely dis-

cussed in the physiopsychology field of sensory interpre-

tation: the Weber-Fec/iner principle and the power prin-
ciple.

The Weber-Fechner Principle—Detection of “Ra-
tio” of Stimulus Strength. In the mid-1800s, Weber
first and Fechner later proposed the principle that gra-
dations of stimulus strength are discriminated approxi-

mately in proportion to the logarithm of stimulus

strength. This principle is based primarily on one's

ability to judge minimal changes in stimulus strength.

'That IS. in the second test described in the previous

section the person could barely detect a 1 gram increase

in weight when holding 30 grams, or a 10 gram increase

when holding 300 grams. Thus, the ratio of the change
in stimulus strength required for detection of a change
remained essentially constant, about 1 to 30, which is

what the loganthroic principle means. To express this

mathematically.

Interpreted xignal strength = log (Stimulus) 4- Constant

Because the Weber-Fechner principle offers a ready
explanation for the tremendous range of stimulus

strength that our nervous system can discern, it unfor-

tunately became widely accepted for all types of sensory

experience and for all levels of background sensory

intensity More recently it has become evident that this

principle applies mainly to higher intensities of visual,

auditory, and cutaneous sensory experience and it ap-

plies only poorly to most other types of sensory experi-

ence.

Yet, the Weber-Fechner principle is still a good one

to remember because it emphasizes that the greater the

background sensory stimulus, the greater also must be

the additional change in stimulus strength in order for

the psyche to detect the change
‘The Power Law. Another attempt by physiopsychol-

ogists to find a good mathematical relationship between
actual stimulus strength and interpretation of stimulus

strength is the following formula, known as the power
law

Interpreted signal strength = K • (Stimulus - k)^

In this formula K and k are constants, and y is the
power to which the stimulus strength is raised. The
exponent y and the constants K and k are different for

each type of sensation.

When this power law relationship is plotted on a
graph using double logarithmic coordinates, as illus-

trated m Figure 48-7, a linear relationship can be
attained between interpreted stimulus strength and
actual stimulus strength over a large range for almost
any type of sensory perception. However, as illustrated

in the figure, even this power law relationship fails to
hold satisfactorily at both very low and very high stim-
ulus strengths.
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njure 4»-7. CraphlMJ demofutrarton o1 fh* "powef law*

felatlonshfp b«!we#n actual stimulus stren^* strength ihat

the psyche Interprets It to he Note that Ih# Pr^wer law does r>oi

hold at tlihei very vreaV ot very strong stlrh'J'us strengths.

PHYSIOLOGICAL CLASSIFICATION

OF NIRVE FIBERS

Some sensoty signals need to be transmitted to the

centra! nervous system extremely rapidly, or otherwise

the information would be useless An example of this U
the sensory slgnsls that apprise the brain of the roo»

mentary positions of the limbs at eech fraction of a

second during running. It is important that this infor-

mation be transmitt^ by way of extremely rapidly

conducting nerve fibers At the other extreme, some

types of sensory information, such « that depicting

prolonged, aching pain, do not need to be transmitted

rapidly at all, so that very slowly conducting fibers will

suffice Fortunately, nerve fibers come in ail sacs be-

tween 02 and 20 microns in diameter—the larger the

diameter, the greater the conducting velocity The range

of condurting veloalies is between 0 5 ®nd 120 metcra

per second
Figure 4S-b gives two AlITeTenl elassibcatlons of nerve

fibers that are in general use One of these is a general

classification that includes both sensory and motor fi-

bers, including the autonomic nerve fibers as well The
other 13 ft classification of sensory nerve fibers that is

primarily by sensory ncurophysioiopst*

In the general classification, the fibers are divided

into types A and C, and the type A fibers are further

subdivided into a, p, y, and 6 fibers

Type A fibers are the typical myehnated fibers of

spinal nerves. Type C fibers are the very small, umnyc-

Iinatcd nerve fibers that conduct impulses at low veloc-

ities These constitute more than half the sensory fibers

m moat peripheral nerves and also all of the post-

ganglionic autonomic fibers

The sizes, veloaties of conduction, ftnd functions of

the different nerve fiber types arc given in the figure.

Note that the very large fibers can transmit impulses

at velocities as great as 120 metcra per second, a distance

in one second that is longer than a football field On the

other hand, the smallest fibers tro^mit impulses as

flowly as 0 6 meter per second, requiring about 2 seconds

to go from the big toe to the spinal cord.

Over two thirds of all the nerve fibers in peripheral

nerves are type C fibers. Because of their great number,

^ese can transmit tremendous amounts of inforroatitfa

from the surface of the body, even though their velodtfM

of transmission are very slow. Utilization of type C

fibers for transmitting this great mass of informaticn

represents an important economy of space in the nerves,

for use of the larger type A fibers for transmitting ftH

tnfomiation would require penpheral nerves the size of

laige ropes and a spinal cord almost as large as the

body itself

Alternate Classification Used by Sensory Phys-

iologlata. Certain recording techniques have made ^
possible to separate the type Aa fibers into twe

subgroups; and, yet, these same recording technique

cannot distinguish easily between Afi and Ay fibef^

Therefore, the following classification is frequently

by sensory physiologists:

Group la. Fibers from the annulospiral endings

muscle spindles (Average about 17 microns in diameter'

These are alpha type A fibers in the general classified'

tion

)

Group Ib. Fibers from the Golgi tendon organ*

(Average about 16 microns in diameter, these also ai^

alpha type A fibers

)

Group If. Fibers from the discrete cutaneous tactile

Figure -W-g. Physiological claisifications and functions of
nerve fibers
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receptors and also from the flower-spray endings of the

muscle spindles. (Average about 8 microns in diameter;

these are beta and gamma type A fibers in the other

classification.)

Group in. Fibers carrying temperature, crude touch,

and pricking pain sensations. (Average about 2 microns

in diameter; these are delta type A fibers in the other

classification.)

Group IV. Unmyelinated fibers carrying pain, itch,

temperature, and crude touch sensations. (0.5 to 2 mi-
crons in diameter; called type C fibers in the other

classification.)
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Somatic Sensations:

/. The
Mechanoreceptive
Sensations

The xomatic senses are the nervous mechanisms
that collect sensors’ information from the body
These senses ore in Mntradistmelion to the special

senses, which mean specifically vision, hearing,

smell, taste, and equilibrium

CWSSmCATION 0/ SOAMne SENSES

The somatic senses can be classified into three

dilTerent physiological types (lithe mechanorveep-

tii'C somatic senses, stimulated by mechanical dis-

placement of some tissue of the body. (2) the

thcrmonrepiiLV senses, which detect heat and cold,

and (3) the pain sense, which is activated by any
factor that damages the tissues This chapter deals

with the mechanoreceptive somatic senses, and
the following chapter discusses the thcrmorecep-

tivc and p.-iin senses

The mechanoreceptive senses include touch,

prpHsurt, vibration, and tickle senses (which arc

frequently called the tactile senses) and the position

sense, which determines the relative positions and
rates of movement of the different parts of the

body
Other ClnsVincntions of Somatic Sensations. Dif-

ferent types of somatic sensations are also grouped

together in spt'cial cl3«scs that are not necessanly mu-
tuall> exclusnc. as follows

Exieroreceptiiv sensations arc those from the surface

of the body Proprinceplat sensations are those having
to do vkith the physical state of the body. Including

po<iition Bcr.«.itions. tendon and muscle sensations, pres-

sure «cnsations from the bottom of the feet, and even
the sen-ifltion of equilibrium, which is generally consid-

ered to be a “speciar sensation rather than a somatic

wn^tion
V’uerro/ sensations are iho<e from the viscera of the

body, in using this term one usually refers speeificaily

to sfns.iticins from the internal oi^ans

The efiTp sensations are those that come from the deep
t)s«ue8. such as from fasaac, muscles, bone, and so forth.

Tliese include mainly “deep'* pressure, pain, and vibra-

tion

DETECTION AND TRANSMISSION OF
TACTILE SENSATIONS

Interrelationship Between the Tactile Sen-
sations of Touch, Pressure, and Vibration.
Though touch, pressure, and vibration are fre-

quently classified as separate sensations, they are

all delected by the same types of receptors The
only differences among these three are (1) touch
sensation generally results from stimulation of

tactile receptors in the skin or in tissues immedi-
ately beneath the skin. (2) pressure sensation gen-
erally results from defomiation of deeper tissues,

and (31 vibration sensation results from rapidly

repetitive sensory signals, but some of the same
types of receptors as those for touch and pressure
are utilized—specifically the very rapidly adapting
types of receptors

The Tactile Heceptors. At least aiK entirely
different types of tactile receptors are known, but
many more sirmlat to these also exist. Some of

these receptors were illustrated in Figure 48-1 of

Chapter 48, and their special characteristics are
the following;

First, some free nerve endings, which are found
everyivhere m the skm and in many other tissues,

can detect touch and pressure For instance, even
light contact Vfith the cornea of the eye, which
contains no other type of nerve ending besides free

nerve endings, can nevertheles.s elicit touch and
pressure sensations.

Second, a touch receptor of special sensitivity is

Afemner’s corpuscle, an encapsulated nerve ending
that excites a large (type A0) myelinated sen.sory

nerve fiber. Inside the capsulation are many
whorls of terminal nerve filaments. These recep-

tors ore present in the nonhairy parts of the skin

(called glabrous skin) and are particularly abun-
dant in the fingertips, lips, and other areas of the

skin where one’s ability to discern spatial charac-

teristics of touch sensations is highly developed.
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They, along with the expanded tip receptors de-

scribed subsequently, are mainly responsible for

the ability to recognize exactly what point of the
body is touched and to recognize the texture of
objects touched. Meissner’s corpuscles adapt in a
fraction of a second alter they are stimulated,

which means that they are particularly sensitive

to movement of very light objects over the surface

of the skin and also to low frequency vibration.

Third, the fingertips and other areas that con-

tain large numbers of Meissner’s corpuscles also

contain large numbers of expanded tip tactile re-

ceptors, one type of which is Merkel's discs. The
hairy parts of the skin also contain moderate
numbers of expanded tip receptors, even though
they have almost no Meissner’s corpuscles. These
receptors differ from Meissner’s corpuscles in that

they transmit an initially strong but partially

adapting signal and then a continuing weaker
signal that adapts only slowly. Therefore, they are

responsible for giving steady state signals that

allow one to determine continuous touch of objects

against the skin. Merkel’s discs are often grouped
together in a single receptor organ called the Iggo
dome receptor, which projects upward against the

underside of the epithelium of the skin, as illus-

trated in Figure 49-1. This causes the epithelium
at this point to protrude outward, thus creating a
dome. Also note that the entire group of Merkel’s

discs is'innervated by a single large type of mye-
linated nerve fiber (type A3). Each dome receptor

has a diameter averaging only 0.2 mm, and these
receptors are extremely sensitive. They probably
play an important role in localizing touch sensa-
tions to the specific surface areas of the body.
Fourth, alight movement of any hair on the body

stimulates the nerve fiber entwining its base.

Thus, each hair and its basal nerve fiber, called

the hair end-organ, is also a touch receptor. This
receptor adapts readily and, therefore, like Meis-

sner’s corpuscles, detects mainly movement of ob-

jects on the surface of the body or initial contact

with the body.

Fifth, located in the deeper layers of the skin

and also in deeper tissues are meny Ruffinis end-

organs, which are multibranched, encapsulated

endings, as described and illustrated in the pre-

vious chapter. These endings adapt very little and,

therefore, are important for signaling continuous

states of deformation of the skin and deeper tis-

sues, such as heavy and continuous touch signals

and pressure signals. They are also found in joint

capsules and help signal the degree of joint rota-

tion.

Sixth, pacinian corpuscles, which were discussed

in detail in Chapter 48, he both immediately

beneath the skin and also deep in the fascial

tissues of the body. These are stimulated only by
very rapid movement of the tissues because they

adapt in a few thousandths or a few hundredths of

a second. Therefore, they are particularly impor-

tant for detecting tissue vibration or other ex-

tremely rapid changes in the mechanical state of

the tissues.

Transmission of Tactile Sensations in Pe-

ripheral Nerve Fibers. Almost all the specialized

sensory receptors, such as Meissner’s corpuscles.

Iggo dome receptors, hair receptors, pacinian cor-

puscles, and Ruffini’s endings, transmit their sig-

nals in type A3 nerve fibers that have transmission

velocities of 30 to 70 meters per second On the

other hand, ftee nerve ending tactile receptors

transmit signals mainly via the small type AS
myelinated fibers that conduct at velocities of 5 to

30 meters per second. Some tactile free nerve

endings transmit via type C unmyelinated fibers

at velocities from a fraction of a meter up to 2

meters per second; these send signals into the

spinal cord and lower brain stem, probably sub-

serving mainly the sensation of tickle. Thus, the

ngure 49-1. The Iggo dorhe receptor.

Note the multiple numbers of Merkels
discs Inr^ervdted by a single I4rge myeU*
nated fiber and abutting tightly the under*

surface of the epithelium, (fr^ Iggo and
Muir./ Physiol.. 200761. 1909.)
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more critical types of sensory signals—those Uwt
help to determine precise localization on the skin,

minute gradations of intensity, or rapid changes

in sensory signal intensity—are all transmitted in

the rapidly conducting types of sensory nerve fi-

bers. On the other hand, the cruder types of sig-

nals, such as crude pressure, poorly localized touch,

and especially tickle, are transmitted via much
slower nerve fibers that require much less space

than the faster fibers.

DETECTION OF VIBRATION

All the different tactile receptors are involved

in detection ofvibration, though different receptors

delect different frequencies of vibration. Pacinian

corpxiscles can signal vibrations from 60 to 500
cycles per second, because they respond extremely
rapidly to minute and rapid deformations of the

tissues, and they also transmit their signals over

type Ap nerve fibers, which can transmit more
than 1000 impulses per second.

Low frequency vibrations up to 80 cycles per

second, on the other hand, stimulate other tactile

receptors—especially Meissner’s corpuscles, which
are less rapidly adapting than pacinian corpuscles.

TICKIINC AND FTCH

Recent neurophysiological studies have demon-
strated the existence of very sensitive, rapidly

adapting, mechanoreceptive free nerve endings
that elicit only the tickle and itch sensation. Fur-

thermore, these endings are found almost exclu-

sively in the superficial layers of the skin, which
is also the only tissue from which the tickle and
itch sensation usually can be elicited. This sensa-

tion IS transmitted by very small type C, unmye-
linated fibers similar to those that transmit the

aching type of pain.

The purpose of the itch sensation is presumably
to call attention to mild surface stimuli such as a
flea crawling on the skm or a fly about to bite, and
the elicited signals then excite the scratch reflex

or other maneuvers that rid the host of the irritant.

The relief of itch by the process of scratching

occurs only when the irritant is removed or when
the scratch is strong enough to elicit pain. The
pain signals are believed to suppress the Hch
signals in the cord by the process of inhibition that

will be described in the following chapter.

THE DUAL SYSTEM FOR
TRANSMISSION OF
MECHANORECEPTIVE SOMATIC
SENSORY SIGNALS INTO THE
CENTRAL NERVOUS SYSTEM

Either all or almost all sensory information from
- the somatic segments ofthe body enters the spinal

a through the dorsal roots of the spinal nerves.

Hmvever, from this point to the brain the sensory

signals are carried through one of two alternate

sensory pathways: (1) the dorsal column-leminis-

cal system and (2) the anterolateral system. These

two systems come together again at the level of

the thalamus.

The dorsal column-lemniscal system, as its

name implies, carries signals mainly in the dorsal

columns of the cord and then upwa^ through the

brain stem to the thalamus by way of the medial

lemniscus. On the other hand, signals of the an-

terolateral system, after originating in the dorsal

horns of the spinal gray matter, cross to the op-

posite side of the cord and ascend through the cord

in the anterior and lateral white columns to ter-

minate at all levels of the lower brain stem and
also in the thalamus.

The dorsal coluran-lemniscnl system is com-

posed of large; myelinated nerve fibers that trans-

mit signals to the brain at velocities of 30 to 110

meters per second whereas the anterolateral sys-

tem is composed ofmuch smaller myelinated fibers

(averaging 4 microns in diameter) that transmit

signals at velocities ranging between 8 and 40

meters per second.

Another difference between the two systems is

that the dorsal column-lemniscal system has a

very high degree of spatial orientation of the nerve
fibers with respect to their origin on the surface of

the body, whereas the anterolateral system has a

much smaller degree of spatial orientation, with
some fibers seeming to have very little orientation

at all.

These differences immediately characterize the

types of sensory information that can be transmit-
t^ by the two systems. First, sensory information
that must be transmitted rapidly and with tem-
poral fidelity is transmitted in the dorsal column-
lemniscal system, while that which does not need
to be transmitted rapidly is transmitted mainly in

the anterolateral system Second, those sensations
that detect fine gradations of intensity are trans-

mitted in the dorsal column-lemniscal system,
while those that lack the fine gradations are trans-
mitted in the anterolateral system And, third,

sensations that are discretely localized to exact
points in the body are transmitted in the dorsal
system, while those transmitted in the anterola-
teral system can be localized much less exactly.

On the other hand, the anterolateral system has a
special capability that the dorsal system does not
have: the ability to transmit a broad spectrum of

sensory modalities—pain, warmth, cold, and crude
tactile sensaliems; the dorsal system is limited to

mechanoreceptive sensations alone. With this dif-

ferentiation in mind we can now list the types of
sensations transmitted in the two systems.

The Dorsal Column-lemnlseAl System

1, Touch sensations requiring a high degree of

localization of the stimulus.
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2. Touch sensations requiring transmission of
fine gradations of intensity.

3. Phasic sensations, such as vibratory &ensa>

tions.

4. Sensations that signal movement against the

skin.

5. Position sensations.

6. Pressure sensations having to do with fine

degrees ofjudgment of pressure intensity.

77ie AnteroIaterAl System

1. Pain.

2. Thermal sensations, including both warm and
cold sensations.

3. Crude touch and pressure sensations capable

of only crude localizing ability on the surface of

the body and having little capability for intensity

discrimination.

4. Tickle and itch sensations.

5. Sexual sensations.

TRANSMISSION IN THE DORSAL
COLUMN>L£MNISCAL SYSTEM

ANATOMY OF THE DORSAL COLUMN-
LEMNI5CAL SYSTEM

On entenng the spinal cord from the spinal nerve
dorsal roots, the large myelinated fibers from specialized

mcchanoreccptors first pass medially into the lateral

margin of the dorsal white columns. However, almost
immediately each ofthese fibers divides to form a medial
and a lateral branch, as illustrated by the medial dorsal

root fiber in Figure 49-2. The medial branch turns
upward in the dorsal column and proceeds by way of
the dorsal column pathway to the brain
The lateral branch proceeds laterally and anteriorly

in the same segment of the cord and divides many times
to give ofi* multiple terminals to almost ail parts of the
intermediate and anterior portions of the cord gray
matter. These terminals serve two purposes: (1) ^me
of them elicit local spinal cord reflexes, which will be

rifure 49-2. Crou-secUon ot che spinil ccxd showing the

«n*tomical Uminu I through tX ot the cord gijy matter And che

Ascending sensory UACts In the white columns che spirui coed

C 0 R T E X

Figure 49-3. The dorsal column and splnocervlcal pathways

for nansmlicing critical types of tactile signais. (Modified from

Ranson and Ciahc Anacomy of the Nervous System. Philadelphia.

W & Saunders Company. I9S9)

discussed in Chapter 51 (2) Others excite relay neurons

that give nse to the spinocerebellar and spinoccrvical

tracts. Wc will discuss the spinocerebellar tracts in

Chapter 53 in relation to the function of the cerebellum.

Ihe spinocervical tract is an accessory pathway for

transmission of somatosensory infonnaUon upward in

the spinal cord and functions in close assoaation with

the dorsal colunm-lcniniscal system, os w c shall discuss

subsequently.

Anatomy of the Dorsal Coliunn Patbw'ay. Note in

Figure 49-^ that the nerve fibers entenng the dorsal

columns pass up these columns to the medulla, where

they synapse in the dorsal column nuclei (the euneale

and gracUe nuclei) From here, second order neurons

decussate immediately to the opposite side and then

pass upward to the thalamus through bilateral palhw ays

called the medial Umnisct. Each medial lemniscus ter-

minates in a tcnlrobasal complex of nuclei which in-

cludes the ventral postenor lateral nucleus of the thal-

amus and the postenor nuclear group located slightly

farther posteriorly. In its pathway through the brain
stem, the medial lemniscus ujoined by additional fiber*

from the main sensory nucleus of the Ingeminal nerve
and from the upper portion of its descending nuclei;

these fibers subsene the same sensory functions for the
head that the dorsal column fibers sut^rve for the body.
From Uic icntroba&ai complex^ thirdordernene fibers
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figure 49-4. rro]e<tlon of the dorsal cc^umn-lemniscal system

irom Che thalamus to the somatic sensoiy cortex (Modified ftcan

Broda! Neurological Anatomy In Relation to Clinical Medklne
New YofV, Oxford UnNetsIty htess. 1 969

}

project, as showTi in Figure 4S-4, raainiy to the poslcen-

fro/ gyrus of the cerf6ro/ cortex, which is called semaric

serudry area I In addition, fewer fibers project to the
lowermost lateral portion of each parieUt lo^. an area

called Mmolte sensory area ll

Anatomy of the SpinO'CervIcal Pathways. Until

recently it was believed that all the dorsal colunm-
lemniscal system signals were trasmitted only through

the dorsal columns However, complete transection of

the dorsal column does not cause total loss of transmis-
sion in this system Instead, many signals that can
partially substitute for the dorsal columns can still be
transmitted through the tpinocervieal pathuay
The anatomy of the spmoccrvical pathway is much

less well known than that of the dorsal column pathway
However, many collateral terminals from the large sen-

sory fibers synapse in lamina IV and adjacent laminae
of the cord gray matter and give nsc to second order

fibers that enter the dorsal portion of the lateral while

column and ascend in the spmoccrvical tract to the

cervical region of the cord or even to the medulla Here
the fibers again synapse either in the dorsal horn of the

cord or in medullary nuclei adjacent to or port of the

dorsal column nuclei Then third order neurons decus-

sate to the opposite side and pass along with the second
order neurons of the dorsal column pathway ujiward to

the thalamus through the medial Umnisei. Thus, the

pathway within the brain parallels that of the dorsal

column-lemniscal pathway

Separntian of Sensory ModJJMes Between
the DorsjJ Column~4.eitintsCAl PMhwAy
and the SpInocervlaU Pathway

The way in which the nervous system distinguishes

among the different modalities of sensation is to trans-

mit the signals ofdi^erent modalities to separate central

nervous system areas. This separation of modality be-
gins in the spinal cord It has already been noted that
only mechanoreceptor modalities are transmitted in the
dorsal column-Iemniscal system whereas all the other

somatic modalities arc transmitted in the anterolateral

system However, even within the dorsal column-lem-

niscal system there is an additional degree ofseparation

•riie dorsal column tract transmits mainly signals from

rapidly adapting sensory receptors For instance, It is

only trough the dorsal columns that signals are trans-

mitted from the extremely rapidly adapting pacinian

corpuscles. Also, most of the signals from the Meissner’s

corpuscles and from the hair receptors, both of which

arc rapidly adapting receptors, are transmitted through

this pathway
On the other hand, some of the more slowly adapting

signals from the Merkel's discs, from the deep tissue

Rufifini end-organs, and from the slowly adapting Ruffini

position sense receptors of the joint capsules seem to be

transmitted through the spinocervical pathway.

SpatfaJ Orientation of the Nerve Fibers In

the Dorsal Column-~temn/sca/ System

One of the distinguishing features of the dorsal

column-lemniscal system is a distinct spatial ori-

entation of nerve fibers from the individual parts

of the body that is maintained throughout. For

instance, m the dorsal columns, the fibers from

the lower parts of the body lie toward the center,

while those that enter the spinal cord at progres-

sively higher segmental levels form successive

layers laterally

The spatial orientation in the spinocervical path-
way 18 less well known. However, stimulation
esperimenls of single fibers within this pathway
have shown that the sensory signals diverge very

little, indicating a high degree of spatial orienta-

tion in this pathway as iveil

In the thalamus, the distinct spatial orientation
is still maintained, with the tail end of the body
represented by the most lateral portions of the
ventrobasal complex and the head and face repre-

sented in the medial component of the complex
However, because of the crossing of the medial
lemnisci in the medulla, the left side of the body
Is represented in the right side of the thalamus,
and the right side of the body is represented in the
left side of the thalamus.

IH£ SOAIAnC SENSORY CORTEX

The area of the cerebral cortex to which the
sensory signals are projected is called the somatic
sensory cortex. In the human being, this area lies

mainly in the anterior portions of the parietal

Jobes. Two distinct and separate areas are known
to receive direct afferent nerve fibers from the
relay nuclei of the thalamus; these, called som<r//c

sensory area 1 and somatic sensory area II, are
illustrated in Figure 49-6. However, somatic sen-

sory area I is so much more important to the

sensory functions of the body than is somatic
sensory area 11 that in popular usage, the term
somatic sensory cortex is almost always used to

mean area I exclusive ofarea II. Yet, to keep these

twm areas we will henceforth refer to them sepa-
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Figure 49-5. The two somesthetic cortical areas, somatic

sensory areas 1 and U.

rately as somatic sensory area I and somatic sen-

sory area H.
Projection of the Body in Somatic Sensory

Area I. Somatic sensory area I lies in the postcen-

tral gyrus of the human cerebral cortex (in Brod-

mann areas 3, 1, and 2 immediately behind the

central sulcus—see map of the cerebral cortex in

Figure 54-1 in Chapter 54). A distinct spatial

orientation exists in this area for reception ofnerve
signals from the dlHerent areas of the body. Figure

4^ illustrates a cross-section through the brain

at the level of the postcentral gyrus, showing the

representations of the different parts of the body
in separate regions of somatic sensory area I. Note,

however, that each side of the cortex receives

sensory information exclusively from the opposite

side of the body (with the exception of a small

amount of sensory information from the same side

of the face).

rigure 49-e. Represenution of the dlHerent areas of (he body
in the somatic sensory area i of the conex (from Tenfield and
Rasmussen. Cerebral Cortex of Man. A Clmlcal Study of Locattxa-

bon of Functlorv New York. MacmlOan Company. I96S.}

Some areas of the body are represented by large

areas in the somatic cortex—the lips by far the
greatest of all, followed by the face and thumb

—

whereas the entire trunk and lower part of the

body are represented by relatively small areas.

The sizes of these areas are directly proportional

to the number of specialized sensory receptors in

each respective peripheral area of the body. For
instance, a great number of specialized nerve end-

ings are found in the lips and thumb, while only

a few are present in the skin of the trunk.

Note also that the head is represented in the

most lateral portion of somatic sensory area I,

whereas the lower part of the body is represented

in the medial portion of the area.

Somatic Sensory Area II. The second cortical area

to which somatic afferent fibers project, somatic sensory

area II, is a much smaller area that lies postenor and
inferior to the lateral end of somatic sensory area I, as

shown in Figure 4^5. The degree of localization of the

different parts of the body is very poor in this area
compared with somatic sensory area I. The face is

represented anteriorly, the arms centrally, and the legs

postenorly

So little IS known about the function of somatic sen-

sory area 11 that it cannot be discussed intelligently. It

IS known that signals enter this area from both sides of

the body and also from other sensory areas of the brain,

such as visual and auditory signals. Also, stimulation

of somatic sensory area 11 m some mstances causes

complex body movements, for which reason it possibly

plays a role in sensory control of motor functions.

The Lnytrs of the Somutie Sensory Cortex

And Their Function

The cerebral cortex contains su separate layers

of neurons, beginning with layer I next to the

surface and extending progressively deeper to

layer VI. As would be expected, the neurons in

each layer perform functions different from those

in other layers. Some of these functions are:

1. The incoming sensory signal excites mainly
neuronal layer IV first; then the signal spreads

toward the surface of the cortex and also toward

the deeper layers.

2. Layers I and II receive a diffuse, nonspecific

input from the reticular activating system that

can facilitate the whole brain at once; this system
will be described in Chapter 55. This input perhaps
controls the overall level of excitability of the
cortex.

3. The neurons in layers II and III send axons
to other closely related portions of the cerebral

cortex.

4. The neurons in layers V and VI send axons
to more distant parts of the nervous system. Those
in layer V are generally larger and project to more
distant areas. For instance, many of these pass all

the way into the brain stem and spinal cord to
provide control signals to these areas. From layer
VI, especially large numbers of axons extend to
the thalamus, providing feedback signals from the
cerebral cortex to the thalamus.
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Representadon of the DWerenf Sensory

ModatltJes In the Somndc Sensory

Cortex—The Vert/ca/ Columns of Seurans

Functionally, the neurons of the somatic sensory

cortex are arranged in vertical columns extending

all the way through the six layers of the cortex,

eath column having a diameter of 0.33 to 1 mm
and containing some 100,000 neuronal cell bodies.

Each of these columns serves a single specific

sensory modality, some responding to stretoh re-

ceptors aroundjoints, some to stimulation oftactile

hairs, others to discrete localized pressure points

on the skin, and so forth. Furthermore, the wl-

umns for the diflerent modalities are interspersed

among each other. At layer IV, where the signals

first enter the cord, the columns of neurons func-

tion almost entirely separately from each other.

However, at other levels of the columns interac-

tions occur that allow beginning analysis of the

meanings of the sensory signals-

In the most anterior portion of the postcentral

gyrus, located deep in the central sulcus in Brod-

mann area 3a (see Chapter 54 for a map of Brod-

mann's areas), a disproportionately large share of

the vertical columns respond to muscle, tendon, or

joint stretch receptors. The signals from these >n

turn impact mainly on the motor cortex located

immediately anterior to the central sulcus and
help control muscle function. As one proceedsmore
posteriorly in somatic sensory cortex I, more and
more of the vertical columns respond to the alowly

adapting cutaneous receptors, and then still far-

ther posteriorly greater numbers of the columns
are sensitive to deep pressure.

In the most posterior portion of somatic sensory

area I, about 6 per cent of the vertical columns
respond only when a stimulus moves across the

skin in a particular direction Thus, this is a still

higher order of interpretation of sensory signals;

end the process becomes even more complex still

farther posterior]y in the parietal cortex, which is

called the somatic ossociation area as we shall

discuss subsequently.

Functions of Somxdc Sensory Area I

The functional capabilities of different areas of

the somesthetic cortex have been determined by
selective excision of the difiereDt portions. Wide-
spread excision of somatic sensory area 1 causes
loss of the following types of sensory judgment:

1 The person is unable to localize discretely the

different sensations in the diiTercnt parts of the
body. However, he or she can localize these sen-

sations very crudely, such as to a particular hand,
which indicates that the thalamus or parts of the
cerebral cortex not normally considered to be con-

cerned with somatic sensations can perform some
degree of localization

2. He is unable to judge critical degrees of

pressure against his body.

3 He is unable to judge exactly the weights of

objects.

4. He is unable to judge shapes or forms of

objects. This is called astereognosis.

5. He is unable to judge texture of materials, for

this type of judgment depends on highly critical

sensations caused by movement of the skin over

the surface to be judged
Note in the list that nothing has been said about

loss of pain and temperature sense. However, in

the absence of somatic sensory area I, the appre-

ciation of these sensory modalities may be altered

either in quality or in intensity. But more impor-

tant, the pain and temperature sensations that do

occur are poorly localized, indicating that both

pain and temperature localization probably depend
mainly upon simultaneous stimulation of tactile

stimuli that use the topographical map of the body

in somatic sensory area I to localize the source.

SOA14I7C ASSOCIATION ARIAS

Brodmnnn areas 5 and 7 of the cerebral cortex,

which are located in the parietal cortex behind
somatic sensory area I and above somatic sensory
area II, play important roles in deciphering the
sensory information that enters the somatic sen-

sory areas. Therefore, these areas are called the

somatic association areas.

Electrical stimulation in the somatic association

area can occasionally cause a person to experience
a complex somatic sensation, sometimes even the
“feeling” of an object such as a knife or a ball.

Therefore, it seems clear that the somatic associ-

ation area combines information from multiple
points in the somatic sensory area to decipher its

meaning. This also fits with the anatomical ar-

rangement of the neuronal tracts that enter the
somatic association area, for it receives signals
from (a) somatic sensory area I, (b) the ventrobasal
complex of the thalamus, (c) other areas of the
thalamus which themselves receive input from the
ventrobasal complex, (d) the visual cortex, and (e)

the auditory cortex.

Effect of Removing the Somatic Association
Area—Amorphosynthesis. When the somatic as-
sociation area is removed, the person especially
loses the ability to recognize complex objects and
complex fonns by the process of feeling them In
addition, the person loses most of the sense of form
of his or her own body. An especially interesting
fact is that loss of the somatic association area on
one aide of the brain causes the person sometimes
to be oblivious of the opposite side of the body

—

that is, to ibrget that it is there. Likewise, when
feeling objects, the person will tend to feel only
one side of the object and to forget that the other
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side even exists. This complex sensory deficit is

celled amorphosynthesis.

CHARACTERISTICS OF TRANSMISSION
IN THE DORSAL COLUMN-
LEMNISCAL SYSTEM

Faithfulness of Transmission. The most im-
portant functional characteristic of the dorsal col-

umn-lemniscal system is its faithfulness of trans-

mission. That is, each time a point in the periphery
is stimulated, a signal ordinarily is transmitted

all the way to the somatic sensory cortex. Also, if

this peripheral stimulus increases in intensity, the
intensity of the signal at the cerebral cortex in-

creases approximately proportionately. And, fi-

nally, when a discrete area of the body is stimu-
lated, the signal from this area is transmitted to

a discrete area of the cerebral cortex. Thus, the

dorsal system is adequately organized for trans-

mission ofaccurate information from the periphery
to the sensorium. Furthermore, the responsiveness

of this system can be altered only moderately by
stimuli from other areas of the nervous system,
and it is not depressed to a significant extent even
by moderate degrees of general anesthesia; this is

quite different for most portions of the anterola-

teral sensory system.

Basic Neuronal Circuit and Discharge Pat*
torn in the Dorsal Column-Lemniscal System.
The lower part of Figure 49-7 illustrates the basic

organization of the neuronal circuit of the dorsal

column pathway, showing that at each synaptic
stage divergence occurs. However, the upper part
of the figure shows that a single receptor stimulus
on the skin does not cause all the cortical neurons
with which that receptor connects to discharge at

the same rate. Instead, the cortical neurons that
discharge to the greatest extent are (hose in a
central part of the cortical “field" for each respec-

tive receptor. Thus, a weak stimulus causes only
the centralmost neurons to fire. A stronger stim-
ulus causes still more neurons to fire, but those in

the center still discharge at a considerably more
rapid rate than do those farther away from the
center.

Two-Point Discrimination. A method fre-

quently used to test tactile capabilities is to deter-

mine a person’s so-called “two-point discriminatory
ability.” In this test, two needles are pressed
against the skin, and the subject determines
whether two points of stimulus are felt or one
point. On the tips of the fingers a person can
distinguish two separate points even when the
needles are as close together as 1 to 2 mm. How-
ever, on the person's back, the needles must usu-
ally be as far apart as 30 to 70 mm before one can
detect two separate points. The reason for this is

that there are many specialized tactile receptors
in the tips of the fingers in comparison with a

conex.

small number in the skin of the back, deferring

back to Figure 49-^, we can see dso that the

portions of the body that have a high degree of

two-point discrimination have a correspondingly

large cortical representation in somatic sensory

area f.

Figure 49-8 illustrates the mechanism by which
the dorsal column pathway, and the other sensory

pathways as well but to a less critical degree,

transmit two-point discriminatory information.

This figure shows two adjacent points on the skin

that are strongly stimulated, and it also shows the

small area of the somatic sensory cortex (greatly

enlarged) that is excited by signals from the two
stimulated points. The solid black curve shows the
spatial pattern of cortical excitation when both
skin points are stimulated simultaneously. Note
that resultant zone of excitation has two sep-

arate peaks. It is these two peaks separated by a
valley that allow the sensory cortex to detect the
presence of two stimulatory points rather than a
single point. However, the capability of the sen-
sorium to distinguish between two points of stim-
ulation is strongly influenced by another mecha-
nism, the mech^sm of lateral inhibition, as
explained in the following section.

Increase in Contrast in the Perceived
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fljurc 49-8. Transmission of signals (o th« cortex from two
ad|acent pinpoint stimuli The solid black curve represents the

pattern of cortical stimulation without "surround" Inhiblnon. and

the two colored curves represent the partem with "surround"

inhibition

Spatial Pattern Caused by Lateral Inhibition.

In Chapter 47 it was pointed out that contrast in

sensory patterns is increased by inhibitory signals

transmitted laterally in the sensoty pathway. This
efTect was illustrated in Figure 47-9 of that chap-

ter

In the case of the dorsal column system, an
excited sensory receptor in the skin transmits not

only excitatory signals to the somatic sensory cor«

tex but also inhibitory signals laterally to adiacent

6ber pathways. These inhibitory signals occur at

each synaptic level, for instance in the dorsal

column nuclei and in the ventrobasal complex of

the thalamus, and they help block lateral spread

of the excitatory signal, a process celled lateral

inhibilion or surround inhibition. As a result, the
peak of excitation stands out, and much of the

surrounding diiTuse stimulation is blocked. This
effect is illustrated by the two colored curves in

Figure 49-8, showing complete separation of the

peaks when the intensity of the surround inhibi-

tion IS very great. Obviously, this mechanism ac-

centuates the contrast between the areas of peak
stimulation and the surrounding areas, thus
greatly increasing the contrast or sharpness ofthe

perceived spatial pattern

Transmission of Rapidly Changing and Re-
petitive Sensations. The dorsal column system is

of particular value for apprising the sensorium of

rapidly changing peripheral conditions. This sys-

tem can “follow'’ changing stimuli up to at least

400 cycles per second and can “detect” changes as
high as 700 cycles. Obviously, very rapid response

to a sudden Btimulus on the skin allows one to

direct attention immediately to any point of con-
tact, which, in turn, allows one to make necessary
corrections before damage can be done.

Vibratory Sensatioa. Vibratory signals are

rapidly repetitive and can be detected as vibration

up to 700 cycles per second. These signals are

transmitted only in the dorsal column pathway

and not in the more slowly conducting pathways

For this reason, application of vibration with s

tuning fork to different peripheral parts of the

b^y is an important tool used by the neurologist

for testing functional integrity of the dorsal col-

umns.

rm rosmoN siNSE

The term position sense can be divided into two

subtypes: (1) static position, which means conscious

recognition of the orientation of the different parts

of the body with respect to each other, and (2)

kinesthesia, which means conscious recognition of

rates of movement of the different parts of the

body. The position sensations arc transmitted to

the sensorium almost entirely through the dorsal

column-lemmscal system. However, special fea-

tures of the position sense require further expla-

nation.

The Position Sense Receptors. Sensory infor-

mation from many different type.s of receptors is

used to determine bofh static position and kines-

thesia These include the extensive sensory end-

ings in the joint capsules and ligaments, the recep-

tors m the skin and deep tissues neor the joints,

and probably also the muscle spindles that detect

muscle stretch, as we shall discuss in Chapter 51,

Three major types of nerve endings hove been
described in the joint capsules and ligaments about

the joints. (1) By far the most abundant of these

are spray-type Huffini endings, one of which was
illustrated In Figure 48-1 of Chapter 48. These
endings are stimulated strongly when the joint is

suddenly moved; they adapt slightly at first but

then transmit a steady aignal thereafter. (2) A
second type of ending resembling the stretch re-

ceptors found in muscle tendons (called Gofgi fen-

don receptorsi is found particularly in the liga-

ments about the joints. Though far less numerous
than the Ruffini endings, they have essentially the

same response properties. (3) A few pacinian cor-

puscles are also found in the tissues around the
joints. These adapt extremely rapidly and presum-
ably help to detect rale of rotation at the joint.

Detection of Static Position by the Joint
Receptors. Figure 49-9 illustrates the excitation
of seven different nerve fibers leading from sepa-

rate joint receptors in the capsule of a cat’s knee
joint. Note that at 180 degrees ofjoint rotation one
of the receptors is stimulated; then at 150 degrees
still another is stimulated: at 140 degrees two are
stimulated, and so forth. The information from
these joint receptors continually apprises the cen-

tral nervous system of the momentary rotation of

the joint. That is, the rotation determines which
receptor is stimulated and how much it is stimu-
lated, and from this the brain knows how far the

joint is bent.
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ngure 49-9. Responses of seven different nerve fibers from

knee iolni receptors in a cat at different decrees of rotation

(Modified from Skoglund Acta Phyilot Scand. SuppI 124. 361.

1956)

Detection of Rate ofMovement (Kinesthesia)
at the Joint. Because pacinian corpuscles are
especially adapted for detecting movement of tis-

sues, it is tempting to suggest that rate of move-
ment at the joints is detected by the pacinian
corpuscles. However, the number of pacinian cor-

puscles in the joint tissues is small, for which
reason rate of movement at the joint is probably
detected mainly in the following way: The Ruflini

and Golgi endings in the joint tissues are stimu-
lated very strongly at firet by the joint movement,
but within a fraction of a second this strong level

of stimulation fades to a lower, steady state rate

of firing. Nevertheless, this early overshoot in

receptor stimulation is directly proportional to the
rate of Joint movement and is believed to be the
signal used by the brain to discern the rate of
movement.
Transmission of Position Sense Signals in

the Dorsal Column-Lemniscal Pathway. In the
past it had been believed that essentially all the
position sense signals were transmitted in the
doT5a\ columns. However, on the basis of studies
in animals, there is now much reason to believe
that some of these signals are transmitted m the
spinocervical pathway as well. This is probably
especially true of the static position signals, that
is, those signals that are slowly adapting and that
transmit information about the relative positions
of the different parts of the body when the person
is not moving.
Processing of Position Sense Information in

the Dorsal Column-Lemniscal Pathway. De-
spite the faithfulness of transmission of signals
from the periphery to the sensory cortex in the
dorsal column-lemniscal system, there neverthe-
less seems to be some processing of position sense
signals before they reach the cerebral cortex. For
instance, Figure 49-9 showed that individual joint
receptors are stimulated maximally at specific de-

^ grees of rotation of the joint, with the intensity of
stimulation decreasing on either side of the maxi-
mal point for each receptor. However, the static

position signal for joint rotation is quite different

at the level of the ventrobasal complex of the
thalamus, as can be seen by referring to Figure

figure 49-10. Typical responses of five different neurons in

the knee joint receptor field of the ventrobasal complex when
the knee Joint is moved through its range of motion (The curves

were constructed from data in Mounccastle et aL / Neueophysiol

,

26607. 1963)

49-10. This figure shows that the ventrobasal

neurons that respond to the joint rotation signal

are of two types: (1) those that are maximally
stimulated when the joint is at full rotation and
(2) those that are maximally stimulated when the

joint is at minimal rotation. In each case, as the

degree of rotation changes, the rate of stimulation

of the neiiTon either decreases or increases, de-

pending on the direction m which the joint is being

rotated. Furthermore, the intensity of neuronal

excitation changes over angles of 40 to 60 degrees

of angulation in contrast to 20 to 30 degrees for

the individual receptors, as was illustrated m Fig-

ure 49-9. Thus, the signals from the individual

joint receptors have been integrated in the space

domain by the time they reach the thalamic neu-

rons, giving a progressively stronger signal as the

joint moves m only one direction rather than

gWing a peahed signal as octUTS in slimulat^Qn of

individual receptors

TRANSMISSION IN THE
ANTEROLATERAL SYSTEM

It was pointed out earlier in the chapter that

the anterolateral system transmits sensory signals

that do not require highly discrete localization of

the signal source and also do not require discrim-

inatioa of fine gradations of intensity. These in-

clude pain, heat, cold, crude tactile, tickle and itch,

and sexual sensations. In the following chapter

pain and temperature sensations will be discussed;

the present chapter is concerned principally with

transmission of the tactile sensations.

ANATOMY or
THtANTEROlATlRAL PATHWAY

The anterolateral libers originate mainly in laminae

I, IV, V, and VI in the dorsal horns where many of the

dotsai root sensory nerve fibers terminate after entenng
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the cord (see Figure 49-2). Then, as illustratedSn Figure

49-11, the fibers cross in the anterior commissure of the

cord to the oppo8\te anterolatetal white column where

they turn upward toward the brain These fibers ascend

rather diffusely throughout the anterolateral columns

However, anatomical studies hove shown that there is

at least a partial differentiation of this pathway into an
anterior division, called the anterior spinolhalamlc tmet,

and a lateral division, called the lateral spinofAfl/omic

tract Also encompassed in the anterolateral pathway

are a spinoreticular pathway (to the reticular substance

of the brain stem) and a spinotectal troft (to the tectum

of the mesencephalon) However, it has been difficult to

make these differentiations using electrical recording

techniques

The upper terminus of the anterolateral pathway is

mainly twofold (1) throughout the reticuZor nuefei ofthe

brain stem, and (2) in two different nuclear complexes

of the thalamus, the centrobosa/ complex and the rnfm-

laminar nuclei In general, the tactile signals arc trans*

mitted mainly into the ventrohasai complex, terminal*

ing in the same thalamic nuclei as the dorsal column-
lemniscal system, and this is probably also true for the
temperature signals From here, the tactile signals are

transmitted to the somatosensory cortex along with the

signals from the dorsal columns. On the other hand,

only part of the pain signals project (o this complex.

Instead, most of these enter the reticular nuclei of the

brain stem and intralaminar nuclei of the thalamus, as

C 0 fi T e X

Uteral pathway.

will be discussed in greater detail in the folIow{r.g

chapter.

Characteristics of Transmission in the Aa*

terolflteral Pathway. In general, the same prin-

ciples apply to transmission in the anterolateral

pathway as in the dorsal column-lemniscal system

except for the following differences: (a) the veloci-

ties of transmission are only one half to one third

those in the dorsal column-lemniscal system,

ranging between 8 and 40 meters per second; (b)

the degree of spatial locaiitation of signals is poor,

especially in the pain pathways; (c) the gradations

of intensities are also far Ic&s acute, most of the

sensations being recognized in 10 to 20 gradations

of strength rather than as many as 100 gradations

for the dorsal column system; and (d) the ability

to transmit rapidly repetitive sensations is poor.

Thus, it is evident that the anterolateral system

Vi a CTuitT type trariSTnviivcin *ys,vwn than tV*

dorsal column-lemniscnl system. Even so, certain

modalities of sensation are tramimitted in this

system only and not at all m the dorsal column-
lemniscal system. These arc pain, thermal, tickle

and itch, and sexual sensations in oddition to crude

touch and pressure-

SOME SPECIAL ASPECTS OF
SENSORY FUNCTION

Function of the Thalamus In Somatle Bensatloa.
tVhen the somatosensory cortex of a human being i*

destroyed, that person loses most critical tactile sensi-

bilities, but a slight degree of crude tactile seiuibllity
does return. Therefore, it must be assumed that the
thalamus (as well as other lower centers) has a slight

ability to discriminate tactile sensation even though the
thalamus normally functions mainly to relay this type
of information to the cortex.

On the other hand, loss of the somatosensory cortex
has little effect on one’s perception of pain sensation
and only a moderate effect on the perception of temper-
ature. Therefore, there is much reason to believe that
the thalamus and other associated basal regions of the
brain play perhaps the dominant role in discrimination
of these sensibilities; It is interesting that these sensi-
bilities appeared very early in the phylogenetic devel-
opment of animalhood while the critical tactile sensibil-

ities were a late development.
Cortical Control of Sensory Sensitivity. Almost all

•ensory information that enters the cerebrum, except
that from the olfactory system, but including sensory
information from the eyes, the ears, the taste receptors,
and alt the somatic receptors, is relayed through one or
another of the thalarme nuclei. Furthermore, the con-
saouB brain is capable of directing its attention to

Afferent segments of the sensory system. This function
is believed to be mainly achieved through facilitation or

inhibition of the cortical receptive areas, perhaps as e
result of signals from the thalamus.

But, in addition, “corticofugal’’8ignals are transmitted
from the cortex to the lower relay stations in the sensory
pathways to inhibil transmission. For instance, cortico-

fugal pathways control the sensitivity of the synapses
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ngure 49-12. Th« dermatomes. (Modified from Crlrtker and

Sahs. Neurology Charles C Thomas. 1 946 ]

at all levels of the sensory pathways—m the thalamus,
in the brain stem reticular nuclei, tn the dorsal column
nuclei, and especially m the dorsal horn relay station of
the anterolateral system. Also, similar inhibitory mech-
anisms are known for the visual, auditory, and olfactory

eystems, which are discussed in later chapters Each
corticofugal pathway begins m the cortex where the
sensory pathway that it controls terminates. Thus, a
feedback control loop exists for each sensory pathway.

Obviously, corticofugal control of sensory input could

allow the cerebral cortex to alter the threshold for

different sensory signals. Also, it might help the brain

focus its attention on specific types of information, which
is an important and necessary characteristic of nervous
system function.

Automatic Gain Control in the Sensory Path-
ways, and Enhancement of Contrast One of the

byproducts of corticofugal inhibition is believed to be

automatic gain control in many if not roost of the sensory

pathways. That is, when excess sensory signals pass to

the brain, recurrent inhibition back to the cord decreases

the sensitivity of the sensory pathway. This obviously

prevents overloading of the pathway with signals. Also,

it helps to preserve contrast m the perception of sensory

signals because an excess of signals in the pathway
would deluge both the relay nuclei and the cerebral

cortex with such a high degree of excitation that it

would be impossible to distinguish the highlights fnm
the chaff

Segmental Fields of Sensation—^The Dermatomes.
Elach spinal nerve innervates a "segmental field” of the

skin called a deTmatome. The different dermatomes are

illustrated m Figure 49-12. However, these are shown
as if there were distinct borders between the adjacent

dermatomes, which is far from true because much over-

lap exists from segment to segment. Indeed, because of

the great overlap, the posterior roots from an entire

segment of the spinal cord can be destroyed without

causing significant loss of sensation in the skin.

Figure 4&-12 shows that the anal region of the body
lies in the dermatome of the most dist^ cord segment.

In the embryo, this is the tail region and is the most
distal portion of the body. The legs develop from the

lumbar and upper sacral segments rather than from the

distal sacral segments, which is evident from the der*

matomal map. Obviously, one can use a dermatoma]

map such as that illustrated in Figure 49-12 to deter-

mine the level m the spinal cord at which various cord

iiyunes may have occurred when the peripheral sensa-

tions are disturbed.
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Somatic Sensations:

H. Pain, Visceral

Pain, Headache, and
Thermal Sensations

Many, if not most, ailments of the body cause

pain. Furthermore, the ability to diagnose differ-

ent diseases depends to a great extent on a doctor’s

knowledge of the different qualities of pain. For

these reasons, the present chapter U devoted

mainly to pain and to the physiologic basis ofsome
of the associated clinical phenomena
The Purpose of Pniii. Pain is a protective

mechanism for the body; it occurs whenever any
tissues are being damaged, and it causes the in-

dividual to react to remove the pain stimulus-

Even such simple activities as sitting for a long

time on the ischia can cause tissue destruction

beimuse of lack of blood flow to the skin where the

skin is compressed by the weight of the body-

When the skin becomes painful as a result of the

ischemia, the person shifts weight unconsciously

A person who has lost the pain sense, such as after

spinal cord injury, fails to feel the pam and there-

fore fails to shift weight This eventually results

in ulceration at the areas ofpressure unless special

measures are taken to move the person from time
to time.

THE TWO TYPES OF PAIN AND THEIR
QUAimES—ACUTE PAIN AND
SLOW PAIN

Pain has been classified into two different major
types: acute patn and slow pain. Acute pain occurs

within about 0.1 second when a pain stimulus ta

applied, whereas slow pain begins only after a
second or more and then increases slowly ever a
period of many seconds and sometimes even min-
utes During the course of this ciiapter we ^all
see that the conduction pathways for these two
types of pain are different and that each of them
has specific qualities.

Acute pain is also described by many alternate

jS92

names, such as sharp pain, priding pain, fast pain,

electric pom. and others. This type of pain is felt

when a needle is stuck into the skin or when the

skin 1$ cut with a knife, and this pain is also felt

when the skm is subject^ to electric shock Acute,

sharp pam is not felt in most of the deeper tissues

of the body
Slow pam goes by multiple additional names

such as burning pcin, aching pain, throbbing pain,

nauseous pain, and chrome pain This type of pain

is usually associated with tissue destruction. It can

become excruciating and can lead to prolonged,

unbearable suITering. It can occur both in the skin

and in almost any internal tissue or organ.
We will learn later that the acute type of pain

IS transmitted through type A8 pain fibers,

whereas the slow type of pain results from stimu-
lation of the more primitive type C fibers.

MtTHODS FOR MEASURING THE
fERCEmON OF FAIN

The intensity of a stimulus necessary to cause pain

can be measured in many different ways, but the most
used methods have been pricking the skm with a pin at

measured pressures, pressing a solid object against a

protruding bone with measured force, pinching the skin,

oe beating the skin with measured amounts of heat. The
last method has proved to be especially accurate from a

quantitative point of view.
Figure 50-1 illustrates the basic principles of a heat

apparatus used for measuring pam threshold An in-

tense light is focused by a large condenser lens onto a
black spot painted on the forehead of the subject, and
the beat intensity delivered the light is controlled by

a rheostat In determining the subject’s threshold for

pain, the intensity cflhe heat is increased in progressive

steps, and the length of lime required for the forehead

to beat sufficiently to elicit pain is recorded for each

heat intensity. These data are then plotted in the form
ofn “strength-duration curve" to express pain threshold,

as shown in Figure 50-2. The lowest intensity of sUm-
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njure 50-1. Heat apparatus For measutlns pain threshold

(From Hardy. Wolff, and CoodelL /. Cfla Invest. 1

9

649. 1 940

)

ulus, illustrated by the dashed line in the fi^re, that

will excite the sensation of pain when the stimulus is

applied for a prolonged period of time is called the pain

threshold.

The Pain Threshold. Figure 50-3 shows graphically

the skin temperature at which pain is first perceived by

different persons. By far the greatest number perceive

pain when the skin temperature reaches almost exactly

45* C, and almost everyone perceives pain before the

temperature reaches 47* C. Indeed, measurements in

people 03 widely different os Eskimos. Indians, and
whites have shown little differences in their thresholds

for pain. However, different people do react very differ-

ently to pain, as is discussed later.

THE PAIN RECEPTORS
AND THEIR STIMULATION

Free Nerve Endings as Pain Receptors. The
pain receptors in the skin and other tissues are all

free nerve endings. They are widespread in the

superficial layers of the skin and also in certain

internal tissues, such as the periosteum, the orfe-

rial walls, the joint surfaces, and the falx and
tentorium of the cranial vault. Most of the other

deep tissues are not extensively supplied with pain

eridings but are weakly supplied; nevertheless, any
widespread tissue damage can still summate to

cause the slow-chronic-aching type ofpain in these

areas.

Figure SO-2. Strength-duration curve for depicting pain thresh-

old (From Hardy. / Chronic Dts.. 4 20. 1956)

figure 50-2. Distribution curve obtained from a large number
of subjects of the minimal skin temperature that causes pala
(Modified from Hardy J Chronic DI&. 4 22. 1 956

)

Types of Stimuli That Excite Pain Recep-
tors—Mechanical, Thermal, and Chemical.
Some pain fibers are excited almost entirely by
excessive mechanical stress or mechanical damage
to the tissues; these are called mechanosensitive

pain receptors. Others are sensitive to extremes of

heat or cold and therefore are called thermosensi-

twe pain receptors. And still others are sensitive

to various chemical substances and are called che-

mosensittve pain receptors. Some of the different

chemicals that excite the chemosensitive receptors

include bradykimn, serotonin, histamine, potaS’

stum ions, acids, prostaglandins, acetylcholine, and
proteolytic enzymes.
Though some pain receptors are mainly sensitive

to only one of the above types of stimuli, most are

sensitive to more than one of the types.

Nonadapting Nature of Pain Receptors. In

contrast to most other sensory receptors of the

body the pain receptors adapt either not at all or

almost not at all. In fact, under some conditions,

the threshold for excitation of the pain fibers be-

comes progressively lower and lower as the pain
stimulus continues, thus allowing these receptors

to become progressively more activated with time.

This increase in sensitivity of the pain receptors
is called hyperalgesia.

One can readily understand the importance of
this failure ofpain receptors to adapt, for it allows
them to keep the person apprised of a damaging
stimulus that causes the pain as long as it persists.

KATl Of TiSSUL DAMAGE
AS A CAUSE OF PAIN

The average critical temperature of 45® C at
which a person first begins to perceive pain is also
the temperature at which the tissues begin to be
damaged by heat; indeed, the tissues are eventu-



594 D rrie Nervous System

ally completely destroyed if the temperature re-

mains at this level indefinitely. Therefore, it is

immediately apparent that pain resulting from

heat 15 closely correlated with the ahillty of heat

to damage the tissues.

Furthermore, the intensity of pain has also been

closely correlated with the rate of tissue damage
caused by other cffecl-s besides heat, whether this

be damage caused by bacterial Infection, tissue

ischemia, tissue contusion, or otherwise.

Special Importance of Chemical Pain Stim-

uli During Tissue Damage. Extracts from dam-
aged tissues cause intense pain when iryccted

beneath the normal akin. Among the aubatanecs

m such extracts that are especially painful are

bradykinm, histamine, prostaglandins, acids, ex-

cesses ofpotassium ions, serotonin, and proteolytic

emymes, which are the same substances that are

known from clectrophysiological data to excite the

pain nerve endings. Obviously, many of tliofic sub-

stances could cause direct damage to the pain

nerve endings, especially the proteolytic enzymes
But some of the other substances, such as brady-

kinin and some of the prostaglandins, can cause

direct extreme stimulation of pain nervo fibers

without necessarily damaging them
Release of the various substances listed above

not only stimulates the chemosensitlvc pam end-

ings but also greatly decreases the threshold for

stimulation of the mcchanosensitlve and thermo-
scnsitivo pain receptors as well. A widely known
example of this is the extreme pain caused by
slight mechanical or heat stimuli following tissue

damage by sunburn
Tissue Ischemia ns a Cause of Pain. IVhen

blood flow to a tissue is blocked, the tissue becomes
very painful within a few minutes And the greater
the rate of metabolism of the tissue, the more
rapidly the pain appears For instance, if a blood
pressure cufT is placed around the upper arm and
inflated until the arterial blood flow ceases, exer-

cise of the forearm muscles can cause severe mus-
cle pain within 15 to 20 seconds. In the absence of
muscle exercise, the pam will not appear for three
to four minutes. Cessation of blood flow to the akin,

in which the metabolic rate is verj' low, usually
does not cause pain for about 20 to SO minutes
One of the suggested causes of pain in ischemia

is accumulation of large amounts of lactic acid in

the tissues, formed as a consequence of the anaer-
obic metabolism (metabolism without oxygen) that
occurs during ischemia Hov^ever, it is also possible

that other chemical agents, such as bradykinin,
proteolytic enzymes, and so forth, are formed in

the tissues because of cell damage and that
rather than lactic acid, stimulate the pain nerve
endings
Muscle Spasm as a Cause of Pain. Muscle

spasm is also a very common cause of pain, and it

is the basis of many clinical pain syndromes. This
pain probably results partially from the direct

elTpct of muscle spasm in stimulating mechonosss-

8itU*c pain receptors. However, it possibly rcso\t»

also from the indirect effect of muscle »p.ism io

causing ischemia and thereby stlmulnling cheTW-

sensitive pain receptors. The muscle spasm pol

only compresses the blood vc.^e!8 and diminifhes

bloi^ flow but aI.‘o Increases the rnteof mctabolira

in the muscle tissue at the same lime , thus mak>r-S

llie relative l*chcmin even greater, creating ld«l

conditions for release of chemical pain-induclns

substances

THE DUAL PATHWAY FOR
TRANSMISSION OF PAIN SIGNALS
INTO THE CENTRAL NERVOUS
SYSTEM

E\en though all pain endings are free nei^f

endings, thi-ie endings utilize two scparolc path-

ways for transmitting pain signals into the ccntfsl

ner\-ou5 system Tlic two pathways correspond ^
the twodilTcrent types ofpam, anacule-sharp poin
pathuoy, and n slow-chronic pain pathuay.
The Peripheral Pain Fiber*—^“Fasr aPd

“Slow” Fiber*. The ocute sharp pain signals tfi'f

transmitted In the peripheral nerves to the spiP*!

cord by small type A8 fibers ut vclocItJes ofbetween
6 and 30 meters per second On the other hstti
the s)ow<hronic type of pain Is transmitted hy

type C fibers at velocities of between 0 6 and 2

meters per K<ond. W'hen the type AS fibers ar*

blocked without blocking Iho C fi^rs by moderate
compression of the ner\e trunk, the acute sharp
pain disappears On the other hand, when the tyP*

C fibers ore blocked without blocking the delta

fibers by low concentrations of local ancsthclir.

the slow-chronic-achmg type of pain disappears^
Bccau.w of this double system of pain mnerva*

tion, a sudden onset of painful stimulus gives ®

“double” pom scnsaUtio.’ a Gist.,sharp pavafQUQwM
a second or so later by a slow, burning pain. Th®
sharp pam apprises the person very rapidly of ®

damaging influence and, therefore, plays an i^*
portant role in making the person react immedi*
ntely to remove hiraaclf or herself from the stim*
ulus. On the other hand, the slow, burnir*?

sensation tends to become more and more painful

over a penod of time. This sensation gives one th®

intolerable Buffering of long-continued pain.
Dual Processing of the Pnln Signals In Ih®

Spinal Cord. On entering the spinal cord from
the dorsal spinal roots, the pom fibers ascend
descend one to three segments in the trxut

Lissaucr that lies immediately posterior to th®

dorsal horn of the cord gray matter. TTien th®y
terminate on neurons in the dorsal horns. How-
ever, here again, there are two systems for pro^
essmg the pain signals prior to relaying the signals

to the brain, as illustrated in Figure 50-4. The^®
are:
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Figure 50-4. Tia;\$mi&&(on of both “acute-slurp" and "slow*

chiontc" pain signals Into and through the ^inal cord on the way
to the brain stem.

Processing of the ”fasf‘ pain signals: The “fast”

type AS pain hbera terminate at two points in the

dorsal horns, in lamina I (lamina marginaiis) and
lamina V, as shown by the medialmost dorsal root

fiber in the figure. In both of these laminae the

incoming pain fibers excite second order neurons
that send long fibers immediately to the opposite

side of the cord in the anterior commissure and
then upward to the brain in the lateral division of

the anterolateral sensory pathway, as described in

the previous chapter.

Processing of the “slow" signals: The type C
fibers that transmit the “alow” pain signals ter>

minate almost entirely in laminae II and 111 of the
dorsal horns, an area called the substantia gelatt-

nosa as shown by the latcralmost dorsal root fiber

in the figure. Most ofthe signals then pass through
one or more additional short-fiber neurons, even-
tually terminating mainly in lamina V. Here the
last neuron in the series gives rise to long axons,
most ofwhich join the fibers from the fast pathway
and pass through the anterior commissure to the
opposite side of the cord, then upward to the brain
via the lateral division ofthe anterolateral sensory
pathway. However, a few of these fibers do not
cross but instead pass ipsilaterally to the brain.

In the lateral division of the anterolateral path-
way, the fzist pain fibers and the slow fibers remain
differentiated from each other, the fast fibers hav-
ing diameters of 3 to 5 microns and the slow fibers

1 to 3 microns, and with correspondingly faster

transmission in the fast fibers.

Termination of the Fast-Acute Pain Path-
way in the Brain Stem and Thalamus. Figure
50-^ illustrates the pain pathways entering the
brain stem from the spinal cord. About three quar-
ters to nine tenths of all pain fibers terminate in
the reticular formation of the medulla, pons, and
mesencephalon. From these areas, higher order
neurons are transmitted to the thalamus, hypo-

thalamus, and other areas ofthe diencephalon and
cerebrum.
However, a small proportion of the pain fibers,

especially those that transmit the fast-acute type

of pain, pass directly to the thalamus and termi-

nate in the ventrobasal complex and posterior

nuclear group of the thalamus, along with the

sensory fibers from the dorsal column-lemniscal
pathway. From here signals are transmitted into

other areas ofthe thalamus and also to the somatic
sensory cortex. These signals to the cortex are

probably important mainly for localizing the pain,

not for interpreting it.

Termination of the Slow-Chronic Pain Fi-

bers in the Brain Stem and Thalamus. In con-

trast to the fibers of the acute-fast pain pathway,
those of the slow-chronic pathway terminate al-

most entirely in the reticular formation of the

brain stem. However, great numbers of signals are

relayed upward through this formation and finally

into the intralaminar nuclei of the thalamus. Both
the reticular area of the brain stem and the intra-

laminar nuclei are parts ofthe reticular activating

system. In Chapter 55 we will discuss in detail the

functions of this system; briefly, it transmits acti-

vating signals into essentially all parts of the

brain, especially upward through the thalamus to

all areas of the cerebral cortex and also laterally

into the basal regions of the brain around the

thalamus, including very importantly the hypo-

thalamus.
Thus, the slow-buming-aching pain fibers, be-

cause they do excite the reticular activating sys-

tem, have a very potent effect in activating essen-

TO: Somille

itnitrif
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figure 50-5. Transmission of pain signals Into the hindbrain,

thalamus, and cortex via the "pricking pain" pathway and the
*t>unyng pain" pathway.
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tially the entire nervous system—that is, to arouse

one from sleep, to create a state of excitement, to

create a sense of urgency, and to promote defense

and aversion reactions designed to rid the person

or animal of the painful stimulus.

The signals that are transmitted through the

slow-buming-aching pain pathway can be localized

only to very gross areas of the body. Therefore,

these signals are designed almost entirely for the

single purpose of calling one’s attention to inju-

rious processes in Ae They create suffering

that is sometimes intolerable. Their gradation of

intensity is poor; instead, even weak pain signals

can summate over a period of time by a process of

temporal summation to create an unbearable feel-

ing even though the same pain for short periods of

time may be relatively mild
Function of the Reticular Formation, Thal-

amus, and Cerehrol Cortex in the Apprecia-
tion of Pain. Complete removal of the somatic

sensory areas of the cerebral cortex does not de-

stroy one’s ability to perceive pain. 'Therefore, it is

believed that pain impulses entering only the re-

ticular formation, thalamus, and other lower cen-

ters can cause conscious perception of pain. How-
ever, this does not mean that the cerebral cortex

has nothing to do with normal pain appreciation;

indeed, electrical stimulation of the cortical so-

matic sensory areas causes a person to perceive

mild pam m approximately 3 per cent of the

stimulations It is believed that the cortex plays

an important role in interpreting the quality of

pain even though pain perception might be a
function of lower centers
Localization of Pain in the Body. Most local-

ization of pain probably results from simultaneous
stimulation of tactile receptors along with the pam
stimulation However, the acute type of pain,
transmitted through type A& fibers, can be local-

ized perhaps within 10 to 20 cm of the stimulated
area. On the other hand, the slow-buming-aching
type of pam, transmitted through C fibers, is lo-

calizable only very grossly, perhaps to a major part
of the body such as a limb but certainly not to

small areas. This is in keeping with the fact that
these fibers terminate extremely diffusely in the
brain stem and thalamus
Surgical Interruption of Pain Pathways. Often a

person has such severe and intractable pam (this often
results from rapidly spreading cancer) diat it is neces-
sary to relieve the pain To do this the pain pathway
can be destroyed at any one of several different points
If the pain is m the lower part of the body, a cordt}tomy
in the upper thoracic region often relieves the pain for
a few weeks to a few months To do this, the spinal cord
on the side opposite the pam is sectioned almost entirely
through its anterolateral quadrant, which interrupts
the anterolateral sensory pathway

Unfortunately, though, the cordotomy is not always
successful in relieving the pam for two reasons First,

many of the pain fibers from the upper part of the body
do not cross to the opposite side of the spinal cord until

'they have reached the brain so that the cordotomy dws

not transect these fibers. Second, pain frequently return

several months later; indeed, the new pain is often eve:

more objectionable than the original pain This pai:

presumably is transmitted m the dorsal half of the con

but the locus and destination of the fiber pathways at

unknown.
An experimental operative procedure to relieve pai

13 to place lesions in or around the pain-receptive area

of the thalamus to block the pain pathway at this poia

It has been claimed that destruction of portions of th

intralaminar nuclei in the thalamus can relieve th

suffering elicited by pain while still leaving intact one'

appreciation of “acute" pain, which remains an impoi

tant protective mechanism.

A PAIN CONTROL (“ANALGESIA”)
SYSTEM IN THE GRAIN AND
SPINAL CORD

The degree to which each person reacts to pain

varies tremendously This results partly from the

capability of the brain itself to control the degree

of input of pain signals to the nervous system by

activation of o pain control system, called an an-

algesia system
The analgesia system is illustrated in Figure

50-6 It consists of three major components (plus

other accessory components):
(1) The periaqueductal gray area of the mesen-

cephalon and upper pons surrounding the aqueduct

ngur« 50-«.The analgesia system of the brain stem and spinal

cord, showlns Inhibition of Incoming pain signals at the cord
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of Sylvius. Neurons from this area send their

signals to

(2) the raphe magnus nucleus, a thin midline
nucleus located in the lower pons and upper me-
dulla. From here the signals are transmitted down
the spinal cord to

(3) a pain inhibitory complex located in the dorsal

horns of the spinal cord. At this point the pain

signals can be blocked before they are relayed on
to the brain.

Electrical stimulation in either the periaqued-

uctal gray area or in the raphe magnus nucleus
can almost completely suppress many very strong
pain signals entering by way of the dorsal spinal

roots. Also, stimulation of areas at still higher
levels of the brain that in turn excite the peria-

queductal gray, especially the periventricular nu-
clei in the hypothalamus lying adjacent to the third

ventricle and to a lesser extent the medial fore-

brain bundle also in the hypothalamus, can sup-
press pain though perhaps not quite so much so

Several different transmitter substances are in-

volved in the analgesia system; especially involved

are enkephalin and serotonin. Many of the nerve
fibers derived from both periventricular nuclei and
the periaqueductal gray area secrete enkephalin
at their endings. Thus, as shown in Figure 50-6,

the endings of many of the fibers in the raphe
magnus nucleus release enkephalin The filers

originating in this nucleus but terminating in the

dorsal horns of the spinal cord secrete serotonin at

their endings. The serotinin in turn acts on still

another set of local cord neurons that are believed

to secrete enkephalin. The enkephalin, in some
way not presently understood, is believed to cause

presynaptic inhibition of the incoming pain fibers

to laminae 1 through V in the dorsal horns
Thus, the analgesia system can block pain sig-

nals at the initial entry point to the spinal cord.

In fact, it can also block many of the local cord
reflexes that result from pain signals, especially
the withdrawal reflexes that will be described in

the following chapter.
It is probable that this analgesia system can

also inhibit pain transmission at other points in
the pain pathway

,
especially in the reticular nuclei

in the brain stem and in the intralaminar nuclei
of the thalamus.
Most important, it must be noted that this pain

analgesia system is capable of blocking both the
fast-sh£up type of pain and also the slow-buming-
aching type of pain.

The Brain's Opiate System—
^
The Endorphins and Enkephalins

More than 20 years ago it was discovered that
injection of extremely minute quantities of mor-
phine into either the periventricular nucleus
around the third ventricle of the diencephalon or
into the periaqueductal gray area of the brain.

stem will cause an extreme degree of analgesia. In
subsequent studies, it has now been found that
morphine acts at still many other points in the
analgesia system, including both m the raphe
magnus nucleus and in the dorsal horns of the
spinal cord. Because most drugs that alter the
excitability of neurons do so by acting on synaptic
receptors, it was assumed that the “morphine-
receptors” of the analgesia system must in fact be
receptors for some morphine-like neurotransmilter
that is naturally secreted in the brain. Therefore,

20 years ago an extensive search was set into

motion for a natural opiate of the brain. At least

nine such opiate-like substances have now been
found in different points of the nervous system.
Furthermore, multiple areas of the brain have
been shown to have opiate receptors, especially

the areas in the analgesia system. Among the
more important of the opiate substances are:

(a) ^-cndo»7>hm,
(b) met-enkephalin,

(c) leu-enkephalin, and
(d) dynorphin
The two enkephalins are found in the portions

of the analgesia system described earlier, and 3*

endorphin is present both in the hypothalamus
and in the pituitary gland. In addition, the pitui-

tary gland contains a large peptide, ^-lipotropin,

that includes within its molecule p-endorphin; and
P-endorphin includes within its molecule met-en-

kephalin and presumably can release this enke-
phalin slowly over a prolonged period of time.

Dynorphin, though found m only minute quan-
tities in nervous tissue, is important because it is

an extremely powerful opiate, having 200 times as

much pain-kilhng effect as morphine when in-

jected directly into the analgesia system.

Thus, although alt the fine details of the brain’s

opiate system are not yet entirely understood,

nevertheless activation of the analgesia system

either by nervous signals entering the penaque-
ductal gray area or by morphine-Iike drugs can

totally or almost totally suppress many pain sig-

nals entering through the peripheral nerves

INHIBITION or PAIN TRANSMISSION AT
THE CORD LEVEL BY TACTILE SIGNALS

Another important landmark in the saga of pain

control was the discovery that stimulation of large

sensory fibers from the peripheral tactile receptors de-

presses the transmission of pain signals either from the

same area of the body or even from areas sometimes

located many segments away. This explains ^hy such

simple maneuvers as rubbing the skin near painful

areas is often very effective in reliecang pain. And it

probably also explains why liniments are often useful

in the relief of pain. This mechanism and simultaneous

psydiogenic excitation of the central analgesia system

are prob^Iy also the basis ofpain relief by acupuncture.

Treatment of Pain by Electrical Stimulation. Sev-

eral clinical procedures have been developed recently

for suppressing pain by stimulating large sensory ncr\e
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fibers The stimulating electrodes are placed on selected

areas of the skin, or on occasion they have been im-

planted over the spinal cord to stimulate the dorsal

sensory columns. And, in a few patients, electrodes have

even been placed stereotaxically m the periventricular

or periaqueductal area of the diencephalon. The patient

can then personally control the degree of stimulation.

Dramatic relief has been reported m some instances

REFERRED PAIN

Often a person feels pain in a part of his or her body

that IS considerably removed from the tissues causing

the pain This pain is called refernd pain. Usually the

pain is initiated m one of the visceral organs and
referred to an area on the body surface Also, pain may
be referred to another deep area of the body not exactly

coincident with the location of the viscus producing the

pam A knowledge of these dififerent types of referred

pain IS extremely important in clinical diagnosis because

many visceral ailments cause no other signs except

referred pain
Mechanism of Referred Pain. Figure 50-7 illus-

trates the most likely mechanism by which most pam
is referred In the figure, branches of visceral pain fibers

are shown to synapse in the spinal cord with some of

the same second older neurons that receive pam fibers

from the skin When the visceral pain fibers are stimu*
lated, pain signals from the viscera are then conducted
through at least some of the same neurons that conduct
pain signals from the skin, and the person has the
feeling that the sensations actually onginate in the skm
Itself

RUERRID PAIN CAUSED BY
RLfLVC AfU5CUL4ft SPASM

Some types of referred pam are caused secondarily by
reflex muscular spasm For instance, pain in a ureter
can cause reflex spasm of the lumbar muscles Ofien the
pam from the ureter itself is hardly felt at all, but
instead almost all the pain results from spasm of the
muscles

Tlgiire 50-7. Mechanism of refeired pain and referred hyper
. algesia.

Many back pains and some types of headache also

appear to be caused by muscular spasm, the spasm bein|

excited reflexly from much weaker pain signals origi-

nating elsewhere in the body.

VISCERAL PAIN

In clinical diagnosis, pain from the different viscera

of the abdomen and chest is one of the few critena that

can be used for diagnosing visceral inflammation, dis-

ease, and other ailments. In general, the viscera hare

sensory receptors for no other modalities of sensation

besides pain Also, visceral pain differs from surface

pain m several important aspects.

One ofthe most important differences between surface

pam and visceral pain is that highly localized types of

damage to the viscera rarely cause severe pain For

instance, a surgeon can cut the gut entirely in two in a

patient who is awake without causing significant pain.

On the other hand, any stimulus that causes diffuse

stimulation of pain nerve endinge throughout a viscus

causes pain that can be extremely severe. For instance,

ischemia caused by occluding the blood supply to a largo

area of gut stimulates many diffuse pain fibers at the

same time and can result in extreme pain

CAUSES OF TRUE VISCERAL PAIN

Any stimulus that excites pain nerve endings in

diffuse areas of the viscera causes visceral pain. Such
stimuli include ischemia of viscera) tissue, chemical

damage to the surfaces of the viscera, spasm of the

smooth muscle in a hollow viseus. distention of a hollow

viscus. or stretching of the ligaments.
Essentially all the true visceral pain originating in

the thoracic and abdominal cavities is transmuted
through sensory nerve fibers that run in the sympathetic
nerves These fibers are small tjTJe C fibers and, there-

fore. can transmit only the chronic-buming-aching type

of pam The pathways for transmitting true visceral

pain will be discussed in more detail later in this

chapter
Ischemia. Ischemia causes visceral pain in exactly

the same way that it does in other tissues, presumably
because ofthe formation ofacidic metabolic end-produ^
or tissue degeneratiie products, such as bradykinin,

proteolytic enzymes, or others that stimulate the pain

nerve endings
Chemical Stimuli. On occasion, damaging substances

leak from the gastrointestinal tract into the peritoneal

cavity For instance, proteolytic acidic gastricjuice often

leaks through a ruptured gastric or duodenal ulcer. This
juico causes widespread digestion of the visceral perito-

neum, thus stimulating extremely broad areas of pain

fibers The pain is usually extremely severe.
Spasm of a Hollow Viscus. Spasm of the gut, the

gallbladder, a bile duct, the ureter, or any other hollow

viscus can cause pain in exactly the same way that

spasm of skeletal muscle causes pain. This possibly

,

results from mechanical stimulation of the pain endings

Or its cause might be diminished blood flow to the

muscle combined with increased metabolic need of the

muscle for nutrients TTius, relative ischemia could de-

velop, which causes severe pain.
Often, pain from a spastic viscus occurs in the form

of cramps, the pain increasing to a high degree of
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severity and then subsiding, this process continuing

rhythmically once every few minutes. The rhythmic
cycles result from rhythmic contraction of smooth mus-
cle. For instance, each time a peristaltic wave travels

along an overly excitable spastic gut, a cramp occurs.

The cramping type of pain frequently occurs in gastroen-

teritis, constipation, menstruation, parturition, gall-

bladder disease, or ureteral obstruction.

Overdistension of a Hollow Viscus. Extreme ov-

erfilling of a hollow viscus also results in pain, presum-
ably because of overstretch of the tissues themselves.

However, overdistension can also collapse the blood

vessels that encircle the viscus, or that pass into its

wall, thus perhaps promoting ischemic pain.

fnsensitfve Viscera

A few visceral areas are almost entirely insensitive

to pain of any type. These include the parenchyma of

the liver and the alveoli of the lungs. Yet the liver

capsule is extremely sensitive to both direct trauma and
stretch, and the biU duels are also sensitive to pain In
the lungs, even though the alveoli are insensitive, the
bronchi and the parietal pleura are both very sensitive

to pain.

“PARJETAL" PAIN CAUSED BY
VISCERAL DAMAGE

In addition to true visceral pain, some pain sensations

are also transmitted from the viscera through nonvis*

ceral nerve fibers that innervate the parietal pento*
neum, pleura, or pericardium.

Characteristics of Parietal Visceral Palo, When a
disease alTecta a viscus, it often spreads to the parietal

wall of the visceral cavity. This wall, like the skin, is

supplied with extensive iimervation from the spina)

nerves, not from the sympathetic nerves, including the
“fast" delta fibers which are different from the “slow"
type C fibers in the true visceral p^ pathways of the
sympathetic nerves. Therefore, pain from the panetal
wall of the visceral cavity is frequently very sharp and
pricking in quality, though it can also have burning and
aching qualities as well if the pain stimulus is diffuse.

To emphasize the difference between this pain and true
visceral pain: a knife indsion through the parielal per-

itoneum is very painful, even though a simitar cut
through the visceral peritoneum or through a gut is not
painfij.

LOCAUZATION Of VISCERAL PAIN—
THE ‘VISCERAL"AND THE “PARIETAL"
TRANSMISSION PATHWAYS

Pain from the different viscera is frequently difficult

to localize for a number of reasons. First, the brain does
not know from firsthand experience that the different

organs exist, and, therefore, any pain that originates

internally can be localized only generally. Second, sen-

sations from the abdomen and thorax arc transmitted
by two separate pathways to the central nervous sys-

tem—the true visceralpathway and the panetalpathway.
The true viscer^ pain is transmitted via sensory fibers

of the autonomic nervous system, and the sensations

are referred to surface areas of the body often Car from
the painful organ. On the other hand, panetal sensations

are conducted directly into the local spinal nerves from
the parietal peritoneum, pleura, or pericardium, and the
sensations are usually localized directly over the painful
area.

The True Visceral Pathway for TVansmlsslon of
Pain. Most of the internal organs of the body are
supplied by type C pain fibers that pass along the
visceral sympathetic nerves into the spinal cord and
thence up the lateral division of the anterolateral sen-

sory pathway along with the pain fibers from the body’s
surface. A few visceral pain fibers—those from the distal

portion of the colon, f^rom the rectum, and from the
bladder—enter the spinal cord through the sacral para-
sympathetic nerves, and some enter the central nervous
system through various cranial nerves. These include

fibers in the glossopharyngeal and vagus nerves which
transmit pain from the pharynx, trachea, and upper
esophagus Some fibers fivm the surfaces of the dia-

phregm as well as from the lower esophagus are also

carried m the phrenic nerves
Localization ofReferred Pain Transmitted by the

Visceral Pathways. The position in the cord to which
visceral afferent fibers pass from each organ, as well as

the position on the surface of the body to which pain is

referred—as illustrated m Figure 50-8, depends on the
segment of the body from which the organ developed
embryologically For instance, the heart onginated in

the neck and upper thorax. Consequently, ^e heart’s

visceral pain fibers enter the cord all the way from
segment C-3 down to T-5 The stomach had its origin

approximately from the seventh to the ninth thoracic

segments of the embryo, and consequently the visceral

aflerenU from the stomach enter the spinal cord between
these levels The gallbladder had its ongin almost en-

tirely in the mnth thoraoc segment, so that the visceral

afferenls from the gallbladder enter the spinal cord at

T-9.
Because the visceral afferent pain fibers are respon-

sible for transmitting referred pain from the viscera,

the location of the referred pam on the surface of the

body IS in the dermatome of the segment from which

the visceral organ was ongmally derived m the embryo.
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nsure 50-9. Vljcer2l and parietal (ransmlssfon pan from

(he appendix

Some of the areas of referred pain on the surface of the

body are shown m Figure 50-fi.

The Parietal Pathway for Transmission of Ab>
domlnal and Thoracic Pain. A second set of pam
fibers penetrates inward from the spinal nerves that
supply the external body surfaces to innervate as well

the parietal peritoneum, panetal pleura, and parietal

pericardium Also, retroperitoneal visceral organs and
perhaps portions of the mesentery are innervated to

some extent by parietal pain fibers The kidney, for

instance, is supplied by both visceral and panetal fibers

Pam from the viscera is frequently localized to two
surface areas of the body at the same time because of

the dual pathways for transmission of pain Figure 50-
9 illustrates dual transmission of pain from an inflamed

appendix Impulses pass from the appendix through the
sympathetic visceral pain fibers into the sympathetic
chain and then into the spinal cord at approximately T>
10 or T-11, this pain is referred to an area around the
umbilicus and is of the aching, cramping type On the
other hand, pam impulses also often originate in the
parietal pentoneum where the inflamed appendix
touches the abdominal wall, and these impulses pass
through the spmat nerves into the spinal cord at a level

of approximately L-1 or L-2. This pain is localized

directly over the imtated peritoneum in the nght lower
quadrant of the abdomen and is of the sharp type

mClRAL PAIN rnoM various organs

Cardiac Pain. Almost all pam that originates in the
heart results from ischemia secondary to coronary scle-

rosis, which was discussed in Chapter 25 Tins pam is

referred mainly to the base of the neck, over the shoul-
ders, over the pectoral muscles, and down the arms.
Most frequently, the referred pam Is on the left side
rather than on the right—probably because the left side
of the heart is much more frequently involved in coro-

- nary disease than is the nght side—but occasionally

^ referred pam occurs on the right side of the body as well
as on the left.

The pam impulses are conducted through sympathetic

nerves passing to the middle cervical ganglia, to the

stellate ganglia, and to the first four or five thoradc

ganglia of the sympathetic chains. Then the impulsei

pass into the spinal cord through the second, third,

fourth, and fifth thoracic spinal nerves

Direct Parietal Pain front the Heart. When coro-

nary ischemia is extremely severe, such as immediately

after a coronary thrombosis, intense cardiac pain fre-

quently occurs directly underneath the sternum simul-

taneously with pam referred to other areas This direct

pam from underneath the sternum is difficult to explain

on the basis ofthe visceral nerve connections. Therefore,

it IS highly probable that sensory nerve endings passing

from the heart through the pericardial reflections

around the great vessels conduct this direct pain.

In addition to pam from the heart, other sensations

may accompany coronary thrombosis One of these is a

tight, oppressive sensation beneath the sternum. The

exact cause of this is unknown, but a possible cause is

reflex spasm of blood vessels, bronchioles, or muscles in

the chest region.

Esophageal Pain. Pam from the esophagus is usually

referr^ to the pharynx, to the lower neck, to the arms,

or to midime chest regions beginning at the upper

portion of the sternum and ending approximately at the

lower level of the heart Imtation of the gastric end of

the esophagus may cause pain directly over the heart,

though the pain has nothing whatever to do with the

heart Such pain may be caused by spasm of the lower

esophageal sphincter, or it may result from chemical,

bacterial, or other types of inflammatory irritations.

Gastric Pain. Pam arising m the fundus of the

stomach—usually caused by gastritia~-ls referred to the

anterior surface of the chest or upper abdomen, from

slightly below the heart to an inch or so below the

xyphoid process 'Hus pain is frequently characterized

as burning pam. it, or pam from the lower esophagus,

causes the condition known as “heartburn."
Most peptic ulcers occur within 1 to 2 inches on either

side of the pylorus m the stomach or in the duodenum,
and pam from such ulcers is usually referred to a surface

point approximately midway between the umbilicus and

the xiphoid process The cause of ulcer pain is almost

undoubtedly chemical, because when the acid juices of

the stomach are not allowed to reach the pam fibers in

the ulcer crater the pain docs not exist This pain is

characieristically intensely burning
Biliary and Gallbladder Pain. Pain from the bile

ducts and gallbladder is localizedm the midepigastrium
in aimost the same place as pain caused by peptic ulcers.

Also, biliary and gallbladder pam is often burning, like

that from ulcers, though cramps often occur too

Biliary disease, in addition to causing pain on the

abdominal surface, frequently refers pam to a small

area on the back at the tip of the right scapula. This

pam is transmitted through sympathetic afferent fibers

that enter the ninth thoracic segment of the spinal cord.

Pancreatic Pain. Lesions of tte pancreas, such as

acute or chronic pancreatitis m which the pancreatic

enzymes eat away the pancreas and surrounding struc-

tures, promote intense pam in areas both anterior to

and behind the pancreas. It should be remembered that

the pancreas is located beneath the parietal pentoneum
and that it receives many parietal sensory fibers from

the posterior abdominal wall. Therefore, the pam is

usually localized directly behind the pancreas in the

back and is severe and burning in character.
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Renal Pain. The kidney, kidney pelvis, and ureters
are all retroperitoneal structures and receive most of
their pain fibers directly from skeletal nerves. Therefore,

pain is usually felt directly behind the ailing structure.

However, pain occasionally is referred via visceral af-

ferents to the anterior abdominal wall below and about
2 inches to the side of the umbilicus.

Pain from the bladder is felt directly over the bladder,

presumably because the bladder is well innervated by
parietal pam fibers Hov,cver, pain also is sometimes
referred to the groin and testicles because some nerve
fibers from the bladder apparently synapse m the cord
in association with fibers from the gemtal areas

Uterine Pain. Both parietal and visceral afferent pain

may be transmitted from the uterus. The low abdominal
cramping pains of dysmenorrhea are mediated through
the sympathetic afferents, and an operation to cut the
hypogastric nerves between the hypogastric plexus and
the uterus will in many instances relieve this pain On
the other hand, lesions of the uterus that spread into

the adnexa around the uterus, or lesions of the fallopian

tubes and broad ligaments, usually cause pain in the
lower back or side This pain is conducted over parietal

nerve fibers and is usually sharper in nature than the
diffuse cramping pain of true dysmenorrhea

SOME CLINICAL ABNORMALITIES
OF PAIN AND OTHER SENSATIONS

HYPIRALCESIA

A pain pathway may become excessively excitable,
this ^ves rise to hyperalgesia, which means hypersen*
sitivity to pain. The baste causes of hyperalgesia are (1)

excessive sensitivity of the pain receptors themselves,
which IS called primary hyperalgesia, or facilitation of
sensory transmission, which is called secondary hyper-
algesia.

An example of pnmary hyperalgesia (s the extreme
sensitivity of sunburned skin. Secondary hyperalgesia
frequently results from lesions in the spinal cord or in
the thalamus Several of these will be discussed in
subsequent sections.

THf THAlAMfC SYNDROME

Occasionally the posterolateral branch of the posterior
cerebral artery, a small artery supplying the postero-
ventral portion of the thalamus, becomes blocked by
thrombosis so that the nuclei of this area of the thalamus
degenerate, while the medial and anterior nuclei of the
thalamus remain intact. The patient suifers a senes of
abnormalities, as follows: First, loss of almost all sen*
sations from the opposite side of the body occurs because
of destruction of the relay nuclei. Second, ataxia (ina-

bility to control movements precisely) may be evident
because of loss of position and kinesthetic signals nor-
mally relayed through the thalamus to the cortex. Third,

,
after a few weeks to a few months some sensory percep-
tion in the opposite side of the body returns, but strong
stimuli are usually necessary to elicit this. When the
sensations do occur, they are poorly—if at all—localized,

almost always very painful, sometimes lancinating, re-

gardless of the type of stimulus applied to the body.
Fourth, the person is likely to perceive many affective

sensations of extreme unpleasantness or, rarely, ex-

treme pleasantness; the unpleasant ones are often as-

sociated with emotional tirades.

The medial nuclei of the thalamus are not destroyed
by thrombosis of the artery. Therefore, it is believed
that these nuclei become facilitated and give nse to the
enhanced sensitivity to pain transmitted through the
reticular system as well as to the affective perceptions

HERPES ZOSTER

Occasionally a herpes virus, which is believed to be
identical to the chickenpox virus, infects a dorsal root

ganglion. This causes severe pain in the dermatomal
segment normally subserved by the ganglion, thus elic-

iting a segmental type of pain that circles halfway
around the body The disease is called herpes zoster, and
the pain is commonly called “shingles

”

There are two possible causes of the pain of herpes
zoster One is that the disease destroys mainly the large

mechanoreceptor afferent sensory fibers This theoreti-

cally could reduce the normal inhibitory effect of these
fibers on the pam pathway in the substantia gelatinosa

of the dorsal horn. Therefore, pam signals could become
exacerbated m the absence of this inhibition

A second possibility is that the irritated neuronal cell

bodies of the root ganglion are stimulated to excessive

activity and thereby cause the pam

TIC DOULOUREUX

Lancinating pains occur m some persons over one side

of the face m part of the sensory distribution area of the

fifth or ninth nerves; this phenomenon is called fie

douloureux (or tngeminal neuralgia ot glossopharyngeal

neuralgia). The pains fee) like sudden electric shocks,

and they may appear for only a few seconds at a time

or they may be almost continuous Often, they are set

off by exceedingly sensitive "tngger areas" on the sur-

face of the face, m the mouth or in the throat—almost
always by a mechanoreceptive stimulus instead of a

pain stimulus For instance, when the patient swallows

a bolus of food, as the food touches a tonsil it might set

off a severe lancinating pam m the mandibular portion

of the fifth nerve

The pain of tic douloureux can usually be blocked by
cutting the peripheral nerve from the hypersensitive

area. The sensory portion of the fifth nerve is often

sectioned immediately inside the cranium, where the

motor and sensory roots of the fifth nerve can be sepa-

rated so that the motor portions, which are needed for

many of the jaw movements, are spared while the

sensoiy elements are destroyed Obviously, this opera-

tion leaves the side of the face anesthetic, which m itself

may be annoying. Furthermore, it is sometimes unsuc-

cessful. indicating that the lesion might be more central

than the nerves themselves.

THE BROWS-SEQUARD SYNDROME

Obviously, if the spinal cord is transected entirely, all

sensations and motor functions distal to the segments

of transection are blocked, but if only one side of the

spinal cord is transected, the so-called Brown-S^quard
syndrome occurs. The following effects of such a tran-

e^ion occur, and these can be predicted from a knov^l-

edge of the cord fiber tracts illustrated m Figure 50-10;
All motor functions are blocked on the side of the
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flsure SO-tO. Cross-secdon oF (he spinal card, showing prin-

cipal ascending (raca on (he right and principal descending (rac(s

on (he left

transection in all segments below the level of the tran-

section, yet, only some of the modalities of sensation are

lost on the transected side and others ore lost on the

opposite aide The sensations of pain, heat, and cold ere

lost on the opposite side of the body in all dermatomes
two to six segments telow the level of the transection

The sensations that are transmitted only in the dorsal

and (jorsolateral columns—kinesthetic end position sen-

sations, vibrotion sensation, discrete localisation, and
two-point discrimination—are lost entirely on the aide

of the transection in all dermatomes below the level of

the transection. Touch is impaired on the side of the
transection because the principal pathway for transmis-

sion of light touch, the dorsal columns, is transected.

Yet, “erade touch," which is poorly localized, sliM per-

sista because of transmission in the opposite ventral

spinothalamic tract.

HEADACHE

Headaches arc actually referred pain to the surface of

the head from the deep structures. Many headaches
result from pain stimuli ansing inside the cranium, but
equally as many probably result from pain arising

outside the cranium.

HEADACHl or IfWlACKANIAL ORIGIN

Pain-Sensitive Areas In the Cranial Vault The
brain itself is almost totally insensitive to pain. Even
cutting or electrically stimulating the somatic sensory
areas of the cortex only occasionally causes pain, in-

stead, it causes tactile pins and needles types of pares-

thesias on the area of the body represent^ ^ the
portion of the sensory cortex stimulate Therefore, it is

obvious from the outset that much or most of the pain
of headache probably is not caused by damage within
the brain itself

On the other hand, lugging on the vencut sinuses,

damaging the tentonum, or stretching the dura at the
base of the brain can all cause intense pain that is

recognized as headache. Also, almost any type of trau-
matizing, crushing, or stretching stimulus to the ftfood

vessels ofthe dura can cause headache. A very sensitive
structure is the middle meningeal artery, and neurosur-
geons ore careful to anesthetize this artery specifically

when performing brain operations under local anes-

thesia.

Areas of the Head to Which Intracranial Head-

ache Is Referred. Stimulation of pain receptors in the

intracranial vault above the tentorium, including the

un>«r surface of the tentonum itself, initiates impulses

in the fifth nerve and, therefore, causes referred head-

ache to the front half of the head in the area supplisd

by the fifth cranial nerve, as illustrated in Figure 50-

11 .

On the other hand, pain impulses from beneath the

tentonum enter the central nervous system mainly

through the second cervical nerve, which also supplies

the scalp behind the ear. Therefore, subtentorial pain

stimuli cause “occipital headache” referred to the pos-

terior part of the head as shown m Figure 50-11.

Types of Intracranial Headache. Headache of

fifeningitis. One of the most severe headaches of all is

that resulting from meningitis, which causes inflam-

mation ofall the meninges, including the sensitive areas

of the dura and the sensitive areas around the venous

sinuses. Such intense damage as this can cause extreme

headache pain referred over the entire head
Headache Resulting from Direct Menlogeal

TYauma. Following a bram operation the patient ordi-

narily has intense headache for several days to several

weeks. Though part of this headache may result from

the bram trauma, experiments indicate that most of it

results from meningeal irritation.

Another type of meningeal trauma that almost invar-

iably causes headache is the meningeal irritation re-

sulting from brain tumor Usually, tumor headache U
referred to a localized area of the head, the exact area

depending on the portion of the meninges aiTeeted by

the tumor Since a tumor above the tentorium is likely

to refer its pain to the front half of the head end any

tumor below the tentorium to the occipital region of the

skull, the general location of an intracranial tumor can

often be predicted from the area of the headache
Headache Causeif by Low Cerebrospinal F7u/d

pressure. Removing as little as 20 ml of fluid from the

spmal canal, particularly if the person remains In the

upright position, often causes intense intracranial head-

ache Removing this quantity of fluid removes the flo-

tation for the brain that is normally provided by the

Broin stem ond
Cerebral vouU cerebellar voull

figure 50-1 1. Areas of headache resoldng from dlffcreoi

causes.
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cerebrospinal fluid. Therefore, the weight of the brain
stretches the various dural surfaces and thereby elicits

the pain which causes the headache.

3£t^aine Headache. Migrame headache is a special

type ofheadache that is thought to result from abnormal
vascular phenomena, though the exact mechanism is

unknown.
Migraine headaches often begin with various prodro-

mal sensations, such as nausea, loss of vision in part of

the field of vision, visual aura, or other types of sensory

hallucmations. Ordinarily, the prodromal symptoms be-

gin half an hour to an hour prior to the beginning of

the headache itself. Therefore, any theory that explains

migraine headache must also explain these prodromal
symptoms.
One of the theories of the cause ofmigraine headaches

is that prolonged emotion or tension causes refiex vas-

ospasm of some of the arteries of the head, including

arteries that supply the brain itself The vasospasm
theoretically produces ischemia of portions of the brain,

and this is responsible for the prodromal symptoms.
Then, as a result of the intense ischemia, something
happens to the vascular wall to allow it to become flaccid

and incapable of maintaining vascular tone for 24 to 48
hours. The blood pressure in the vessels causes them to

dilate and pulaahs intensely, and it is postulated that

the excessive stretching of ^e walls of the arteries

—

including the extracramal artenes such as the temporal

artery--<auses the actual pain of migraine headaches
However, it is possible that diffuse aftereffects of is-

chemia in the brain itself are at least partially if not

mainly responsible for this type of headache.

Alcoholic Headache, As many people have experi-

enced, a headache usually follows an alcoholic binge. It

Is most likely that alcohol, because it is toxic to tissues,

directly iiritates the meninges and causes intracranial

pain.

Headache Caused by Constipation. Constipation

caiuea headache In many persons Because it has been
shown that constipation headache can occur in persons
whose spinal cords have been cut, we know that this

headache is not caused by nervous impulses from the
colon. Therefore, it possibly results from absorbed toxic

products or from changes in the circulatory system
resulting from loss of fluid into the gut.

EXTRACRANIAL TYPES OF HEADACHE

Headache Resulting fr'om Muscular Spasm. Emo-
tional tension often causes many of the muscles of the
head, including especially those muscles attached to the
scalp and. the neck muscles attached to the occiput, to

become spastic, and it is postulated that this is one of
the common causes of headache. The pain of the spastic

head muscles supposedly is referred to the overlying
sreas of the head and gives one the same type of
headache as do intracramal lesions.

Headache Caused by Irritation of the Nasal and
Accessory Nasal Structures. The mucous membranes
of the nose and also of all the nasal sinuses are sensitive

^
to pam, but not intensely so. Nevertheless, infection or
other irritative processes in widespread areas of the
nasal structures usually cause headache that is referred
behind the eyes or, in tiie case of frontal sinus infection,

to the frontal surfaces of the forehead and scalp, as
illustrated in Figure 50-11. Also, pain from the lower
sinuses—such as the maxillary sinuses—can be felt in
the face.

Headache Caused by Eye Disorders. Difficulty in
focusing one’s eyes clearly may cause excessive contrac-
tion of the ciliary muscles in an attempt to gain clear
vision. Even though these muscles are extremely small,
tonic contraction ofthem can be the cause of retroorbital
headache. Also, excessive attempts to focus the eyes can
result in reflex spasm in various facial and extraocular
muscles, which is also a possible cause of headache.

A second type of headache originating in the eyes
occurs when the eyes are exposed to excessive irradiation

by ultraviolet light rays. Watching the sun or the arc of

an arc-welder for even a few seconds may result in

headache that lasts from 24 to 48 hours. The headache
sometimes results from “actinic” irritation of the con-

junctivae, and the pain is referred to the surface of the
head or retro-orbit^Iy However, focusing intense light

from an arc or the sun on the retina can actually bum
the retina, and this could result in headache.

THERMAL SENSATIONS

THERMAL RECEPTORS AND THEIR
EXCHATION

The human being can perceive different grada-

tions of cold and heat, progressing from freezing

cold to cold to cool to indifferent to warm to hot to

burning hot.

Thermal gradations are discriminated by at

least three different types of sensory receptors; the

cold receptors, the warmth receptors, and pain

receptors. The pain receptors are stimulated only

by extreme degrees of heat or cold and therefore

are responsible, along with the cold and warmth
receptors, for “freezing cold" and “burning hot”

sensations.

The cold and warmth receptors are located im-

mediately under the skin at discrete but separated

points, each having a stimulatory diameter of

about 1 mm In most areas of the body there are

three to ten times as many cold receptors as

warmth receptors, and the number in different

areas of the body vanes from as great as 15 to 25
cold points per square centimeter in the lips, to 3

to 5 cold points per square centimeter in the Anger,

to less than I cold point per square centimeter in

some broad surface areas of the trunk. There are
correspondingly fewer numbers of warmth points.

Though it is quite certain on the basis of psy-

chological tests that there are distinctive warmth
nerve endings, these have not yet been identified

histologically. They are presumed to be free nerve
endings because warmth signals are transmitted
mainly over type C nerve fibers at transmission
velocities of only 0.4 to 2 meters per second.
On the other hand, a definitive cold receptor has

been identified. It is a special, small, type A5
myelinated nerve ending that branches a number
of times, the tips ofwhich protrude into the bottom
surfaces ofbasal epidermal cells. Signals are trans-
mitted from these receptors via delta nerve fibers
at velocities of up to about 20 meters per second.
However, some cold sensations are also transmit-
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ted in type C nerve fibers, which suggests that

some free nerve endings also might function as

cold receptors.

Stimulation of Thermal Receptors—Sensa*

tions of Cold, Cool, Indifferent, Warm, and
Hot. Figure 60-12 illustrates the efTecta of differ-

ent temperatures on the responses of four different

nerve fiUrs: (1) a pain fiber stimulated by cold, (2)

a cold fiber, (3) a warmth fiber, and (4) a pain fiber

stimulated by beat. Note especially that these

fibers respond differently at different lev’els of

temperature. For instance, in the very cold r^on
only the pam fibers are stimulated (if the aktn

becomes even colder so that it nearly freezes or

actually does freeze, even these fibers cannot be
stimulated). As the temperature rises to 10 to 15®

C, pain impulses cease, but the cold receptors begin

to be stimulated. Then, above about 30* C the

warmth receptors become stimulated white the

cold receptors fade out at about 43’ C. Finally, at

around 45® C, pam fibers begin to be stimulated
by heat.

One can understand from Figure 50-12. there-

fore, that a person determines the different gra-

dations of thermal sensations by the relative de-

grees of stimulation of the different types of

endings. For instance, at 20’ C only cold endings
are stimulated, whereas at 44’ C only warm end-

ings are stimulated, at 35° C both cold and warm
endings are stimulated; at €0’ C pain endings are
again stimulated. One can understand also from
this figure why extreme degrees of cold or heat
can both be painful and why both these sensations,

when intense enough, may give almost exactly the
same quality of sensations—that is, freezing cold

and burning hot sensations feel almost alike; they
are both very painful (Also, not shown in the
figure IS the fact that high temperatures, as well

as cold temperatures, excite the cold endings,
which also makes hot temperatures often feci cold
and painful

)

Stimulatory Effects of Rising and Falling

Temperature—Adaption of Thermal Recep-
tors. When a cold receptor is suddenly subjected

S 10 l» 20 23 90 39 40 43 »0 » 60
TEMPERATURE (C*J

Flgute 50-12. frequendes of dtsdwirse of (
I ) 6 cold-pain fiber.

' (2) a cold fiber. (3] a warmth fiber, and (4) a heat pain fiber (The
. t resportses of these fibers are drawn from original data coflected
'} In separate experiments by Zottertnan Hertsel. and Kenshalo

)

ngure 50-tS. Response of a nerve fiber from a cold receptor

folowing. first, fnsuntaneous change In skin temperature frwn

32’ to 30' C artd, second. Instantaneous change b.tck to 32* C
Note the adaptation of the receptor and also the higher sieai^

sure level of diKharge at 30’ than at 32*

to an abrupt fall in temperature, it becoraei

strongly stimulutcd at first, but this stimulation

fades rapidly during the first few seconds and

progressively more slowly during the next half

hour or more. In other words, the receptor adapts

to a very great extent: this is illu.strated in Figure

50-13, which shows that the frequency of dis-

charge of a cold receptor rose approximately four-

fold when the temperature fell suddenly from 32*

to 30® C, but in less than a minute the frequency
fell about five sixths of the way back to the original

control value. Later, the temperature was sud-

denly raised from 30’ to 32® C. The cold receptor

stopped firing entirely for a short lime but aAcr
adapting returned to its original control level.

Thus, it is evident that the thermal senses re-

spond markedly to changes m temperature in ad-

dition to being able to respond to steady states of

temperature, ns was depicted in Figure 60-12. This

means, therefore, that when the temperature of

the skin is actively falling, a person feels much
colder than when the temperature remains at the

same level. Conversely, if the temperature is ac-

tively nsmg the person feels much warmer than
he or she would at the same temperature if it were
constant.

The response to change,*! in temperature explains

the extreme degree of heal that one feels on first

entering a tub of hot water and the extreme degree
ofcold felt on going from a heated room to the out-

of-doors on a cold day.
Mechanism of Stimulation of the Thermal

Receptors. It is believed that the thermal recep-

tors are stimulated by changes in their metabolic
rates, these changes resulting from the fact that

temperature alters the rates of intracellular chem-
ical reactions more than twofold for each 10® C
change. In other words, thermal detection probably
results not from direct physical stimulation but

instead from chemical stimulation of the endings
os modified by the temperature.

Spatial Summation of Thermal Sensations.
Because the number of cold or warmth endings in

any one surface area of the body is very slight, it
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is difficult tojudge gradations oftemperature when
small areas arc stimulated. However, when a largo

area of the body is stimulated all at once, the
thermal signals from the entire area summate.
Indeed, one reaches the maximum ability to dis-

cern minute temperature variations when tho en-

tire body is subjected to a temperature change all

at once. For instance, rapid changes in tempera-
ture of as little as 0.01® C can be detected if this

change affects the entire surface of the body si-

multaneously. On the other hand, temperature
changes 100 times this great might not be detected

when the skin surface affected is only a square
centimeter or so in size.

TRASSMISStON OF THERMAL SIGNALS
IN THE NERVOUS SYSTEM

In genera], thermal signals are transmitted m
almost parallel, but not the same, pathways as
pain signals. On entering the spinal cord, the
signals travel for a few segments upward or down-
ward in the tract ofLissauer and then terminate
mainly in laminae I, II. and III of the dorsal horns.

AAer a small amount of processing by one or more
cord neurons, the signals enter long, ascending
thermal fibers that cross to the lateral division of
the opposite anterolateral sensory tract and ter-

minate in (a) the reticular areas of the brain stem
and (b) the ventrobasal complex of the thalamus.
A few thermal signals are also relayed to the
somatic sensory cortex from the ventrobasal com-
plex. Occasionally, a neuron in somatic sensory
area I has been found by microelcctrode studies to

be directly responsive to either cold or warm stim-
uli in specific areas of the skin. Furthermore, it is

known that removal of the postcentral gyrus in

the human being reduces the ability to distinguish
gradations oftemperature.
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Motor Functions of
the Spinal Cord; and
the Cord Reflexes

In the discussion of the nervous system thus far,

we have considered principally the input of sensory

information In the following chapters we will

discuss the origin and output of motor signals, the

signals that cause muscle contraction and other

motor effects throughout the body. Sensory infer*

mation is integrated at all levels of the nervous

system and causes appropriate motor responses,

beginning m the spinal cord with relatively simple

reflexes, extending into the brain stem with still

more complicated responses, and, Anally, extend-

ing to the cerebrum where the most complicated

responses are controlled. The present chapter dis*

cusses the control of motor function especially in

response to spinal cord reflexes.

Experimental Preparations for Studying Cord
Reflexes—The Spinal Animal and the Decerebrate
Animal. Normally, most functions of the spinal cord are

strongly influence by signals from the brain Therefore,

to study the isolated cord reflexes it is necessary to

separate the cord from the higher centers This is usually

done in one of two diflferent types of preparations. <1)

the sptnoi animat or (2) the dccere&mte animat.

The spinal animal is prepared by cutting the spinal

cord at any level above the region in which the cord

reflexes are to be studied For a variable period of time,

depending upon the phylogenetic level of the animal, as
will be discussed later in the chapter, the cord reflexes

are deeply depressed immediately after removal of the
signals ftom the brain How ever, over a period of min-
utes, hours, or days in animals and over a penod of

wee^ in the human being, the cord reflexes beimrae

progressively more active and can then be studied in-

dependently ofcontrol by the upper levels of the nervous
system Often the cord reflexes become even more excit-

able under these conditions than normally, as will be
discussed later m the chapter

In the decerebrate preparation, the brain stem is

usually transected between the superior and inferior

colliculi Transecting the brain stem at this level re-

moves the voluntary control centers of the forebrain,

and it also removes inhibitory influences from the basal

ganglia that normally suppress the activities of the
lower brain stem and spinal cord; this will be discussed
m detail m the following chapter. Removal of this

inhibition causes an immediate increase in the activity
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of many of the cord reflexes, especially the antigravitj

reflexes that help the animal hold itaelf up againr

gravity This preparation has an advantage over tb<

spinal animal in that many of the cord reflexes art

exacerbated even in the acute preparation and, there

fore, £an be studied immediately, though, of course

lower brain stem reflexes may still interfere with tJ«

cord functions.

ORGANIZATION OF THt SNNAL CORD FOR
MOTOR FUNCTIONS

The cord gray matter is the integrative area ftw

the cord reflexes and other motor functions. Figuf*

51-1 shows the typical organisation of the coft

gray matter in a single cord segment. SensoO
signals enter the cord through the sensory roots

After entering the cord, every sensory signal trav

els to two separate destinations. First, the sensoO
nerve or its collaterals terminate in the gray mat
ter of the cord and elicit local segmental re

sponses—local excitatory effects, facilitatory ef

fects, reflexes, and so forth S^ond, the signal:

Sensory roof

ngure 51-1. Connections of flie sensory fibers and eortieo

signal fbers with the Intemeurons and anterior motor neurons 0

tte sf^nal cord
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travel to higher levels of the nervous system—to
higher levels in the cord itself, to the brain stem,
or even to the cerebral cortex, as described in the
past few chapters.

Each segment of the spinal cord has several

million neurons in its gray matter. Aside from the
sensory relay neurons discussed in Chapters 49
and 50, the remainder of these neurons are of two
separate types, the anterior motor neurons and the
intemeurons.

The Anterior Motor Neurons. Located in each
segment of the anterior horns of the cord gray
matter are several thousand neurons that are 50
to 100 per cent larger than most of the others and
are called anterior motor neurons. These give rise

to the nerve libers that leave the cord via the
anterior roots and innervate the skeletal muscle
fibers. The neurons are of two types, the alpha
motor neurons and the gamma motor neurons
The Alpha Motor iVeurons. The alpha motor

neurons give rise to large, type A alpha (Aa) nerve
fibers ranging from 9 to 20 microns in diameter
that innervate the large skeletal muscle fibers.

Stimulation of a single nerve fiber excites from as
few as three to as many as several hundred skel-

etal muscle fibers, which are collectively called the
motor unit. Transmission of nerve impulses into

skeletal muscles and their stimulation of the mus-
cle fibers were discussed in Chapters 10 through
12 .

The Gamma Motor Neurons. In addition to

the alpha motor neurons that excite contraction of
the skeletal muscle fibers, about one half as many
much smaller gamma motor neurons are located

along with the alpha motor neurons in the anterior

horns. These transmit impulses through type A
gamma (A-y) fibers, averaging 5 microns in diam-
eter, to very small, special skeletal muscle fibers

caiied intrafusal fibers. These are part ofthe mus-
c/e spindle, which is discussed later in the chapter.
The Intemeurons. The intemeurons are pres-

ent in all areas of the cord gray matter—in the
dorsal horns, in the anterior horns, and in the
intermediate areas between these two. These cells

are numerous—approximately 30 times as numer-
ous as the anterior motor neurons. They are small
and highly excitable, often exhibiting spontaneous
activity and capable of firing as rapidly as 1500
times per second. They have many interconnec-
tions one with the other, and many ofthem directly

iimervate the anterior motor neurons as illus-

trated in Figure 51-1. The interconnections among
the intemeurons and anterior motor neurons are
responsible for many of the integrative functions
ofthe spinal cord that are discussed in the remain-
der of this chapter.

Essentially all the different types of neuronal
circuits desenbed in Chapter 47 are found in the
intemeuron pool of cells of the spinal cord, includ-

ing the diverging, converging, and repetitive-dis-

charge circuits. In this chapter we will see many

applications of these different circuits to the per-
formance of specific reflex acts by the spinal cord.
Only a few incoming sensory signals from the

spinal nerves or signals from the brain terminate
directly on the anterior motor neurons. Instead,
most of them are transmitted first through inter-

neurons where they are appropriately processed.
Thus, in Figure 51-1, it is sho^vn that the corti-

cospinal tract terminates almost entirely on inter-

neurons, and it is only after the signals from ^is
tract have been integrated in the intemeuron pool

with signals from other spinal tracts or from the
spinal nerves that they finally impinge on the
anterior motor neurons to control muscular func-
tion.

The Renshaw Cell Inhibitory System. Located also

m the ventral horns of the spinal cord tn close associa-

tion with the motor neurons are a large number ofsmall
intemeurons called Renshaw cells. Almost immediately
after the motor axon leaves the motor neuron, collateral

branches from the axon pass to the adjacent Renshaw
cells. These in turn are inhibitory cells that transmit
inhibitory signals to the nearby motor neurons. Thus,
stimulation of each motor neuron, tends to inhibit the
surrounding motor neurons, an effect called recurrent

inhibition. This effect is probably important for the
following major reason;

It shows that the motor system utilizes the principle

of lateral inhibition to focus, or sharpen, its signds in

the same way that the sensory system utilizes this

principle—that is, to allow unabated transmission of the
primary signal while suppressing the tendency for sig-

nals to spread to adiacent neurons

MuldsegmenUl Connections In the Spinal

Cord-The PropriosptnaJ fibers

More than half of all the nerve fibers ascending and
descending in the spinal cord are propnosptnai fibers

These are fibers that run from one segment of the cord

to another, fn addition, the terminal hbn'fs of sensory

fibers as they enter the cord branch both up and down
the spinal cord, some of the branches transmitting

signab only a segment or two in each direction whereas

others transmit signals many segments. These ascend-

ing and descending fibers of the cord provide pathways
for the multisegmental reflexes that will be desenbed

later in this chapter, including reflexes that c(>ordinate

movements in the forehmbs and hindlimbs simultane-

ously.

THE MUSCLE RECEPTORS—MUSCLE
SPINDLES AND GOLGI TENDON
ORGANS-^ND THEIR ROLES IN

MUSCLE CONTROL

Proper control of muscle function requires not

only excitation of the muscle by the anterior motor

neurons but also continuous feedback of informa-

tion from each muscle to the nervous system,

giving the status of the muscle at each instant.

That is, what is the length of the muscle, what is
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its instantaneous tension, and how rapidly is its

length or tension changing? To provide this jnfor-

mation. the muscles and their tendons are supplied

abundantly with two special types of sensory re-

ceptors: (1) muscle spindles, which are distributed

throughout the belly of the muscle and which send

information to the nervous system about either

the muscle length or rate of change of its length,

and (21 Golgi tendon organs, which transmit mfor-

mation about tension or rate of change of tension.

The signals from these two receptors ate either

entirely or almost entirely for the purpose of mus-

cle control itself, because they operate almost en-

tirely at a subconscious level. Even so, they trans-

mit tremendous amounts of information into the

spmal cord, the ccTebellum, and even the cerebral

cortex, helping each of these portions of the ner-

vous system in its function for controlling muscle
contraction

RECEPTOR WNCTION
OF THE MUSCLE SPJNDIE

Structure and Innervation of the Muscle
Spindle. The physiologic organization of the mus-
cle spindle IS illustrated m Figure SI-2 Each
spindle 18 built around 3 to 12 small intrafusal

muscle fibers that arc pointed at their ends and
are attached to the glycocalyx of the surrounding

extrafusal skeletal muscle fibers. Each intrafusal

fiber IS a very small skeletal muscle fiber How-
ever, the central region of each of these fibers

—

that IS. the area midway between its two end^
has either no or fov actin and myosin filaments

Therefore, this central portion does not contract

when the ends do Instead, it functions as a sensory

receptor as we shall describe later The end por-

tions are excited by the small gamma motor nenv
fibers originating from the gamma motor neurons
that were described earlier These fibers arc fre-

quently also called gamma efferent fibers, m con-

tradistinction to the alpha efferent fibers that in-

nervate the extrafusal skeletal muscle

MOTOR SENSORY MOTOR

Figure 51-Z. The musde spindle, showing iu relattonsiilp fO

the large extrAhtsdl skeletal muscle libers Note Also bodi the

motor and the sensory innervation ol the muscle Spindle

ExdtAtion of the Spindle Receptors

The receptor portion of the muscle spindle is its

central portion where the intrafusal muscle fiber*

have no contractile elements. As illustrated in

Figure 51-2, and also in more detail in Figure

51-3, sensory fibers originate in this area, and

these are stimulated by stretch of this midportion

ofthe spindle One can readily see Ihol the muscle

spindle receptor can be excited in two difTcrent

ways.

(1) Lengthening the whole muscle will obviously

stretch the midportion of the spindle and therefore

excite the receptor

(2» Even if the length of the entire muscle docs

not change, contraction of the end-portions of the

intrafusal fibers will also stretch the midportions

of the bpindic and therefore excite the receptor.

Two types of sensory endings are found in the

receptor area of the muscle spindle. These ate:

The Primary' Ending. In the very center of the

receptor area a large sensory fitwr encircles the

centra! portion of each mlrafusnl filwr, forming

the so-colled primary ending or also called the

nn/iM/ospiro/ ending This nerve fiber is a type la

fiber averaging 17 microns in diameter, and it

transroiUs si'r^ory {signals to the spmal cord at fl

velocity of 70 u> 120 meters per second, as rapidly

as any type of senwiry nerve fiber in the entire

body
The Secondary Endings. Usually one, but

sometimes two, smaller sensory nerve fiber, a type

II fiber with on average diameter of 8 microns,

innervates the receptor region on one side of the

primary ending, os illu.Rtrnted in Figures 51-2 and
61-3. This sensory ending is called the secondary
ending, or sometimes the flower spray ending be-

couse m some preparations il looks like a flower

spray even though it mainly encircles the intra-

fusal fibers in the same way that the typo In fiber

docs

Division of the Intrafusal Fibers into Nu-
clear nag and Nuclear Chain Fibens—Dy-
namic and Static Responses of the Muscle
Spindle. Tliere are also two diiTcrent types of

^intrafusal fibers: 11) nuclear bag fibers (one to three

m each spindle), in which a large number of nuclei
ore congregated into a bag in the central portion

of the receptor area, and (2) nuclear chain fibers

(three to nine), which are about half ns large in

diameter and half bs long as the nuclear bag fibers

and have nuclei aligned m a chain throughout the

receptor area. The primary ending innervates both

the nuclear bag intrafusal fibers and the nuclear

chain fibers. On the other hand, the secondary
ending usually innervates only the nuclear chain
fibers. These relationships are all illustrated in

Figure 51-3.

Response of Doth the Primary and Secon-
dary Endings to Length of the Receptor—The
"Static” Response. When the receptor portion of

the muscle spindle is stretched slowly, the number
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figure 51—3. Details of nerve connections to the nuclear bag
and nuclear chain muscle spindle fibers (Modified from Stein

rh>5lo/ Rev. 54225. 1974, and Boyd Phlllos Trans USocLond
lBlolScl].245S\. 1962)

ofimpulses transmitted from both the primary and
the secondary endings increases almost directly in

proportion to the degree of stretch, and the endings
continue to transmit these impulses for many min-
utes. This effect is called the sfafic response of the
spindle receptor, meaning simply that both the
primary and the secondary endings continue to

transmit their signals for as long as the receptor
itself remains stretched. Because only the nuclear
chain type of intrafusal fiber is innervated by both
the primary and the secondary endings, it is be-

lieved that these nuclear chain fibers are respon-
sible for the static response.

Response of the Primary Ending (But Not
the Secondary Ending) to Rate of Change of
ifeceptor Length—The '^Dynamic” Response.
When the length of the spindle receptor increases

suddenly, the primary ending (but not the secon-
dary ending) is stimulated especially powerfully,

much more powerfully than the stimulus caused
by the static response. This excess stimulus of the
primary ending is called the dynamic response,

which means that the primary ending respond
extremely actively to a rapid rate of change in
length. When the length of a spindle receptor
increases only a fraction of a micron, if this in-

crease occurs in a fraction of a second the primary
receptor transmits tremendous numbers of excess
impulses into the la fiber, but only while the length
is actually increasing. As soon as the length has
stopped increasing, the rate of impulse discharge
returns almost back to its original level, except for

the small static response that is still present in

the signal.

Conversely, when the spindle receptor shortens,
this change momentarily decreases the impulse
output from the primary ending; then, as soon as
the receptor area has reached its new shortened
length, the impulses reappear in the la fiber within
a fraction of a second. Thus, the primary ending
sends extremely strong signals to the central ner-

vous system to apprise it of any change in length
of the spindle receptor area.

Since only the primary endings innerv’atc the
nuclear bag intrafusal fibers, it is assumed that
the nuclear bag fibers are responsible for the pow-
erful dynamic response.

Control of the Static and Dynamic Re-
sponses by the Gamma Motor Nerves. Some
physiologists believe that the gamma motor nerves
to the muscle spindle can be divided into two
different types: gamma-dynamic (gamma-d) and
gamma-static (gamma-s). The first of these is be-
lieved to excite the nuclear bag intrafusal fibers

and the second mainly the nuclear chain intrafusal
fibers. When the gamma-d fibers excite the nuclear
bag fibers, the dynamic response of the muscle
spindle becomes tremendously enhanced, whereas
the static response is hardly Reeled. On the other
hand, stimulation of the gamma-s fibers, which
are believed to excite mainly the nuclear chain
fibers, supposedly enhances the static response
while having little influence on the dynamic re-

sponse We shall see in subsequent paragraphs
that these two different types of responses of the
muscle spindle are exceedingly important in dif-

ferent types of muscle control.

Continuous Discharge of the Muscle Spin-
dles Under Normal Conditions. Normally, par-

ticularly when there is a slight amount of gamma
motor excitation, the muscle spindles emit sensory
nerve impulses continuously. Stretching the mus-
cle spindles increases the rate of finng, while
shortening the spindle decreases this rate of firing.

Thus, the spindles can send either positiVe signals

to the spinal cord—that is, increased numbers of
impulses to indicate increased stretch of a muscle,

or they can send negative signals—decreased num-
bers of impulses below the normal level to indicate

that the muscle is actually being unstretched.

TH£ STRETCH REflEX
(ALSO CALLED MYOTATIC REfLEX)

From the prior description of all the intricacies

of the muscle spindle, one can readily see that it

is a very complex organ. Its function is manifested

in the form of the muscle stretch reflex—that is,

whenever a muscle is stretched, excitation of the

spindles causes reflex contraction of the muscle.

Neuronal Circuitry of the Stretch Reflex.

Figure 51-4 illustrates the basic circuit of Uio

muscle spindle stretch reflex, showing a type la

nerve fiber originating in a muscle spindle and
entering the dorsal root of the spinal cord Then,
in contrast to most other nerve fibers entering the

cord, one branch of it passes directly to the anterior

horn of the cord gray matter and synapses directly

with anterior motor neurons that send neive fibers

back to the same muscle from whence the muscle
spindle fiber originated. Thus, this is a monosyn-
aptic pathway that allow-s a reflex signal to return

with almost no delay back to the same muscle
alter excitation of the spindle.

Some of the type II fibers from the secondary

spindle endings also terminate monosjTiaptically

with the anterior motor neurons. However, most
of the type II fibers (as well as m.any collaterals
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Hsurc 51-4. Nfurofwl clieult of the jtretth rrte*.

from the la fibers from the primary endings) ter-

minate on muUiple intcmeurnn-s in the coni pray

matter, and these m turn transmit more delayed

signals to the anterior motor neurons and also

serve other functions

The Dynamic Stretch Reflex and the Static

Stretch Reflex. The stretch reflex can be divided

into two separate components called respectively

dynamic stretch reflex and the static stretch

reflex. TTie dynamic stretch reflex is elicited by the

potent dynamic signal transmitted from the pri-

mary endmga of the muscle spindles Tliat is. when
a muscle is suddenly stretched, a strong signal is

transmitted to the spinal cord, and this causes an
instantaneous, very strong reflex contraction of

the same muscle from which the signal originated

Thus, the reflex functions to oppose sudden
change.s in the length of the muscle, because the

muscle contraction opposes the stretch.

The dynamic stretch reflex is over uithin a
fraction of a second after the muscle has been
stretched to its new length, but then a wc.ikcr

static stretch reflex continues for a prolonged period

of Uro,<i tbereaftfi-c TKiii ceCkx. ta eUdt^ by tKe

continuous .static receptor signals transmitted by
both the primary and secondary ending* The im-

portance of the static stretch reflex is that it

continuc.s to cause muscle contraction as long as

the muscle i.s maintained at excessive length The
muscle contraction in turn opposes the force that

is causing the excess length.

Tlio Negative Stretch Reflex. When a muscle
is suddenly shortened, exactly opposite cfiecta oc-

cur. If the muscle is already taut, any sudden
release of the load on the muscle that allows it to

shorten will elicit both dynamic and static reflex

muscle inhibition rather than reflex excitation

Thus, this negative stretch reflex opposes the short-

ening of the muscle in the same way that the
positive stretch reflex oppo.sca lengthening of the
muscle Therefore, one can begin to sec that the
stretch reflex tends to maintain the status quo for

the length of a muscle.

feedbACk Control of Muscle len^h—
The lOAd Reflex

L<*t us assume that a penson's bicep* is i»n-

Iracled so that the forearm i* horitonlal to Ihe

earth. Then n.-sume that o five-pound weight u

pul in the hand The hand will immediately dhJp

However, the amount that the hand will drop I*

dctcrmint-d to a great extent by the degree of ac-

tivity of the muscle spindle reflex. If the pamnia-*

fiber* to the muscle spindles are strongly stipu-

lated so that the stallc reflex is very active,

slight lengthening of the bic<'|«, and therefore pf'o

of the muscle ^plndl^•s in the bicep*, will cau<e a

strong fet-dhack contraction of the extrafusal skeh

etal mu*cle fibeni of the bicep* This conlractieu

in turn will limit the degree of fall of the

thus automatically maintaining the forearm in «

nearly honxontal position Tills «‘spon«c is

the Itmil rrflfx

The Dampirtg funcT/on of the t>yTumic *nd
StAflc Stretch Reflexes

Another important function of the stretch t®"

flex—indi'etl, probably just a* importanl as. if f)®*

more important than, the lead reflex—U the abiliV

of the stretch reflex to prevent some types ®f

oscillation and jerkme«s of the body movettichl*

This I.S a damfint;. or smoothing, function An
example i* the following.

Ufio of tlu‘ Damping Mechanism In Smotflh-

ing Muscle Contmethn. Occasionally, signal

from other p.irlj* of the ncrv'oua system are tnins-

mitted to a mu«cle in a very unsmtxith foi^»

increaMng in Intensity for a few milliseconds. th®n

deciTa*ing in Intenxity, then changing to another

intensity level, and so forth. WTien the mu«!®
spindle oppnralu* is not functioning satisfactory^*

the muscle contraction Is very Jerky during jhe

Figure 51-5, which shov,** an expenment in wh'ch

a fccnsory nerve signal cnltring one side of Jh®
cord IS transmitted to a motor nen'e on Uie other

side of the cord to excite a muscle. In curv'e A
muscle spindle reflex of the excited muscle
intact Nolo that the contraction Is relatively

smooth even though the sensory nerve is exci^
at a very slow frequency of 8 per second CurvC “•

on the other hand, is the same experiment in a*'

animal who*c muscle spindle sensory nerves fr®"'

the excited muscle had been sectioned three

montliH earlier. Note the very unamooth muS®l®

contraction. Thus, curve A illustrates very graph*

icaliy the ability of the damping mechanism of ihe

muscle spindle to smooth muscle contractions even

though the input signal* to the muscle tnu^®r

system may themselves be very jerky. This cfi®®*

can also be called a signal averaging function of

the muscle spindle reflex.
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Figure 51—5. Muscle contraction caused by a spinal cord signal

under two different conditions. In a normal muscle, and S. In a
muscle whose muscle spindles had been denervated by section

of the posterior roots of the cord 8Z days previously. Note the

smooching effect of the muscle spindle reflect In A. (Modified

from Creed et al

)

ROL£ or THE MUSCLE SP/NDIE
IN VOLUNTARY MOTOR ACTIVtlY

To emphasize the importance of the gamma
efferent system, one needs to recognize that 31 per

cent of all the motor nerve fibers to the muscle are

gamma efferent fibers rather than largo, typo A
alpha motor fibers. Whenever signals are trans-

mitted from the motor cortex or from any other

area of the brain to the alpha motor neurons,

almost invariably the gamma motor neurons are

stimulated simultaneously, an effect called co-

activation of the alpha and gamma motor neurons.

This causes both the extrafusal and the intrafusal

muscle fibers to contract at the same time.

The purpose of contracting the muscle spindle

fibers at the same time that the large skeletal

muscle fibers contract is probably twofold: First, it

keeps the muscle spindle from opposing the muscle
contraction. Second, it also maintains proper

damping and proper load responsiveness of the
muscle spindle regardless of change in muscle
length. For instance, if the muscle spindle should
not contract and relax along with the largo muscle
fibers, the receptor portion of the spindle would
sometimes be fiail and at other times be over-

stretched, in neither instance operating under op-

timal njnditions for spindle function.
Possible “Servo” Control of Muscle Contmetioa

by Exciting the Gamma Motor Neurons. Several

physiologists have suggested that the muscle spindic

reflex can also operate as a servo controller of muscle
contraction. A “servo” control system is one in which
the output of the system is not activated directly by the

input signal but instead is activated indirecUy in the
following way: Suppose that a gamma efferent nerve

fiber to a muscle spindle were stimulated. This w-ould

contract the intrafusal fibers and exate the muscle

spindle receptors. The signals from these receptors

would then pass to the cord and thence back to the

extrafusal skeletal muscle fibers to cause them to con-
tract also. Thus, an initial contraction of the spindle
intrafusal fibers would cause a similar contraction of
the surrounding extrafusal fibers.

If such a servo system as this should exist, signals
transmitted from the brain downward through the
gamma efferent system could cause secondary contrac-
tions of the muscles m accordance with the dictates of
the muscle spindles. Unfortunately, most of the data
indicate that a mechanism such as this probably does
not occur to a significant extent. For a system of this

type to function properly, it would be necessary to have
a static response of the muscle spindles that is wry
potent and also unchanging. Unfortunately, the static

response of the muscle spindles is usually weak—that

is, it has a low gain. Also, it decays very slowly over a

period of many minutes to an hour so that changes in

length of a muscle spindle could cause only temporary
changes m length of the surrounding large skeletal

muscle fibers. Therefore, despite the attractiveness of
this possible type of muscle control, It is doubtful that
it does actually occur in normal function.

Probable Servo-Assist Function of the Muscle
Spindle Reflex. It is much more likely that the muscle
spindle reflex acts as a servo-assist device than as a
pure servo controller. But, first, let us explain what is

meant by a “servo-assist mechanism."
When both the alpha and gamma motor neurons are

stimulated simultaneously, if the intra- and extrafusal

fibers contract equal amounts the degree of stimulation

of the muscle spindles wiil not change at ail—neither
increase nor decrease. However, in case the extrafusal

muscle fibers should contract less than the intrafusal

fibers (os might occur when the muscle is contracting

against a great load), this mismatch would stretch the

receptor portions of the spindles and, therefore, elicit a

stretch reflex that would provide extra excitation of the

extrafusal fibers. Thus, failure of the extrafusal fibers

to contract to the same degree ss the intrafusal fibers

contract would cause an accessory neuronal signal that

would increase the degree of stimulation of the extra-

fusal fibers. This is exactly the same mechanism os that

employed by power steenng in an automobile. That is,

if the front wheels are resistant to following the move-

ment of the steering wheel, a servo-assist device becomes

activated that applies additional force to turn tho

wheels.
The servo-assist type of motor function could have

several important advantages, as follows.

1. It would allow the brain to cause a muscle contrac-

tion against a load without the brain having to expend

much extra nervous energy—instead, the kpindlo reflex

would provide most of the nerv ous energy.

2. Jt would make the muscle contract almost tho

desired length even when the load is increased or de-

creosedbetween successive contractions. In other words,

it would make tho length of contraction Ic&s loadscnsi-

live.

3. It could compensate for fatigue or other abnormal-

ities of the muscle itself, bt-cause any failure of the

muscle to provide the proper contraction wuuld elicit an

additional muscle spindle reflex stimulus to nuke the

contraction occur.

But. unfortunately, we still do not know how impor-

tant this probable function of the muscle spindle reflex

actually is
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Brain Areas for Control

of the Gamma Efferent System

The pamma elTerent system is excited primarily by

the bulborelicular facililalor^- region of the brain stem,

and secondarily by impulses transmitted into this area

from (a) the cerebellum, (b) the bosol ganglio, and even

(c) the cerebral cortex Unlbrtunatelyi though, little is

knoisn about the precise •mechanisms of control of the

gamma efferent system. However, since the bulboreti-

cular facihtatory area is particularly concerned with

antigravily contractions, and also bcctiise the antigrav*

ity muscles have an especially high density of muscle

spindles, emphaais is given to the possible or probable

important role of the gamma efferent mechanism in

controlling muscle contraction for positioning the differ-

ent parts of the Ixidy and for damping the movements

of the different parts

ClINICAL ArrUCATIONS
or THl STRETCH REFLEX

The Knee Jerk and Other Muscle Jerks. Clinically,

a method used to dctennine the sensitivity ofthe stretch

reflexes is to elicit the knee jerk and other muscle jerks
The knee jerk can be elicited by simply striking the

patellar tendon with a reflex hammer, this stretches the
quadrieepH muscle and initiates a dynamic stretch reflex

that in turn causes the lower leg to jerk forward The
upper part of Figure 51-6 illustrates o myogram from
the quadriceps muscle recorded during a knee jerk.

Similar reflexM can be obtained from almost any
muscle ofthe body either by striking the tendon ofthe
muscle or by striking the belly of the musefe itself. In

other words, sudden stretch of muscle spindles is all

that IS required to elicit a stretch reflex

The muscle jerks are used by neurologists to assess

the degree of facilitation of spinal cord centers When
tantc numbers of facihtatory impulses are being trans-

mitted from the upper regions of the central nervous

system into the cord, the muscle jerks are greatly ex-
acerbated On the other hand, if the facihtatory impulses

are depressed or abrogated, the muscle jerks are consid-

erably weakened or completely absent These reflexes

are used most frequently to determine the presence or
absence of muscle spasticity following lesions in the

MIULISECONOS

Hsure S 1-6. Myograms recorded From (be quadriceps muscle
during eSctutKin ol (be knee lerk and from the gas»(XRemlus
rrtuscle during ankle clonus

Muscle

Figure SI—7. Colgl tendon organ

motor areas of the brain Ordinarily, large lesions in

the contralateral motor areas of the cerebral cortex,

especially those caused by strokes or brain tumors, cause

greatly exacerbated muscle jerks.

Clonus. Under appropnate conditions, the muscle

jerks can oscillate, a phenomencin called clonus <see

lower myogram, Fig 51-6) Oscillation can be explained

particularly well m relation to ankle clonus, as follows*

If a man standing on his tiptoes suddenly drops his

body downward to stretch one of his gastrocnemius

muscles, impulses are transmitted from the muscle spin-

dles into the spinal cord These reflexly excite the

stretched muscle, which lifts the body back up again

After a fraction of a second, the reflex contraction of the

muscle dies out and the body falls again, thus stretching

the spindles a second time Again a dynamic stretch

reflex lifts the body, but this too dies out after a fraction

of a second, and the body falls once more to eliat still a

new cycle In this way, the stretch reflex of the gastfoe-

nemius muscle continues to oscillate, often for long

periods of time, this IS clonus
Clonus ordinanly occurs only if the stretch reflex is

highly sensitued by facilitatory impulses from the brain

For instance, in the decerebrate animal, in which the

stretch reflexes are highly facilitated, clonus develops

readily Therefore, to determine the degree offacilitation

of the spinal cord, neurologists test patients for clonus

by suddenly stretching a muscle and keeping a steady

stretching force appli^ to the muscle. If clonus occurs,

the degree of facilitation is certain to be very high

THE TENDON REFLEX

The Golgi Tendon Organ and Its Excitation.
Golgi tendon organs, illustrated in Figure 51-7.

are encapsulated sensory receptors through whicih

the muscle tendons pass immediately beyond their

attachments to the muscle fibers. An average of

10 to 15 muscle fibers U usually connected in

series with each Golgi tendon organ, and the organ
is stimulated by the tension produced by this small

bundle ofmuscle fibers Thus, the mqjor difference

between the function of the Golgi tendon organ
and the muscle spindle is that the spindle detects

relative muscle length, while the tendon organ

detects muscle tension.

The tendon organ, like the primary receptor of

the muscle spindle, has both a dynamic response

and a static response, responding very intensely

when the muscle tension suddenly increases (the

dynamic response), but within a small fraction of

a second it settles down to a lower level of steady
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state firing that is almost directly proportional to

the muscle tension (the static response). Thus, the

Golgi tendon organs provide the nervous system
with instantaneous information of the degree of

tension on each small segment of each muscle.
Transmission ofImpulses from the Tendon Organ

into the Central Nervous System. Signals from the
tendon organ are transmitted through la^e, rapidly

conducting type Ib nerve fibers, bbers averaging 16
microns in diameter, only slightly smaller than those
from the primary ending of the muscle spindle. These
fibers, like those from the primary endings, transmit
signals both into local areas of the cord and through the
spinocerebellar tracts into the cerebellum and through
still other tracts to the cerebral cortex. The local cord

signal excites a single inhibitory mtemeuron that in

turn inhibits the anterior alpha motor neuron. This
local circuit directly inhibits the individual muscle with-
out aifecting adjacent muscles. The signals to the brain
will be discussed in Chapter 53.

Inhibitory Nature of the Tendon Reflex.

\Vhen the (iilgi tendon organs of a muscle are

stimulated by increased muscle tension, signals

arc transmitted into the spinal cord to cause reflex

effects in the respective muscle. However, this

reflex is entirely inhibitory, the exact opposite to

the muscle spindle reflex. Thus, this reflex provides

a negative feedback mechanism that prevents the

development of too much tension on the muscle.

When tension on the muscle and, therefore, on
the tendon becomes extreme, the inhibitory effect

from the tendon organ can be so great that it

causes sudden relaxation ofthe entire muscle. (The
signals from the secondary endings of the muscle
spindles are believed also to help in causing this

reaction.) This effect is called the lengthening re-

action; it is probably a protective mechanism to

prevent tearing of the muscle or avulsion of the
tendon from its attachments to the bone. We know,
for instance, that direct electrical stimulation of
muscles in the laboratory, which cannot be opposed
by this tension reflex, can frequently cause such
destructive effects.

The Tendon Reflex as a Possible Servo Control
Mechanism for Muscle Tension. In the same way that
the stretch reflex possibly operates as a feedback mech-
anism to control muscle length, the tendon reflex theo-

retically can operate as a servo feedback mechanism to

control muscle tension. That is, if the tension on the
muscle becomes too great, inhibition from the tendon
organ decreases this tension back to a lower value. On
the otherhand, ifthe tension becomes too little, impulses
from the tendon organ cease; and the resulting loss of
inhibition allows the alpha motor neurons to become
active again, thus increasing muscle tension back to-

ward a higher level.

Very little is known at present about the function or

control of this tension servo feedback mechanism, but it

IS postulated to operate in the following basic manner:
Signals from the brain are presumably transmitted to

the cord to apprise a neuronal group in the cord of the
tension required in each given muscle. At the same
time, sign^s are also transmitted through the alpha
motor neurons to cause muscle contraction. Then, as the

degree of contraction approaches the tension limit set

for the muscle, as detected by the feedback from the
Golgi tendon organs, the neuronal group automatically
inhibits the muscle contraction to prevent additional
tension. In this way, the tension becomes adjusted to
the “set-point” dictated by the brain.

Ye^ a word of caution: Despite this speculation, the
measured feedback gains ofthis muscle tension feedback
system have been far too little to prove that it can be
very useful as a tension servo controller.

Possible Value of a Servo Mechanism for Control
ofTension. An obvious value ofa mechanism for setting
the degree of muscle tension would be to allow the
different muscles to apply a desired amount of force

irrespective ofhow far the muscles contract. An example
of this is paddling a boat, in which a person sets the
amount of force with which he pulls backward on the
paddle and maintains that degree of force throughout
the entire movement. Were it not for some type of
tension feedback mechanism, the same amount of force

would not be maintained throughout the stroke because
uncontrolled muscles change their force of contraction

as their lengths change. One can imagine hundreds of
different patterns of muscle function that might require
maintenance of constant tension rather than mainte-
nance of constant lengths of the muscles.

THE FLEXOR REFLEX
(THE WITHDRAWAL REFLEXES)

In the spinal or decerebrate animal, almost any
type of cutaneous sensory stimulus on a limb is

likely to cause the flexor muscles of the limb to

contract, thereby withdrawing the limb from the
stimulus. This is called the flexor reflex.

In its classic form the flexor reflex is elicited

most powerfully by stimulation of pain endings,

such as by pinprick, heat, or some other painful

stimulus, for which reason it is also frequently

called a nociceptive reflex, or simply pom reflex.

However, even stimulation of the touch receptors

can also occasionally elicit a weaker and less

prolonged flexor reflex.

If some part of the body besides one of the limbs

is painfully stimulated, this part, in a similar

manner, will be withdrawn from the stimulus, but

the reflex may not be conflned entirely to flexor

muscles even though it is basically the same type

of reflex. Therefore, the many patterns of reflexes

of this type in the different areas of the body are

called the withdrawal reflexes.

Neuronal Mechanism of the Flexor Reflex.

The left-hand portion of Figure 5I-S illustrates

the neuronal pathways for the flexor reflex. In this

instance, a painful stimulus is applied to the hand;

as a result, the flexor muscles of the upper arm
become reflexly excited, thus withdrawing the

hand from the painful stimulus.

The pathways for eliciting the flexor reflex do
not pass directly to the anterior motor neurons
but, instead, pass first into the intemeuron pool of
neurons and then to the motor neurons. The short*

est possible circuit is a three- or four-neuron arc;

however, most of the signals of the reflex traverse .
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njurc S 1-8. The flexor reflex, the aossed extensor reflex, arxl

redprocel Inhibition.

many more neurons than this and involve the

following basic types of circuits: (1) diverging dr-

cults to spread the reflex to the necessary muscles
for withdrawal, (2) circuits to inhibit the antago*

nist muscles, called reciprocal inhibition circuits,

and (3) circuits to cause a prolonged repetitive

after-discharge even after the stimulus is over.

Figure Sl-9 Illustrates a typical myogram from
a flexor muscle during a flexor reflex. Within a
few milliseconds after a pain nerve begins to be
stimulated, the flexor response appears. Then, in

the next few seconds the reflex begins to fatigue.

which is characteristic of essentially all of the
more complex integrative reflexes of the spinal

cord. Then, soon after the stimulus is over, the

contraction of the muscle begins to return toward
the base line, but, because of after-discharge, will

not return all the way for many milliseconds. The
duration of the after-discharge depends on the
intensity of the sensory stimulus that had elicited

the reflex; a weak tactile stimulus causes almost
no after-discharge in contrast to an after-discharge

lasting for several seconds following a very strong

pain stimulus.

The after-discharge that occurs in the flexor

of ttie reflex, an Interval of fatigue, artd Anally after-dtscharge after

^

the stimulus Is over.

reflex almost certainly results from all three types

of repetitive-discharge circuits that were discus^
In Chapter 47. Electrophysiological studies indi-

cate that the immediate after-^scharge, lastiag

for about 6 to 8 milliseconds, results from the

intemeuron repetitive firing mechanism and from

the parallel type of circuit, with impulses being

transmitted from one intemeuron to another to

another and all these in turn transmitting their

signals successively to the anterior motor neurons.

However, the prolonged after-discharge that occurs

following strong pain stimuli presumably involves

reverberating circuits in the intemeurons, these

transmitting impulses to the anterior motor neu-

rons sometimes for several seconds after the incom-

ing sensory signal is completely over.

Tlius, the flexor reflex is appropriately organized

to withdraw a pained or otherwise irritated part

of the body away from the stimulus. Furthermore,

because of the after-discharge the reflex can still

hold the irritated part away from the stimulus for

as long as 1 to 3 seconds after the irritation is

over. During this time, other reflexes and actiom

of the central nervous system can move the entire

body away from the painful stimulus.
The Pattern of Withdrawal. The pattern of

wiU\drawal that results when the flexor reflex (or

the many other types of withdrawal reflexes) is

elicited depends on the sensory nerve that is stim-

ulated. Thus, a painful stimulus on the inside of

the arm not only elicits a flexor reflex in the arm
but also contracts the abductor muscles to pull the

arm outward. In other words, the integrative cen-

ters of the cord cause those muscles to contract

that can most effectively remove the pained part

of the body from the object that causes pain. This

same principle, which is called the principle of

“local sign," applies for any part of the body but

especially to the limbs, because they have highly

developed flexor reflexes.

THE CROSSED EXTENSOR REREX

Approximately 0.2 to 0.5 second after a stimulus
elicits a flexor reflex in one limb, the opposite limb

begins to extend. This is called the crossed extensor

reflex. Extension of the opposite limb obviously can

push the entire body away from the object causing
the painful stimulus.

Neuronal Mechanism of the Crossed Exten-
sor Iteflex. The right-hand portion of Figure
51-8 illustrates the neuronal circuit responsible

for the crossed extensor reflex, showing that sig-

nals from the sensory nerves cross to the opposite

side of the cord to cause exactly opposite reaction*

to those that cause the flexor reflex. Because the

crossed extensor reflex usually does not begin until

200 to 500 milliseconds following the initial pain

eUmulus, it is certain that many intemeurons are

in the circuit between the incoming sensory neuron
and the motor neurons of the opposite side of the
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Rgure Si-IO. Myogram of a crossed extensor reflex, showing
slow onset but prolonged after-discharge.

cord responsible for the crossed extension. Fur-
thermore, after the painful stimulus is removed,
the crossed extensor reflex continues for an even
longer period of after-discharge than that for the
flexor reflex. Therefore, again, it is presumed that

this prolonged after-discharge results from rever-

beratory circuits among the intemuncial cells

Figure 51-10 illustrates a myogram recorded

from a muscle involved in a crossed extensor reflex.

This shows the relatively long latency before the

reflex begins and also the long after-discharge

following the end of the stimulus. The prolong^
after-discharge obviously would be of benefit in

holding the body away from a painful object until

other nervous reactions could cause the body to

move away.

RECIPROGU. INHIBITION AND
RECIPROCAL INNERVATION

In the foregoing paragraphs we have pointed out
several times that excitation of one group of mus-
cles is often associated with inhibition of another
group. For instance, when a stretch reflex excites

one muscle, it simultaneously inhibits the antag-
onist muscles. This is the phenomenon of reciprocal

inhibition, and the neuronal mechanism that
causes tills reciprocal relationship is called recip-

rocal innervation. Likewise, reciprocal relation-

ships exist between the two sides of the cord, as
exemplified by the flexor and extensor reflexes

described above.
Figure 51-11 illustrates a typical example of

reciprocal inhibition. In this instance, a moderate

Durolion of inhibilorv slimuluS

0 12 3
SECONDS

RgureSI— 1 1. Myogram oFa flexor reflex. Ulustratlns reciprocal

Inhibition caused by a stronger flexor reflex in the opposite limb.

but prolonged flexor reflex is elicited from one limb
of the body, and while this reflex is still being
elicited a still stronger flexor reflex is elicited in
the opposite limb, causing reciprocal inhibition of
the first limb. Then removal of the strong flexor
reflex allows the original reflex to reassume its

previous intensity.

EATIGUE OF REFLEXES; REBOUND

Figure 51-9 illustrated that the flexor reflex

begins to fatigue within a few seconds after its

initiation. This is a common effect in most of the
cord reflexes as well as many other reflexes of the
central nervous system, and it presumably results

from progressive fatigue of synaptic transmission
in the reflex circuits, a subject that was discussed
more fully in Chapter 46.

Another effect closely allied to fatigue is re-

bound. This means that, immediately after a reflex

is over, a second reflex of the same type is much
more difficult to elicit fbr a given time thereafter.

However, because of reciprocal innervation, re-

flexes of the antagonist muscles become even more
easily elicited during that same period of time. For
instance, if a flexor reflex occurs m a left limb, a
second flexor reflex is more diilicult to establish

for a few seconds thereafter, but a crossed extensor
reflex in this same limb will be greatly exacer-

bated. Rebound is probably one of the important
mechanisms for coordinating the rhythmic to-and-

fro movements required in locomotion, described

in more detail later in the chapter.

THE REFLEXES OF POSTURE
AND LOCOMOTION

W£ POSTURAL ASD LOCOMOTIVt
RULVilS Of THE CORD

The Positive Supportive Reaction. Pressure

on the footpad of a decerebrate animal causes the

limb to extend against the pressure being applied

to the foot. Indeed, this reflex is so strong that an
animal whose spinal cord has been transected for

several months, when the reflexes have become
exacerbated, can often be placed on its feet, and
the reflex will stiffen the limbs sufficiently to

support the weight of the body—the animal will

stand in a rigid position. This reflex is called the

positive supportive reaction.

The positive supportive reaction involves a com-

plex circuit in the interneurons similar to those

responsible for the flexor and the crossed-extensor

reflexes. Furthermore, the locus ofthe pressure on

the pad ofthe foot determines the position to which

the limb will extend; pressure on one side causes

extension in that direction, an effect called the

magnet reaction. This obviously helps keep an
animal from falling to that side. v.
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The Cord “Righting" Reflexes. Vrtien a epinai

cat or even a well-recovered young spinal dog ie

laid on its side, it will make incoordinate move-

ments that indicate that it is trying to raise itself

to the standing position. This is called a cord

righting reflex, and it illustrates that relatively

complicated reflexes associated with posture are at

least partially integrated in the spinal cord In-

deed, a puppy with a well-healed transected tho-

racic cord between the cord level for the forelimba

and the hindlimbs can completely right itselffrom
the lying position and can even walk on its hind-

limbs. And, in the case of the opossum with a
similar transection of the thoracic cord, the walk-

ing movements of the hmdlimbs are hardly difler-

ent from those in the normal opossum—except that

the hmdlimb movements are not synchronized

with those of the forelimbs as is normally the ease-

Stepping and Walking Movements

Rhythmic Stepping Movements of a Single
Limb. Rhythmic stepping movements are fre-

quently observed in the limbs of spinal animals
Indeed, even when the lumbar portion of the spinal

cord is separated from the remainder of the cord

and a longitudinal section is made down the center

of the coi^ to block neuronal connections between
the two limbs, each hind limb can still perform
stepping functions Forward flexion of the limb is

followed a second or so later by backward exten-

sion Then flexion occurs again, and the cycle is

repeated over and over
This oscillation back and forth between the

flexor and extensor muscles occurs even after the

sensory nerves have been cut, and it seems to

result mainly from reciprocal inhibition and re-

bound circuits that oscillate within the matrix of

the cord itself That is, the forward flexion of the
limb causes reciprocal inhibition of the cord center

controlling the extensor muscles, but shortly there-

after the flexion begins to die out, as it does so,

rebound inhibition of the flexors and reciprocal

rebound excitation of the extensors cause the leg

to move downward and backward. After extension
has continued for n time, it, too, begins to die and
IS followed by reciprocal relwund excitation of the

flexor muscles. And the oscillating cycle continues

again and again
The sensory signals from the footpads and from

the position sensors around the joints play a strong
role in controlling fool pressure and rate of step-

ping when the foot is allowed to walk along a
surface In fact, the cord mechanism for control of

stepping can be still more complex. For instance,

if during the forward thrust of the foot the top of

the foot encounters an obstruction, the forward
thrust will stop temporarily, the foot wdll be lifted

higher, and then the foot will proceed forward to

be placed over the obstruction. Thus, the cord is

an intelligent walking controller.

figure Sl-t2. Diagonal stepping movements exhibited byi

spina] animat

Reciprocal Stepping of Opposite Limbs. If

the lumbar spina) cord is not sectioned down its

center as noted above, every time stepping occurs

in the forward direction in one Jimb, the opposite

limb ordinarily steps backward. This effect results

from reciprocal innervation between the two limbs.

Diagonal Stepping of All Four Limbs—The
“Mark Time” Reflex. If a well-healed spina! an-

imal, with the spmal transection above the fore-

limb area of the cord, is held up from the table

and lU legs arc allowed to fall downward as illus-

trated m Figure 61-12, the stretch on the limbs

occasionally elicits stepping reflexes that involve

all four limbs. In general, stepping occurs diago-

nally between the fore- and hindlimbs. That is,

the right hindlimb and the left forelimb move
backward together while the right forelimb and

left hindlimb move forward. This diagonal re-

sponse is another manifestation of reciprocal in-

nervation, this time occurring the entire distance

up and down the cord between the fore- and hind-

Umbs Such a walking pattern is often called a

niark time reflex.

The Galloping Reflex. Another type of reflex

that occasionally develops in the spinal animal is

the galloping reflex, in which both forelimbs move
backward in unison while both hindlimbs move
forward If stretch or pressure stimuli are applied

almost exactly equally to opposite limbs at the

same time, a galloping reflex will likely result,

whereas unequal stimulation of one side versiu

Uie other elicits the diagonal walking reflex. This

is in keeping with the normal patterns of walking
and of galloping, for, in walking, only one limb at

a time is stimulated, and this would predispose to

continued walking. Conversely, when the animal
strikes the ground during galloping, the limbs on

both sides are stirauJaled approximately equally;

this obviously would predispose to further gallop-

ing and, therefore, would continue this pattern of

motion in contradistinction to the walking pattern.
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THE SCRATCH REFLEX

An especially important cord reflex in lower animals
is the scratch reflex, which is initiated by the itch and
tickle sensation. It actually involves two different func-

tions. (1) a position sense that allows the paw to find the

exact point of irritation on the surface of the body, and
(2) a to-and-fro scratching movement
Obviously, the scratch reflex, like the stepping move-

ments of locomotion, involves reciprocal innervation

circuits that cause oscillation. One of the important
discoveries m relation to the to-and-fro movement of the

scratch reflex (and also of the stepping movements as
described above) is that it can still occur even when all

the sensory roots from the oscillating limb are sectioned.

In other words, feedback from the limb itself is not
necessary to maintain the neuronal oscillation, which
means that the oscillation can occur intrinsically as a
result of oscillating circuits within the spinal intemcu-
rons themselves
The position sense of the scratch reflex is also a highly

developed function, for even though a flea might be
crawling as far forward as the shoulder of a spinal

animal, the hind paw can often find its position Fur-

thermore, this can be accomplished even though 19
different muscles in the limb must be contracted simul-

taneously in a precise pattern to bring the paw to the

position of the crawling flea To make the reflex even
more complicated, when the flea crosses the midline, the

paw stops Kratching, but the opposite paw begins the

to-and-fro motion and eventually finds the flea

THE SPINAL CORD REFLEXES THAT
CAUSE MUSCLE SPASM

In human beings, local muscle spasm is often ob-

served. The mechanism of this has not been elucidated

to complete satisfaction even in expenmental animals,

but it 18 known that pain stimuli can cause reflex spasm
of local muscles, which presumably is the cause ofmuch
if not mast of the muscle spasm observed at localized

regions of tho human body.

Muscle Spasm Resulting from a Broken Bone.
One type ofclinically important spasm occurs in muscles
surrounding a broken bone. This seems to result from
the pain impulses initiated from the broken edges of the
bone, which cause the muscles surrounding the area to

contract powerfully and lonically. Relief of the pain by
injection of a local anesthetic relieves the spasm; a
general anesthetic also relieves the spasm. One of these
procedures is often necessary before the spasm can be
overcome sufficiently for the two ends of the bone to be
set back into appropriate positions.

Abdominal Muscle Spasm in Peritonitis. Another
type of local spasm caused by a cord reflex is the
abdominal spasm resulting from imlation of the parie-

tal peritoneum by peritonitis. Hero, again, relief of the
pain caused by the peritonitis allows the spastic muscle
to relax. Almost the same of spasm often occurs

during surgical operations; pain impulses from the pa-
rietal peritoneum cause the abdominal muscles to con-

tract extensively and sometimes actually to extrude the
intestines through the surgical wound. For this reason
deep surgical anesthesia is usually required for intra-

abdominal operations.

Muscle Cramps. Still another typo of local rpasm is

tho Ij'ptcai muscle cramp £lcctrom>ographic studies

indicate that the cause of at least some muscle cramps
IS the following:

Any local irritating factor or metabolic abnonnality
of a muscle—such as severe cold, lack of blood flow' to

the muscle, or overexercise of the muscle—can elicit

pam or other types of sensory impulses that arc trans-
mitted from the muscle to the spinal cord, thus causing
reflex muscle contraction. The contraction in turn stim-
ulates the same sensory receptors still more, which
causes the spinal cord to increase the intensity of con-
traction still further. Thus, a positive feedback mecha-
nism occurs so that a small amount of initial irritation

causes more and more contraction until a full-blown
muscle cramp ensues Reciprocal inhibition of the mus-
cle can sometimes relieve the cramp. That is, ifa person
purposefully contracts the muscle on the opposite side

of the joint from the cramped muscle while at the same
time using another hand or foot to prevent movement
of the joint, the reciprocal inhibition that occurs in the
cramped muscle can at times relieve tho cramp

THE AUTONOMIC REFLEXES IN THE
SPINAL CORD

Many different types of segmental autonomic rtficxes

occur m the spmal cord, most of which are discussed m
other chapters Briefly, these include (1) changes m
vascular tone, resulting from local skin heat and cold

(Chapter 72). (2) sweating, which results from Ioca]izi>d

heat on the surface of the body (Chapter 72), (3) intes-

tinomtestmal reflexes that control some motor functions
of the gut (Chapter (^), (4) pentoncointcstinal reflexes

that inhibit gastric motility m response to peritoneal

irritation (Chapter 66), and (5) evacuation reflexes for

emptying the bladder (Chapter SS) and the colon (Chap-
ter 63). In addition, all the segmental reflexes can ut

times be elicited simultaneously m the form of the bo-

callcd mass reflex as follows

The Mass Reflex. In a spinal animal or human being,

the spmal cord sometimes suddenly becomes excessively

active, causing massive discharge of large portions of

the cord The usual stimulus that causes this is u strong
nociceptive stimulus to the skin or excessive filling of a
viscus. such as ovcrdistcntion of the bladder or of the
gut. Regardless of the t>'pc of stimulus, the resulting

reflex, called the mass reflex, involves large portions or

even oil of the cord, and its pattern of reaction is the
same. The effects arc (1) a major portion of the body
goes into strong flexor spasm, (2) the colon and bladder
arc likely to evacuate, (3) the arterial pressure often

rises to maximal values—somclimcs to o mean prci-surc

well over 200 mm Hg, and (4) large areas of the body
break out into profuse sweating. The mass reflex might
be likened to the epileptic seizures that involve the
central nenous system in which largo portions of the
brain become massively activated.

The precise neuronal mechanism of the mass reflex is
unknown. However, since it !a.st8 for minutes, it presum-
ably results from activation of great masses of rev erber-
ating circuits that excite large areas of the cord at once.

SPINAL CORO TRANSECTION AND
SPINAL SHOCK

When the spinal cord is suddenly transected esM.n-
Ually all cord functions, including ’
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immediately become depressed to the point of oblinon,

a reaction called spinal shocfe. 7116 reason for thi* is

that normal activity of the cord neurons depends to a

great extent on continual tonic discharges from higher

centers, particularly discharges transmitted through the

reticulospinal tracts, vestibulospinal tracts, and corti-

cospinal tracts.

After a few hours to a few days or weeks of spinal

shock, the spinal neurons gradually regain their excit-

ability. This seems to be a natural ^aractenstic of

neurons everywhere in the nervous system—that is.

after they lose their source of facilitatory impulses, they

increase their own natural degree ofexcitability tomake
up for the loss. But there is also some possibility of

sprouting of multiple new nerve endings in the cord,

whidi could also increase excitability. In most nonpn-
mates, the excitability of the cord centers returns essen-

tially to normal within a few hours to a day or so, but

in human beings the return is often delayed for several

weeks and occasionally is never complete; or, on the

other hand, recovery is sometimes excessive, with re-

sultant h^’perexeitability of all or most cord functions

Some of the spinal functions specifically affected dur-

ing or following spinal shock arc (1) The arterial blood

pressure falls immediately—sometimes to os low as 40
mm Ilg—thus illustrating that sympathetic activity

becomes blocked almost to extinction. However, the

pressure ordinarily returns to normal within a few days

(2) All skeletal muscle reflexes integrated in the spinal

cord are completely blocked during the initial stages of

shock In lower animals, a few hours to a few days are
required for these reflexes to return to normal, and m
human beings two weeks to several months are usually

required. Sometimes, both in animals and people, some
reflexes eventually become hyperexcitable, particularly

if a few facilitatory pathways remain intact between the
brain and the cord while the remainder of the spinal

cord IS transected. The first reflexes to return arc the
stretch reflex, followed in order by the progressively

more complex reflexes, the flexor reflexes, the postural

antigr&vity reflexes, and remnants of stepping reflexes

(3) The sacral reflexes for control of bladder and colon
evacuation are completely suppressed in human beings

for the first few weeks following cord transection, but
they efentus}!}- return These ^ects ere disctissed m
Chapters 38 and 66.
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52
Motor Functions of
the Brain Stem and
Basal Ganglia—
Reticular Formation,
Vestibular

Apparatus,
Equilibrium, and
Brain Stem Reflexes

The brain stem is a complex extension of the
spinal cord. Collected in it are numerous neuronal
circuits to control respiration, cardiovascular func'
tion, gastrointestinal function, eye movement,
equilibrium, support of the body against gravity,

and many special stereotyped movements of the
body. Some of these functions—such as control of
respiration and cardiovascular functions—are de-
scribed in special sections of this text. In the
present chapter we shall discuss the role of the
brain stem in controlling whole body movement
and equilibrium.

THE RETICULAR FORMATION, AND
SUPPORT OF THE BODY AGAINST
GRAVITY

Throughout the entire extent ofthe brain stem

—

in the medulla, pons, and mesencephalon—are
areas of diffuse neurons collectively known as the
reticular formation. Figure 52-1 illustrates the
extent of the reticular formation, showing it to

begin at the upper end of the spinal cord and to

extend upward through the medulla, pons, and
mesencephalon. Many of the ascending and de-

scending fiber tracts between the brain and spinal

cord pass through the reticular formation, and as
they do so they also provide collateral nerve end-
ings to all reticular areas. In turn, the reticular

formation provides multiple efferent fibers that

pass both upward and downward in the axis of the
nervous system. The lower end of the reticular

formation is continuous with the intemeurons of

the spinal cord, and, indeed, the reticular forma-

tion of the brain stem functions in a manner quite
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analogous to many of the functions of the inter-

neurons in the cord gray matter.

Interspersed throughout the reticular formaUon

are both motor and sensory neurons; these vary in

size from very small to very large. The small

neurons, which constitute the ^eater number,

make multiple connections within the reticular

formation itself. The large neurons are mainly

motor in function, and their axons often bifurcate

almost immediately, with one division extending

downward to the spinal cord and the other extend'

ing upward to the thalamus or other basal regions

of the dicncephalon or cerebrum. The axons pass'

ing into the spinal cord help control the axial and
girdle movements—that is, the trunk, neck, shouh
der, hip, and proximal limb movements. On the

other hand, the nerve Abers extending into the

diencephalon and cerebrum play important roles

in controlling overall activity of the brain or activ-

ity in speciAc portions of the brain These espe-

cially play prominent roles in the control of wake-
fulness and sleep, as we shall discuss in Chapter

55.

The input signals to the reticular formation are

derived from multiple sources, including: (1) the

spinoreticular tracts and collaterals from the spi-

nothalamic tracts, (2) the vestibular nuclei, (3) the

cerebellum, (4) the basal ganglia, (5) the cerebral

cortex, from both the sensory and the motor re-

gions, and (6) the hypothalamus and other nearby
associated areas.

Though most of the neurons in the reticular

formation are evenly dispersed, some of them arc
collected into specific nuclei, some of which are

labeled in Figure 52-1. In general, these speciAc

nuclei are not considered to be part of the reticular

formation per se even though they do operate in

association with it. In most instances they arc the

loci of “preprogrammed" control of stereotyped

movements, as we shall discuss later in the diap-
ter. Note especially in Figure 52-1 the location of

the vestibular nuclei in the posterior portion of

the lower pons and upper m^ulla. These nuclei

provide preprogrammed attitudinal contractions of

appropriate muscles for maintaining equilibrium,

and they share almost equally with the reticular

formation in the control of the other motor func-

tions by the brain stem.
The Motor Pathways from the Brain Stem to the

Spina! Cord. Figure 52-2 illustrates the principal mo-
tor pathways from the brain stem to the spinal cord
These include

(1) Two vestibulospinal tracts that originate m the
vestibular nuclei a lateral vestibulospinal tract and a

medial lestibulospinal tract Both these are located in

the anteromedial column of the spinal cord, and th^
excite motor neurons located mainly in the medi^
portion of the anterior horn. These neurons control the
axial and girdle muscles,

(2) Two reticulospinal tracts: a pontine reticulospinal

tract located in the anteromedial column of the and,
. and a medullary reticulospinal tract located in Che lateral

' column. The pontine tract originates principally In the

njuro 52-2. The vesrlbulospln.il and redcuIospliuJ tracts de-

tcending (n the spinal cord to excite (solid lines) or Inhibit (dashed

tines) the anterlm motor neurons that control the body's axM

musculature

reticular formation of the pons whereas the medullary

tract originates in the medulla Both terminate on the

medial motor neurons of the anterior horn However,

the signals from the pontine reticulospinal tract are

mainly excitatory whereas those from the medullary

tract are mainly inhibitory

(3> Imbedded within the lateral vestibulospinal tract

and (he pontine reticulospinal tract are several smaller

tracts from the brain stem, including the teetospinel

Iroel. which originates in the tectum of the mesenceph-
alon, and the inierstitiospinal tract, which originates id

the interstitial nucleus within the reticular rormatioD

of the mesencephalon
Note that most of the pathways from the brain stem

to the spinal cord are located in the nnteromedial col*

umns of the cord and that they terminate on the medial

motor neurons of the anterior horn These motor neurons

control the axial musculature of the body and the mus-

culature of the two body girdles—the shoulders and hips

and proximal portions of the limbs. This complex of

pathways and motor neurons Is sometimes called the

medial motor system; it is important because it is the

pnncipal controller of background body and girdle mus-

cle contractions. It espeaally provides contraction ofthe

antigravity muscles to support the body against gravity,

while inhibiting the flexor muscles to prevent their

opposition to the antigravity muscles However, the

m^ullaty reticulospinal tract is different from the other

tracts originating in the brain stem, for it tends to

inhibit the antigravity muscles while providing perhaps

some degree of excitation to the flexors

£xc/Mrion of the Antigravity Muscles by the
Brain Stem—TTie Decerebrate Animat

Both the vestibular nuclei and the pontine i»r-

tion of the reticular formation, the two of which
function in very close association with each other,

are intrinsically excitable. However, this excita-

bility is usually held in check by inhibitory signals

that originate mainly in the basal ganglia but to

a lesser extent in the cerebral cortex and cerebel-

lum. When the brain stem is sectioned above the

vestibular nuclei at the midpontine level, the in-

trinsic activity of these nuclei immediately causes

a considerable degree of rigidity of all the anti-
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gravity muscles in the body. If this section is made
still higher ir\ the brain stem, for instance at the
raidlevel of the mesencephalon, then the intrinsic
activity of the pontine portion of the reticular

formation adds still more to the rigidity of the
antigravity muscles, and the animal can usually
even stand on its feet This is called the decerebi-ate

animal. Finally, if the cerebellum is removed at
the same time to remove its inhibitory influences,

the rigidity becomes still further enchanced.
Thus, the principal role of the brain stem in the

control of motor function is to provide background
contractions of the trunk and neck musculature
and proximal portions of the limbs; and the most
important function of these contractions is to pro*
vide support of the body against gravity.

The relative degree of contraction of the mdivid-
ual antigravity muscles is determined by the equi-
librium mechanisms. Thus, if an animal begins to

fall to one side, the extensor muscles on that side

stiffen while those on the opposite side relax. In
turn, the equilibrium mechanisms arc controlled

by signals mainly from the vestibular apparatuses,
which are the sensory organs for equilibrium that
will be discussed fully in subsequent sections of
this chapter.

VESTIBULAR SENSATIONS AND THE
MAINTENANCE OF EQUILIBRIUM

THl VESTIBULAR APPARATUS

The vestibular apparatus is the organ that de-
tects sensations concerned with equilibrium. It is

ramposed of a system of bony tubes and chambers
in the petrous portion of the temporal bone called
the bony labyrinth and within this a system of
membranous tubes and chambers called the mem-
branous labyrinth, which is the functional part of
the apparatus. The top of Figure 52-3 illustrates
the membranous labyrinth; it is composed mainly
of the cochlear duct, three semicircular canals, and
two large chambers known as the utricle and the
saccule. The cochlear duct is the mqjor sensory
^ea for hearing and has nothing to do with equi-
librium. However, the utricle, the semicircular
canals, and probably the saccule are all integral
parts of the equilibrium mechanism.
The Macula—^The Sensory Organ of the Utri-

cle and the Saccule for Detecting the Orien-
tation of the Head with Respect to Gravity.
Located on the inside surface of each utricle and
saccule is a small sensory area slightly over two
mm in diameter called a macula. The macula of
the utricle lies in the horizontal plane on the
inferior surface of the utricle and plays an impor-
tant role in determining the normal orientation of
the head with respect to the direction of gravita-
tional or acceleratory forces. On the other hand,
the macula of the saccule is located in a vertical
plane on the medial wall of the saccule. Some

Anterior

Sostentoculor cells
Sustentoculor cells

CRISTA AMPULLARIS AND MACULA
figure $2—3. The membranous labyrinth, arid orsantaatlon of

die crista ampuUarts and the macula. (Modified from Coss Cray’s

Anatomy of the Human Body Lea &. Feblsen modified bom
Kobner by Buchanan, runctlonal Neuroanatomy Lea &. Feblger

)

research studies suggest that it operates in close

association with the cochlear duct for detecting

certain types of sounds and therefore may not be

very important as an equilibrium apparatus. How-
ever, it 13 possible if not probable that the saccule

also operates as an equilibrium apparatus, espe-

cially when the head is not in a vertical position.

Each macula is covered by a gelatinous layer in

which many small calcium carbonate crystals

called statoconia (or otoliths) are imbedded. Also,

in the macula are thousands of hair cells, one of
which is illustrated in Figure 52—4; these project

cilia up into the gelatinous layer. The bases and
sides of the hair cells synapse with sensory axons
ofthe vestibular nerve.

Even under resting conditions, most of the nerve
fibers leading from the hair celts transmit a con-
tinuous series of nerve impulses, averaging about
200 per second. Bending the cilia of a hair cell to

one side causes the impulse traifle tn its nerve
fibers to increase markedly; bending the cilia to
the opposite side decreases the impulse traffle
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Pgurc A hair ceQ of the membranous Ubyrtntft of the

equlUbrtum apparatus.

often turning It off completely. Therefore, as the

orientation of the head m space changes and the

weight of the otoconia (whose specific gravity is

about 3 times that of the surrounding tissues)

bends the cilia, appropriate signals arc transmit-

ted to the brain to control equilibrium.

In each macula the different hair cells are ori-

ented so different directions so that some of them
are stimulated when the head bends forward, some
when It bends backward, others when it bends to

one side, and so forth. Therefore, a different pat-

tern of excitation occurs in the macula for each
position of the head; it is this “pattem” that ap-

prises the brain of the head's orientation.

The Semicircular Canals. The three semicir-

cular canals in each vestibular apparatus, known
respectively as the anterior, posterior, and horizon-

tal scmicircu/ar cana/.<t, are arranged at right an-

gles to each other so that they represent all three
planes in space When the head is bent forward
approximately 30 degrees, the two horizontal sem-
icircular canals are located approximately honzon-
tal with respect to the surface of the earth, "nie

anterior canals are then located in vertical planes
that project forward and 45 degrees ouheord, and
the posterior canals are also then in vertical planes
but project backward and 45 degrees outward.
Thus, the anterior canal on each side of the bead
>3 in a plane parallel to that of the posterior canal
on the opposite side of the head, whereas the two
honzonlai canals on the two sides are located in

'y the same plane.

Each semicircular canal has an enlargement at

one of its ends called the ampulla, and the canaU

are filled with a viscous fluid called endolympk.

Flow of this fluid in the cansUs excites a sensor?

organ in the ampulla. As illustrated in Figure

52-3, located in each ampulla is a small crest

called a cristo amputtaris, and on top of the crista

is a gelatinous mass similar to that in the utricle

and known as the cupula. Into the cupula are

projected cilia from hair cells located along the

ampullary crest, and these hair cells in turn are

connected to sensory nerve fibers that pass into

the vestibular nerve. Bending the cupula to one

side, caused by flow of fluid tn the canal, stimulates

the hair cells, while bending in the opposite direc-

tion inhibits them. Thus, appropriate signals are

sent through the vestibular nerve to apprise the

central nervous system of fluid movement in the

respective canal

Directional Sensitivity of the Hair Cells—

Tlie Kinocilium. As illustrated in Figure 62-4,

each hair cell, whether in a macula or a cupula,

has an average of about 50 small cilia, called

stereociha, plus one very large cilium called the

ktnoctlium. This kinocilium is located to one side

ofthe hair cell, always on the same side of the cell

mth respect to its orientation on the ampullary

crest This is the cause ofthe directional sensitivity

of the hair cells- namely, stimulation when the

cilia are bent toward the kinocilium side and

inhibition when bent in the opposite direction.

Neuronal Connections of (he Vestibular Appa*
ratus wdth the Central Nervous System. Figure

52-5 illustrates the central conoKtionsof the vestibular

nerve Most of the vestibular nerve libera end In the

vestibulDT nuclei, which are located approximately at

the junction of the medulla and the pons, but some fibers

pass without synapsing to the faatigial nuclei, uvula,

and flocculonodular lobes of the cerebellum. The fibers

that end m the vestibular nuclei synapse with second

order neurons that also send fibers into these areas of

the cerebellum as well as to the cortex of other portions

of the cerebellum, into the vestibulospinal tract, inW

nervous syswm.
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tlie medial longitudinal fasciculus, and to other areas of
the brain stem, particularly the reticular formation.

Note especially the very close association between the
vestibular apparatus, the vestibular nuclei, and the

cerebellum. The primary pathway for the reflexes of

equilibrium begins in the vestibular nerves and passes
next to both the vestibular nuclei and the cerebellum.
Then, along with two-way traffic of impulses between
these two, signals are also sent into the reticular nuclei

of the brain stem as well as down the spinal cord via

the vestibulospinal and reticulospinal tracts. In turn,

the signals to the cord control the interplay between
facilitation and inhibition of the antigravity muscles,
thus automatically controlling equilibrium.

The flocculonodular lobes of the cerebellum seem to

be especially concerned with equilibrium fimctiona of

the semidreular canals because destruction of these
lobes gives almost exactly the same clinical symptoms
as destruction of the semicircular canals themselves.

That is, severe injury to either of these structures causes

loss of equilibrium during rapid changes m direction of
motion but does not seriously disturb equilibrium under
static conditions, as will be discussed in subsequent
sections. It is also believed that the uvula of the cere-

bellum plays an equally important role in static equilib-

rium.

Signals transmitted upward in the brain stem from
both the vestibular nuclei and the cerebellum via the

medial longitudinal fasciculus cause corrective move-
ments of the eyes every time the head rotates so that

the eyes can remain fficed on a specific visual object

Signals also pass upward (either through this same tract

or through reticular tracts) to the cerebral cortex, prob-

ably terminating in a primary cortical center for equi-

librium located in the parietal lobe deep in the Sylvian
fissure, on the opposite side of the fissure from the
auditory area of the superior temporal gyrus. These
signals apprise the psyche of the equilibrium status of
the body.

The vestibular nuclei on either side of the brain stem
are divided into four separate subdivisions. These are*

(1 and 2) The superior and medial vestibular nuclei

that receive si^ials mainly from the semicircular canals
and in turn send large numbers of nerve signals into

the medial loi^Uudinal fasciculus to cause corrective

movements of the eyes as well as signals through the
medial vestibulospinal tract to cause appropriate move-
ments of the neck and head.

(3) The lateral vestibular nucleus that receives its

innervation primarily from the utricle and possibly
saccule, and in turn transmits outflow signals to the
spinal cord through the lateral vestibulospinal tract to

control body movement
(4) The inferior vestibular nucleus that receives signals

from both the semicircular canals and the utricle and
in turn sends signals into both the cerebellum and the
reticular formation of the brain stem.

ruscnoN of the utricle (and
PROBABLY SACCULE) IN THE
MAINTENANCE OF STATIC EQUIUBRIUM

It is especially important that the diilereat hair
cells are orient^ in all difTerent directions in the
maculae of the utricles and saccules so that at
different positions of the head, different hair cells

become stimulated. The “patterns" of stimulation

of the different hair cells apprise the nervous
system of the position of the bead with respect to

the pull of gravity. In turn, the vestibular, cere-
bellar, and reticular motor systems reflexly excite

the appropriate muscles to maintain proper equi-
librium.

The maculae in the utricles function extremely
effectively for maintaining equilibrium when the
head is in the near-vertical position. Indeed, a
person can determine as little as a half-degree of
mal-equilibrium when the head leans from the
precise upright position. On the other hand, as the
head is leaned farther and farther from the up-
right, the determination ofhead orientation by the
vestibular sense becomes poorer and poorer. Ob-
viously, extreme sensitivity in the upright position

is of major importance for maintenance of precise

vertical static equilibrium, which is the most es-

sential function of the vestibular apparatus.
Detection of Linear Acceleration by the

Maculae. When the body is suddenly thrust for-

ward—that is, when the body accelerates—the
statoconia, which have greater inertia than the
surrounding fluids, fall backward on the hair cell

cilia, and information of mal-equilibnum is sent

into the nervous centers, causing the individual to

feel as though he were falling backward. This
automatically causes him to lean bis body forward
until the anterior shill of the statoconia caused by
leaning exactly equals the tendency for the stato-

conia to fall backward. At this point, the nervous
system detects a state of proper equilibrium and
therefore leans the body no farther fonvard. Thus,
the maculae operate to maintain equilibrium dur-

ing linear acceleration in exactly the same manner
as they operate in static equilibrium.

The maculae do not operate for the detection of

linear velocity. When runners first begins to run,

they must lean far forward to keep from falling

over backward because of acceleration, but once

they have achieved running speed, they would not

have to lean forward at ell if they were running

in a vacuum. When running m air they lean

forward to maintain equilibrium only because of

the air resistance against their bodies, and in this

instance it is not the maculae that moke them
lean but the pressure of the air acting on pressure

end-organs in the skin, which initiate the appro-

priate equilibrium adjustments to prevent falling.

THE SEMIORCUIAR CANALS AND THUR
DETECTION OF HEAD ROTATION

When the head suddenly begins to rotate in any
direction (this is called angular acceleration), the
endolyraph in the membranous semicircular ca-

nals, bemuse of its inertia, tends to remain sta-

tionary while the semicircular canals themselves
turn. This causes relative fluid flow in the canals
in the direction opposite to the rotation of the
head. '

c
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njure S2-6. Movement of the cupula «nd ia embedded h»)i9

durtng fottitlon first in one directtort then In the opposite

dlreciioa (Oftwi the top of the topula is attacbed so that «

merely bulges In one direction or the other)

Figure 52-6 illustrates an ampulla of one of the

semicircular canals, showing the cupula end its

embedded hairs bending in the direction of fluid

movement And Figure 62-7 illustrates the dis-

charge signal from a single hair cell m the crista

ampullaris when an animal is rotated for 40 sec-

onds, showing that (1) even when the cupula is in

Its resting position the hair cell emits a tonic

discharge of approximately 200 impulses per sec-

ond, (2) when the animal is rotated, the hairs bend
to one side and the rate of discharge increases

greatly; and i3l with continued rotation, the excess
discharge of the hair cell gradually subsides bach
to the resting level in about 20 seconds.

The reason for this adaptation of the receptor is

that within a second or more of rotation, friction

in the semicircular canal causes the endolymph to

rotate os rapidly os the semicircular canal itself;

then in an additional 15 to 20 seconds the cupula
slowly returns to its resting position in the middle
of the ampulla because of its own elastic recoil.

WTien the rotation suddenly stops, exactly the

irtmylited fint by roution aAd Iben by slopping (otadon.

opposite effects take place: the endolymph contin-

ues to rotate while the semicircular canal stops

This time the cupula is bent in the opposite direc-

tion, causing the hair cell to stop discharging

entirely. After another few seconds, the endolympk

stops moving, and the cupula returns gradually to

its resting position in about 20 seconds, thus allow-

ing the discharge of the hair cell to return to its

normal Ionic level as shown to the right in Figure

52-7
Thus, the semicircular canal transmits a positive

signal when the head begins to rotate and a neg-

ative signal when it stops rotating. Furthermore,

at least some hair cells will always respond to

rotation in any plane—horizontal, sagittal, or co-

ronal—for fluid movement always occurs in at

least one semicircular canal.
Rate of Angutar Acceleration Required to Stiffl-

ulale the Semicircular Canals. The angular acceler-

ation required to stimulate the semtcimilar canals in

the human being averages about 1 degree per second

per second In other words, when one begins to rotate,

the velocity of rotation must be as much as 1 degree per

second by the end of the first second, 2 degrees per

second by the end of the second second, 3 degrees per

second by the end of the third second, and so forth, io

order for the person barely to detect that the rate of

rotation is increasing

“Predictive” Funqlion of the Semicircular
Canals in the Maintenance of Equilibriuin-

Since the semicircular canals do not detect that

the body is off balance in the forward direction, in

the side direction, or in the backward direction,

one might at first ask: \Vhat is the function of the

semicircular canals m the maintenance of equilib-

rium’ All they detect is that the person’s head is

beginning to rotate or stopping rotation in one

direction or another. Therefore, the function of the

semicircular canals is not likely to be to maintain
static equihbnum or to maintain equilibrium dur-

ing linear acceleration or when the person is ex-

posed to steady centrifugal forces. Yet loss of func-

tion of the semicircular canals causes a person to

have very poor equilibrium when attempting to

perform rapid and intricate body movements.
We can explain the function of the semicircular

canals best by the following illustration. Ifa person

IS running forward rapidly, and then suddenly

begins to turn to one side, he falls off balance a

second or so later unless appropnate corrections

are made ahead of time. But. unfortbnately, the

macula of the utricle cannot detect that he is off

balance until after this has occurred. On the other

hand, the semicircular canals will have already

detected that the person is turning, and this Infor-

mation can easily apprise the central nervous

aystem of the fact that the person will fall off

balance within the next second or so unless some
correction is made In other words, the semicircu-

lar canal mechanism predicts ahead of time that

mal-cquilibrium is going to occur even before it

does occur and thereby causes the equilibrium

centers to make appropriate preventive adjust-
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ments. In this way, the person need not fall olf

balance before he begins to correct the situation.

Removal of the flocculonodular lobes of the cer-
,

ebellum prevents normal function of the semicir'

cular canals but does not prevent normal function

of the macular receptors. It is especially interest-

ing in this connection that the cerebellum serves

as a “predictive” organ for most of the other rapid

movements of the body as well as those having to

do with equilibrium. These other functions of the

'

cerebellum are discussed in the following chapter.

VESTIBULAR POSTURAL REFLEXES

Sudden changes in the orientation of an animal in

space elicit refiexes that help to maintain equihbnum
and posture. For instance, if an animal is suddenly
pushed to the right, even before it can fall more than a

few degrees its nght legs extend mstantaneously In

other words, this mechanism anticipates that the animal
will be off balance in a few seconds and makes appro*

priate adjustments to prevent this.

Another type of vestibular postural reflex occurs when
the animal suddenly falls forward. ^Vhen this occurs,

the forepaws extend forward, the extensor muscles
tighten, and the muscles in the back of the neck sUOen
to prevent the animal's head from striking the ground.

This reflex is probably also of importance in locomotion,

for, in the case of the galloping horse, the downward
thrust of the head can automatically provide reflex

thrust of the forelimbs to move the animal forward for

the next gallop.

VESTIBULAR MECHANISM fOR STABIUZING
THE EYES AND FOR NYSTAGMUS

When a person changes his direction of movement
rapidly, or even leans his head sideways, forward, or

backward, it would be impossible for him to maintain a
riabJe inioge on the retinae of bis eyes unless he had
some automatic control mechanism to stabilize the di-

rection of gaze of the eyes. In addition, the eyes would
be of little use in detecting an image unless they re-

mained “fixed” on each object long enough to gain a
clear image. Fortunately, each time the head is suddenly
rotated, signals fiom the semicircular canals cause the
eyes to rotate in an equal and opposite direction to the
rotation of the head. This results from reflexes trans-

mitted from the canals through the ustibular nuclei

and the medial longitudinal fasciculus to the ocular
nuclei.

OTHER FACTORS CONCERNED
WITH EflWUBRIUM

The Neck Proprioceptors. The vestibular apparatus
detects the onentation and movements only of the head.

Therefore, it is essential that the nervous centers also

receive appropriate information depicting the orienta-

tion of the head with respect to the body. This infor-

mation is transmitted from the propnoceptors of the
neck and body directly into the vestibular and reticular

nuclei of the brain stem and also indirectly by way of

the cerebellum.
By far the most important proprioceptive information

needed for the maintenance of cquilibnum is that de-

rived from the^omt receptors ofthe neck. When the head
IS leaned m one direction by bending the neck, impulses
from the neck proprioceptors keep the vestibular appa-
ratuses from giving the person a sense of mal-equilib-
rium. They do this by transmitting signals that exactly
oppose the signals transmitted from the vestibular ap-
paratuses However, when the entire body leans in one
direction, the impulses from the vestibular apparatuses
arc not opposed by the neck proprioceptors; therefore,
the person in this instance docs perceive a change in
equilibrium status

The Neck ReBexes. In an animal whose vestibular
apparatuses have been destroyed, bending the neck
causes immediate muscular reflexes called necit reflexes

occurring especially in the forelimbs. For instance, bend-
ing the head forward causes both forelimbs to relax.
However, when the vestibular apparatuses are intact,

this effect does not occur because the vestibular reflexes
function exactly oppositely to the neck reflexes Thus, if

the head is flexed downward, the vestibular reflex tends
to extend the forelimbs, while the neck reflexes tend to

relax them Since the equtlibnum of the entire body and
not of the head alone must be maintained, it is easy to

understand that the vestibular and neck reflexes must
function oppositely. Otherwise, each time the neck
should bend, the animal would immediately full off

balance.

Proprioceptive and Exteroceptive Information
from Olhcr Parts of the Body. Proprioceptive infor-

mation from other parts of the l^y besides the neck is

also important m the maintenance of equilibrium. For
instance, pressure sensations from the footpads can tell

one (a) whether weight is distributed equally between
the two feet and (b) whether weight is more forward or
backward on the feet

An instance in which exteroceptive information is

necessary for maintenance of equilibrium occurs when
a person is running. The air pressure against the f^ront

of the body signals that a force u opposing the body m
a direction diiTerent from that caused by gravitational

pull; as a result, the person leans forward to oppose this

Imporionce of Visaaf /nfonnaCion m Che .tfainCe*

nance of Equilibrium. After complete destruction of

the vestibular apparatuses, and even alter loss of most
proprioceptive information from the body, a person can
still use the visual mechanisms efTectivcly for maintam-
ing equilibrium. Even slight linear or rotational move-
ment of the body instantaneously shifts the visual im-

ages on the retina, and this information is relayed to

the equilibrium centers. Many persons with complete

destruction of the vestibular apparatuses have almost

normal equilibrium as long as their eyes are open and
as long as they perform all motions slowly. But, when
movingrapidly or when the eyes arc closed, cquilibnum
is immediately losL

FUNCTIONS or THE RETICUIAR
FORMATION AND SPECIFIC BRAIN
STEM NUCUl IN CONTROLUNG
SUBCONSCIOUS, STEREOTYPED
MOVEMENTS

Rarely, a child called an anencephalic moniter is born
without brain structures above llio mcscnctph.vlk re-

gion, and some of tliesc children have been kept alive

for many months. They an? able to perform tist.'itially



626 a The Nervous System

all the functions of feedmf, such as suckling, extrusion

of unpleasant food from the mouth, and moving the

hands to the mouth to suck the fingers In addition, they

can yawn and stretch. They can cry and follow objects

with the eyes and by movements of the head. Also,

placing pressure on the upper anterior parts of their

legs will cause them to pull to the sitting position.

Therefore, it is obvious that many of the stereotyped

motor functions of the human being are integral^ In

the brain stem. Unfortunately, the loci of most of the

different motor control systems have not been found

except for the following.

Stereotyped Body Alovements. Most movements of

the trunk and head can be classified into several simple

movements, such as forward flexion, extension, rotation,

and turning movements of the entire body. These types

of movements are controlled hy special nuclei located

mainly m the mesencephalic and lower diencephalic

region For instance, rolalional movements of the head
end eyes are controlled hy the interstitial nucleus, which
is illustrated in Figure 52-1 This nucleus lies m close

approximation to the medial longitudinal fasciculus,

through which it transmits a major portion of its control

impulses The raising movements of the head and body
are controlled by the prestitial nucleus, which is located

approximately at the juncture of the diencepbaton and
mesencephalon On the other hand, the Pextng move-
ments of the head and body are controlled by the nucleus
preeommissunlis located at the level of the posterior

commissure Finally, the turning movements of the en-

tire body, which are much more complicated, involve

both the pontile and mesencephalic reticular formation
Function of the Subthalamic Arca^Forward

Progression. Much less is known about function of
higher brain stem centers in posture and locomotion
than of the lower centers, principally because of the
complexity of the neuronal connections However, it is

known that stimulation of centers in or around the

subthalamic nuclei can cause rhythmic limb motions,
including forward walking reflexes This does not mean
that the individual muscles of walking are controlled

from this region but simply that excitation of this region
sends "cottunand” signals to activate the cord centers
where preprogrammed neuronal circuits then cause the
actual walking movementa
A cat with its brain transected beneath the thalamus

but above the subthalamua can walk in an almost
completely normal fashion—so much so that the ob-

server often cannot tell the difference. However, when
the animal comes to an obstruction it simply butts its

head against the obstruction and tries to keep on walk-
ing Thus, It lacks purposefulness of locomotion

The function of the subthalamic region in walking is

frequently described as that of controlling forward pro-
gression.

THE BASAL GANGLIA^
THEIR MOTOR FUNCTIONS

Physiologically, the basal ganglia are considered
to be comprised of the caudate nucleus, putamen,
and globus pallidus. However, the substantia ni-
gra, subthalamus, and important portions ofbo&
the thalamus and reticular formation operate In

association with these and therefore are ac-

^

lly part of the basal ganglia system for motor

The basal ganglia function in close association

with the cerebral cortex for both motor control and

sensory activities. However, little is known about

the sensory functions of the basal ganglia despite

the fact that as many nervous pathways connect

the sensory areas of the cortex with the bssal

ganglia as with the motor areas. One of the most

important recent findings has been that, when the

body performs a muscle activity, action potentials

appear m the basal ganglia before they appear in

the cortical motor areas. And it is very probable

that the basal ganglia themselves are most oAen

set into activity not by signals from the motor

cortex but instead by signals directly from the

sensory and sensory association portions of the

cortex, or from the thalamus and lower brain stem.

Thus, there is much belief that the basal ganglia

play on essential role in the initiation of most if

not all motor activities of the body besides some of

the involuntary muscle contractions that originate

in the brain stem or spinal cord.

Even though the basal ganglia are closely asso-

ciated with the cerebral cortex in normal motor

control, the basal ganglia can still provide many
aspects of motor control even after the cerebral

cortex has been removed. However, the motor

activities are then much grosser and less deter-

minative than when the cortex contributes

capabilities as well We shall say more about the

interrelationships between the basal ganglia and

the motor cortex m the following chapter.

Physiologic Anatomy of the BnsJil GunglM
Seuropjil Connections

Figure 52-5 illustrates the complexity of the intercon-

nections among the different basal ganglia as well as

between the basal ganglia and the brain stem, the

njure 52-8. Pathway} through the basal ganglia and reU'*0

suucTures of the brain stem, thalamus, and cerebral cortex, (from

lung and Hasslet Handbook of Physlolo^. Sec. t VoL 11. BSlO-

mm. wnilamS &. WllkJrts Compary. 1900)
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I thalamus, and the cerebral cortex. However, several

1 partially distinct neuronal pathways have been dis*

I
cemed among these multiple connectmtica, as follows:

;

(1) Pathway from Cortex to Basal Ganglia and
Back to Cortex. Figure 52-9 illustrates the pathway
that involves the greatest number of nerve fibers m the

basal ganglia system. It begins in all areas of the

cerebral cortex and passes through the fallowing four

stages: (a) From the cortex to the caudate nucleus and
putamen (which together are called the neostriatum, or
sometimes the stnate body), (b) From the neostriatum
(caudate nucleus and putamen) to the globus pallidas,

and eventually entering the medial segment of the
globus palHdus as illustrated in the figure, (c) From the
medial segment of the globus pallidus to the uentroan*

tenor and ventrolateral nuclei of the thalamus. It is to

these same thalamic nuclei that signals from the cere-

bellum are also transmitted, (d) From the ventroantenor
and the ventrolateral nuclei of the thalamus back to all

areas of the cortex.

Essentially all the nerve fibers from the neostriatum
to the globus pallidus (stage b in the above circuit) are
inhibitory pathways, secreting the inhibitory transmit-
ter GABA at their nerve endings Because of this inhib-

itory step, this circular pathway beginning in the cortex

and returning once again to the cortex is a negative

feedback loop that provides stability to many aspects of
the motor control interactions.

(2)

Mutual Inhibitory Pathways Between the
Neostriatuoi and (he Substantia Nigra. Figure
52-10 illustrates a pathway from the caudate nucleus

and putamen (the neostriatum) to the substantia nigra

that secretes the inhibitory transmitter GABA at its

terminus in the substantia nigra. In turn, a group of

dark-staining cells in the substantia nigra sen^ axons
back to the caudate nucleus and putamen, secreting the

inhibitory transmitter dopamine at their terminations.

This mutual inhibitory pathway normally maintains a

frlmirf

ngure S2-9. Feedback clicuU from the cerebral cortex to the
basal ganglia, then through the thalamus back to the cortex.

From tflTtei

Hgure S2- 1 0. Interrelationships between the neostriatum (cau-

date nucleus and putamen) and the substantia nigra and raphe
nude! in the brain sten\ This figure also shows several different

transii^tter substances Involved in nerve transmission, especially

seccerion of CABA In the substantia nigra and dopamine In the
neostriatum, both of which Function as InhibUoiy transmitters.

certain degree of inhibition of the two separate areas.

Lesions of one of these pathways are the basis of a
number of different clinical syndromes involving the

basal ganglia, including the important syndrome Par-
kinson’s disease that we shall discuss later.

Figure 52-10 also shows that nerve fibers from the

cerebral cortex (as well as others from the thalamus)
secrete acetylcholine in the caudate nucleus and puta-

men, causing excitatory effects. And stiU another path-

way, from the brain stem raphe nuclei, secretes sero-

tonin. Serotonin is an inhibitory transmitter; this

pathway is believed to function primarily in relation to

the sleep-producing effects of the raphe nuclei.

And not shown in this figure is still another tract that

passes directly from the caudate nucleus to the substan-

tia nigra that secretes substance P, an excitatory trans-

mitter. illustratmg even more the complexity of the

different neurotransmitters involved m the interactions

within the basal ganglia system.

(3) Interrelationships Between the Thalamic In-

tralaminar Nuclei and the Basal Ganglia. Figure

52-11 illustrates a feedback loop between the intralam-

inar nuclei of the thalamus and the basal ganglia that

is similar to the feedback loop between the cerebral

cortex and the basal ganglia. Note also in the figure the

close relationship of the intralaminar nuclei with the

lower brain stem. These together are older portions of

the nervous system and presumably are important in

the control of the more primitive aspects of motor con-

trol.

(4) OutQow Tracts from the Basal Ganglia Toward
the Lower Brain Stem. Even though it is known that

the basal ganglia can have important effects on the
motor control functions of the brain stem, there are
surprisingly few direct nerve fiber projections from the
basal ganglia to the louer brain stem. Nevertheless,
shown in Figure 52-12 are several pathways, all of
which are relatively small, that pass from the basal
ganglia to the brain stem reticular formation. Most of
the signals pass from the globus pallidus through either
the subthalamic nucleus or the substantia m'gra before
entenng the reticular formation. However, a few fi^re
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njore 5J-II. An older pathway InvoMng the basal gansBa.

showing Interplay of slgrwls among the basal ganglia, the ceoiro-

median nucleus of the thalamus, and the bralrt stem

pass from the medial portion of the globus pallidus

directly to the brain stem

tUNCTIONS or THE DASAl CANCIIA

Before attempting to discuss the functions of the

basal ganglia in human beings, we should speak
briefly of the better known functions of these

ganglia in lower animals. In birds, for instance,

the cerebral cortex is poorly developed while the

basal ganglia are highly developed. These ganglia

perform essentially all the motor functions, even
controlling the voluntary movements in much the

same manner that the motor cortex of the human
being controls voluntary movements. Further-

more, in the cat, and to a lesser extent in the dog.

decortication removes only the discrete types of

motor functions and does not interfere with the

animal's ability to walk, eat, fight, develop rage,

have periodic sleep and wakefulness, and even

ngurc 51-12. rathway for transmission of signals from the

basal ganglia to the brain stem reticular formation by way of the

subthalamic ciucleus and the substantia nigra.

participate naturally in sexual activities. How-

ever, if a major portion of the basal ganglia h

destroyed, only gross stereotyped movements re

main, which were discussed earlier in relation ta

the meseticephalic animal.

Finally, in the human being, cortical lesions in

very young individuals destroy the discrete move-

ments of the body, particularly of the hands and

distal portions of the lower limbs, but do not

destroy the person’s ability to walk crudely, to

control equilibrium, or to perform many other

subconscious types of movements. However, si-

multfincous destruction of a major portion of the

caudate nucleus almost totally paralyzes the op-

posite side of the body except for a few stereotype

reflexes integrated in the cord or brain stem.

With this brief background of the overall fun^

tion of the basal ganglia, we can attempt to dissect

the functions of certain portions of the basal gan-

glia system, realizing that the system actually

operates, along with the motor cortex and cerebel-

lum. as a total unit and that individual functions

cannot be ascribed to the different individual parts

of the basal ganglia.

Inhibition of Motor Tone by the Basal Gan-

glia. Though It is wrong to ascribe a single func-

tion to all the basal ganglia, nevertheless, one of

the general effects of diffuse bssal ganglia excita-

tion 15 to inhibit muscle tone throughout the body.

This effect results from inhibitory signals trans-

mitted from the basal ganglia to both the motor

cortex and the lower brain stem. Therefore, when-

ever widespread destruction of the basal ganglia

occurs, this causes muscle rigidity throughout the

body For instance, when the brain stem is tran-

sected at the mesencephalic level, which removes
the inhibitory effects of the basal ganglia, the

phenomenon of decerebrate rigidity occurs.

Yet, despite this general inhibitory effect of the

basal ganglia, stimulation of certain specific areas

within the basal ganglia can elicit positive muscle

contractions and at times even complex patterns

of movements.
Function of the Caudate Nucleus and Puts-

men (The Neostriatum). The caudate nucleus and

putaraen seem to function together to initiate and

regulate gross intentional movements of the body.

To perform this function they transmit impulses

through two different pathways: (1) into the globus

palUdus, thence by way of the thalamus to the

cerebrol cortex, and finally downward into the

spinal cord through the corticospinal pathway: (2)

downward through the globus pallidus and the

suhstantta nigra by way of short axons into the

reticular formation and finally into the spinal cord

mainly through the reticulospinal tracts.

In summary, the neostriatum helps control gross

intentional movements that we normally perform

subconsciously. However, this control also involves

the motor cortex, with which the neostriatum is

c!<»ely connected.

Function of the Globus Pallidus. It is already
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clear that almost all the outflow of signals from
the basal ganglia are channelled through the glo-

bus palHdus en route back to the cortex or on their

way to lower brain centers. However, in addition

to this motor relay function of the globus pallidus,

the globus pallidus seems to have still another
function that operates in close association with the
subthalamus and brain stem to help control the
axial and girdle movements of the body. These
movements provide the background positioning of
the body and proximal limbs so that the more
discrete motor functions of the hands and feet can
then be performed. That is, a person wishing to

perform an exact function with a hand first posi-

tions the body, next positions the legs and arms,
and Anally tenses all the axial and girdle muscles
to provide background positioning and stability of
all the proximal portions of the body. These asso-

ciated tonic contractions are supposedly initiated

by circuits in the globus pallidus but operate also

through the axial and girdle motor control areas
of the brain stem. Lesions of the globus pallidus
seriously interfere with the altitudinal movements
that are necessary to position the hand and, there-

fore, make it difflcult or impossible for one to use
the hand for discrete activities.

Electrical stimulation of the globus pallidus
while an animal is performing a gross body move-
ment often will stop the movement in a static

position, the animal holding that position for many
seconds while the stimulation continues. This Ats
with the concept that the globus pallidus is in-

volved in some type of servo feedback motor control

system that is capable oflocking the different parts
of the body into speciAc positions.

CUNICAL SYNDROMES RESULTING FROM
DAMAGE TO THE BASAL GANGLIA

Much ofwhat we know about the function of the basal
ganglia comes from study of patients with basal ganglia
lesions whose brains have undergone pathologic studies
after death. Among the different clinical syndromes are:

Chorea. Chorea is a disease in which random uncon-
trolled “flicking-type” movements occur one after an-
other. Normal progression of movements cannot occur;

instead, the person may perform one pattern of move-
ment for a few seconds and then suddenly another.
A particularly important type of chorea is Hunting-

ton's chorea, wWch is a hereditary disorder that begins
manifesting usually in the third or fourth decade of life.

It is characterized at Arst by flicking movements but
then by progressively severer distortions] movements of
the body as the disorder becomes more severe. In addi-
tion, severe dementia develops concurrently with the
motor dysfunctions.

InHuntington’s chorea there is diffuse and widespread
degeneration of neurons in both the caudate nucleus
mid the putamen . The neurons most involvedare tb^e
that secrete the inhibitory transmitter GABA, but some
of the acetylcholine-secreting neurons alscTdegenerate.
Failure of the^liABA-secreting neurons removes the
inhibition of the stnatomgral pathway and allows the
dopamine-secreting neurons of the substantia nigra to

become greatly overactive. This in turn allows excessive

secretion of dopamine by the nigrostriatal fibers back m
the caudate nucleus and putamen, which greatly inhib-

its both these nuclei. In addition, degeneration of the

acetylcholine-secreting neurons adds further to the

depression of these nuclei. Presumably, this depressed

function interrupts some of the feedback loops from the

cortex to the basal ganglia and then back to the cortex

through the thalamus, thus causing the abnormal move-
ments.
Thus, Huntington's chorea is believed to be caused by

.j^widesproad depression of function in the caudatejiuclsus
and putamen. u we aiso remember that at least half of

ainjreTCDTTlcal connections of the caudate nucleus and
putamen arc with sensory areas of the cortex rather

than with motor areas, this could also explain the

generalized dementia that occurs in Huntington’s cho-

Athelosis. In this disease, slow, writhing movements
of a hand, the neck, the face, the tongue, or some other

part of the body occur continually. The movements are

likely to be vvonnlike . first with overextension of the

hands and fingers, then flexion, then rotary twfisting to

the side—all these continuing m a slow, rhythmic,

repetitive writhing pattern. The contracting muscles

exiubit a high degree of spasm, and the movements are

enhanced by emotions or by excessive signals from the

sensory organs Furthermore, voluntary movements in

the afiected area are greatly impaired or sometimes
even impossible.

The damage in athetosis is usually foundm the lateral

V portion of pinbiis poHidus or in this area and the

neostriatum. as well Athetosis is usually attributed to

the interruption of feedback circuits among the basal

ganglia, thalamus, and cerebral cortex. The normal

feedbadv circuits presumably allow a constant and rapid

interplay between antagonistic muscle groups so that

finely controlled static or progressive movements can

take place. However, if the feedback circuits are blocked,

It is supposed that the detouring impulses may take

devious routes through the basal ganglia, thalamus, and

motor cortex, causing a succession of abnormal move-

ments.
Hemibollismus. Hemibalhsmus is an uncontrollable

succession of violent movements of large areas of tbe

body. These may occur once every few seconds or some-

times only oncem many minutes. For instance, an entire

leg might suddenly jerk uncontrollably to full flexion,

orthe entire trunk might go through an extreme, sudden

torsion movement, or an arm might be pulled upward

suddenly with great force Hemibalhsmus of the legs or

trunk causes the person to fall to the ground if walking,

and even in bed, the person tosses violently when af-

fected by these powerful and strong intermittent move-

ments. Furthermore, attempts to perform voluntary

movements frequently invoke ballistic movements in

place of the normal movements
Hemibalhsmus on one side of the body results from a

tn ihi> r,^posite sublholamus. The smooth,

progressive or rhythmic movements of the limbs or other

parts of the body normally integrated m this area can

no longer occur, but excitatory impulses attempting to

evoke such movements elicit instead uncontrollable bal-

listic movements.
Parkinson’s Disease. Parkinson’s disease, which is

also known as paralysis agitans, results almost invari-

ably from widespread destruction of the substantia n/gm
but is often ^Mciated^lso with lesions of lbe~elobtis
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p/tii,rf7,<, nnH other related areas. It is characterized by

(1) ngidtly of the musculature either m widespread

areas of the body or in isolated areas, (2) tremor at rest

of the involved areas in most but not all instances, and

(3) a serious inability to initiate movement, called o*»-

nesia.

The cause or causes of these abnormal motor activities

are almost entirely unknown However, they are almost

certainly related to loa^rof-dnoaminejceretion _m the

putamen and caudate nucleus by the nerve endings of

the nigroslnatal tract Destruction of the substantia

nigra causes this tract to degenerate and the dopamine

normally secreted in the putamen and caudate nucleus

no longer to be present But still present are large

numbers of neurons that secrete acetylcholine, and these

transmit excitatory signals throughout the basal gan-

glia. It IS also believed that the dopamine from the

nigrostnatal pathway normally acts to inhibit these

acetylcholine-producing neurons or in some other way
to counter their activity But, in the absence ofdopamine
secretion, the acetylchoUne pathways become overly

active, which presumably is the basis for many of the

motor symptoms in Parkinson’s disease

The rigidity in this disease is somewhat different from

that which occurs in decerebrate rigidity, for decerebrate

rigidity results mainly from hyperacUWly of the muscle
spindle system, and even slight movement of a muscle
IS met with rather extreme reflex resistance resulting

from feedback through the stretch reflex mechanism
Parkinsonian rigidity, on the other hand, is more of a
‘^ilaatie" type. That is, sudden movement usually is not

met by intense resistance from the stretch reflexes, as

in the decerebrate type of ngidity, but instead both
protagonist and antagonist muscles remain tightly con-

tracted throughout the movement Therefore, it is be*

Iieved that the rigidity of Parkinson's disease results to

3 great extent from excess impulses transmitted in the
corticospinal system, thus activating the alpha motor
fibers to the muscles, m addition to probably excess

activation of the gamma efferent system as well

Tremor usually, but not always, occurs in Parkinson’s

disease Its frequency is normally four to six cycles per
second IVhen the parkinsonian patient performs vol-

untary movements, the tremor becomes temporanly or
hiAak£.d,pce»ixaahVY hcfiausa matax caxi-

trol signals—perhaps from the cerebral cortex and cer-

ebellum—override the abnormal basal ganglial signals.

The mechanism of the tremor in Parkinson's disease

IS not known However, a type of treatment that fre-

quently relieves the tremor is surgical destruction of

the ventrolateral nucleus of the thalamus which is one
of the feedback pathways from the basal ganglia to the
motor cortex Therefore, it is presumed that loss of the
inhibitory influence of dopamine in the basal ganglia

leads to enhanced activity of the corticobasal ganglial-

thalamic-cortical feedback circuit, leading to an osal-

lation that produces the muscle tremor.

Though the muscle ngidity and the tremor are both
distressing to the parkinsonian patient, even more se-

rious is the oAinesia that occurs in the final stages of
the disease. To perform even the simplest of movement,
the person must exert the highest degree of concentra-

tion, and the mental effort, even mental anguish, that
is necessary to make the movement “go" is often almost
beyond the patient’s willpower. Then, when the move-
ment does occur, it is stiffand often staccato in character

- instead of occurring with smooth progression. For in-

stance, when a patient begins to perform a discr*!

vtduntary movement with the hands, tive automjti

"associated" adjustments of the trunk of the body

the upper arm segments do not occur. Instead,

patient must voluntarily adjust these segments bef®r

use of the hands Furthermore, a tremendous amount c

nervous effort must be made by the voluntary mefo

control system to overcome "motor stiffness" of

musculature. Tims, the person with Parkinson’s diaeas

has a masklikc face, showing almost no automatic ei"'

tional facial expressions, he or she is usually b^''

forward because of the muscle rigidity; and all mo^'f

ments of necessity are highly deliberate rather than

many casual subconscious movements that are normsii

a part of our everyday life

The cause of the akinesia m Parkinson's diseasif
|

not known, and again we must resort to theory. If ’

presumed that loss ofdopamine secretion in the coudof

nucleus and putamen by the nigrostrialal fibers alW"
excessive activity of the acetylcholine-producing

rons. But normal operation of the basal ganglia requi™

a balance between both excitatory and inhibitory acf>'

lUes. and loss of this balance, in effect, leads t(’

functionless basal ganglia system. We have alrei*®

pointed out that the basal ganglia are responsible «
many of the subconscious stereotyped movements of^
body, and also responsible even for background mo^®

ments of the trunk, legs, neck, and upper arms that

required preliminary to performing the more diKr«
movemenu of the hands If the subconscious and
background movements cannot occur, then other neu”
mechanisms must be substituted, especially those of^
motor cortex and cerebellum. Unfortunately, thouJ*

these cannot replace the movements normally control'*'

by the basal ganglia and certainly cannot function a*

subconscious level. .

Treatment with L-Dopa and AntiehoUaerP
Drugs. Administration of i^opa to patients with
kinson's disease ameliorates many of the symptor“
especially the rigidity and the akinesia, in about
thirds of the patients. The reason for this seems to h

the following The dopamine secreted in the cau^^
nucleus and putamen by the nigrostriate fibers '

denvallvc of L-dopa When the substantia nigra is

admimstered L-dopa is believed to substitute for

dopamine no longer secreted by the destroyed neuro''^

This rauses more or less normal inhibition of the bo^
ganglia and relieves much or most of the akinesia
ngidity

The same basal ganglia that are inhibited by doP^

Dime are excited by acetylcholine-secreting neurons, 8

was discussed earlier. Therefore, as would be expect*?

administration of anticholinergic drugs such as scop®'

amine can also decrease the level of activnty in the
ganglia and therefore benefit some parkinsonian
tients.

C^gulation of the Ventrolateral and Ventral
tenor Nuclei of the Thalamus for Treatment ®

P^klnson 'a Disease. Neurosurgeons have treated P®’

kinson's disease patients, with varying success, by
straying portions of the basal ganglia, thalamus, or eV*
motor cortex. The most prevalent treatment has b^'

detraction of the ventrolateral and ventroantcrior P"

del of the thalamus, usually by electrocoagulation. M*®
fiber pathways from the basal ganglia and cerebell®*

to the cerebral cortex pass through these nuclei so tP®
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their destruction blocks many or most of the corticobasal

gangliaMhalamic-cortical feedback circuits. It is pre-

sumed that blockage of these feedbacks removes the

neuronal loops that cause the tremor of Parkinson’s

disease.
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Cortical and
Cerebellar Control of
Motor Functions

In preceding chapters we have been concerned
with many of the subconscious motor activities
integrated in the spinal cord and brain stem,
especially those responsible for posture and equi-
librium. In the present chapter we will discuss the
control of motor function by the cerebral cortex
and cerebellum as well as their relationship to the
basal ganglia and the other lower centers. Much
of this control is “voluntary” in contradistinction
to the subconscious control effected by the tower
centers. Yet we will also see that at least some
motor functions of the cerebral cortex and cerebel-
lum are not entirely “voluntary."

THE MOTOR CORTEX—THE
PRIMARY AND PREMOTOR AREAS

Figure 53-1 illustrates a broad area of the cer-
ebral cortex that is concerned either with sensation
from the somatic areas of the body or with control
of body movement. The posterior part of this area.
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the somatic sensory cortex, we have already du-

cussed. Lying directly anterior to the somatic sen-

sory area in front of the central sulcus, as illus-

trated in the figure, and occupying approximately
the posterior one half of the frontal lotes is the

motor cortex. Nerve signals originating from this

region cause muscle contractions in different parts

of the body

^otor cortex is divided into two separate
divisions, theprimao' motor area and the premolcf

The primary area contains very largepyrom-
taal motor neurons that send their fibers all the

way to the spinal cord through the corticospinal
tract and therefore have almost direct communi-
cation with the anterior motor neurons of the cord
for control of cither individual muscles or small
groups of muscles Even very weak electric^ stim-
uli in this primary motor area usually will elicit

8 muscle contraction somewhere in the body. The
primary motor cortex is also frequently referred to

as area IV of the cortex because this area contain-
ing the large pyramidal cells is area IV in Brod-
manns histological classification of the different

areas, as will be explained in Chapter 65.

The premotor area lies anterior to the primary
i^tor area and is also illustrated in Figure 63-1.
Tnia area is frequently called areas VI and Vin
because it occupies both these areas in the Brod-
mann classification of brain topology. The premo-
tor cortex has very few neurons that project ner^'e

imers directly to the spinal cord. Instead, most of

the nerve signals generated in this area cause
more complex muscle movements, usually involv-
ing groups of muscles performing some specific
t«k, rather than individual muscles. To achieve
these results, the premotor area mainly sends its

signals into the primary motor cortex to exciU
multiple groups of muscles. Some of these signals
pass directly to the motor cortex through subcort-
ical nerve fibers, but the premotor cortex also has
extensive connections with the basal ganglia and
rerebellum, both of which transmit signals bad?
by way of the thalamus to the motor cortex. Thus
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the premotor cortex, the basal ganglia, the cere-

bellum, and the primary motor cortex constitute a
complex overall system for voluntary control of
muscle activity.

THE TOPOGRAPHICAL MAP
OF THE PRIMARY MOTOR AREA

The neurons in each small point area of the primary
motor cortex project to a single muscle or small group
of muscles in a specific part of the body. Figure 53-2
illustrates four separate so-called lopographicat maps.
two sensory and two motor, that have been discovered

in the brain of a monkey. These maps show specific

points in the cerebral cortex connecting with the differ-

ent areas of the body. The areas labeled Sm I and Sm
II are the somatic sensory areas I and II that were
described in Chapter 49. The other two topographical

maps, Ms I and Ms II, located more anteriorly in the
brain, are topographical maps for the fiber projections

from the motor cortex outward to the different body
areas. The dark area, Ms I, is the primary motor cortex,

and the lighter area, Ms II, is called the supplemental
motor area, which we shall discuss later.

Most of the primary cortex lies in the gyrus immedi-
ately anterior to the central sulcus, called the precentral

gyrus, and, as illustrated in the figure, the head is

represented most laterally m this gyrus whereas the
tail end of the ammal is represented most medially In

fact, the most caudal portions of the animal are repre-

sented in the portion of the precentral gyrus that curves

downward into the longitudinal fissure and lies on the
medial surface of the cerebral hemisphere, as illustrated

in the folded-up upper portion of Figure 5:^2 that shows
this medial cerebral surface. Note in this figure that
some parts ofthe body have much greater representation

Hsure 53-2. The different motor areas of the monkey conex.
fflustrating especially the prtmary motor area (Ms I) locaced in the
precenual gyrus. Ms 11 Is the supplemental motor area, and 5m i

and Sm H are the two somatic sensory areas. (The upper portion

of the figure illustrates the medial surface of the cerebral hemi-
sphere

) (From VVoolsey, Jn Schaltenbrand and Woolsey (eds.)

CesebrU lAcadUatlon and Oiganiution. Unlvetslty of Wisconsin
rress. 1964)

figure 53-3. Degree of representaclon of the different muscles

of the body in the motor cortex (From Tenfield and Rasmussen

The Cerebral Cortex of Man A Clinical Study of Localization of

function New York. Macmillan Company. 1968)

in the motor cortex than other parts, especially the

hands, the feet, and the digits

The Motor Topographical Map in the Human
Being. The topographical map of the motor cortex in

the human being is quite dilTerent from that of lower

animals. The reason for this is that the human being

has developed two important capabilities involving the

motor cortex that are not found in lower animals These
are (1> an exceptional capability to use the hand, the

fingers, and the thumb to perform highly dexterous

manual tasks, and (2) use of the mouth, IipS, tongue,

and facial muscles to talk. Therefore, there are very

high degrees of representation of the hand, mouth, and

facia) regions in the human motor cortex.

Figure 53-3 illustrates the degrees of representation

of the different muscle areas of the body in the motor

cortex as mapped by Penfield and Rasmussen This was

done by stimulating the different areas of the motor

cortex in human beings undergoing neurosurgical op-

erations. Note that more than one half of the entire

pnmary motor cortex is concerned with controlling the

hands and the muscles of speech. Point stimulations in

these areas of the motor cortex w ill cause contraction of

a single muscle or even a portion of a single muscle. On
the other hand, in those areas of the pnmary cortex

with less intense degree of representation such as in the

trunk area, electrical stimulation will usually contract

a group of muscles instead.

The SuppIementAl Motor Area

Area Ms II m Figure 53-2, located on the medial
surface of the frontal lobe slightly antenor to the pri-

mary motor cortex, is called the supplemental motor
area This area requires considerably stronger electrical

sUrouh to cause musclo contraction than does the pn-
mazy motor area. Also, the movements involve coordi-
nate contractions of many muscles in contradistmaion
to the much more discrete movements elicited from the
pnmary area. Furthermore, many of the movements are
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bilateral rather than unilateral, and the contractions

occur most often in the trunk or proximal portions of

the limbs, causing the animal to position itself in some

special attitude. Also, there may be rotation ofthe head,

movement of the eyes, vocalization, or yawming

COMPLEX MOVEMimS ELICnW BY
STiMUlATINC WE PREMOTOR AREA

Electrical stimulation of the premotor area will

often elicit complex contractions of groups ofmus-
cles. Occasionally, vocalization occurs, or rh)?thmic

movements such as alternate thrusting of a leg

forward and backward, coordinate moving of the

eyes, chewing, swallowing, or contortions of parts

of the body into different postural positions.

Some neurophysiologists have called this area

the motor association area and have ascribed spe-

cial tapabiUtlas to It to coottol coordinated move-
ments involving many muscles simultaneously In

fact, it is peculiarly organized to perform such a
function for the following reasons; (1) it has tong
subcortical neuronal connections with the sensory

association areas of the parietal lobe; (21 it has
direct subcortical connections with the primary
motor cortex; (3) it connects with areas in the
thalamus contiguous ivith the thalamic areas that
connect with the primary motor cortex; and (4)

most important of all, it has abundant direct con-
nections with the basal ganglia and the cerebel-

lum, both of which feed back to the primary motor
area through the thalamus
Broca’s Aren and Speech. Figure 63-^ illus-

trates a premotor area lying imm^iately anterior
to the pnmary motor cortex and immediately
above the sylvian fissure labeled “word formation "

This region is called Broca’s area Damage to it

does not prevent a person from vocalizing, but it

does make it impossible for the person to speak
whole words other than simple utterances such as
“no" or “yes." A closely associated cortical area

I

nsure S3-4. Reprwentatlon ot the different muides d the
body In the troior cortex and location of other cortieel area#
letponsible for cerutn types of motor movements.

also causes appropriate respiratory function :

that respiratory activation of vocal cords can occi

simultaneously with the movements of the mou'

and tongue during speech. Thus, the premot

activities that are related to Broca’s area s
highly complex.

The Voluntary Eye Movement Field. Imm
diately above Broca’s area is a locus for controllii

eye mov'ements. Damage to this area prevents

person from voluntarily moving the eyes towai

different objects. Instead, the eyes tend to lock t

specific objects, an effect controlled by signals fro:

the occipital region, as explained in Chapter 6

This frontal area also controls eyelid movemen
such as blinking.

Head Rotation Area. Still slightly higher i

the motor association area, electrical stimulatlc

will elicit head rotation. This area is closely ass

cialed with the eye movement field and is presur

ably related to directing the head toward differei

objects

Area for Hand Skills. In the frontal area ic

mediately anterior to the primary motor cortex f

the hands and fingers is a region neurosurgeoi

have called an area for hand skills That is, whe

tumors or other lesions cause destruction in th

areo, the hand movements become incoardinai

and nonpurposeful, a condition called ttwlt

apraxia

HBER PAWWAYS TO AND
TROM WE MOro* CORTEX

The functions of the motor cortex are eontroUf

mainly by the somatic sensory system but also to

lesser extent by the other sensory systems such >

hearing and vision. Once the sensory information
derived from these sources, the motor cortex operates i

association with the basal ganglia and cerebellum '

process the infonnation and to determine the appropt

ate course of motor action. Therefore, there are mat
two-way fiber pathways between the motor cortex t

the one hand and the sensory cortex, the basal gangl'

and the cerebellum on the other hand In addition, tl

motor cortex gives rise to an especially important mob
output pathway directly to the spinal cord through tl

pyramidal tract, as well as many other shorter pathwa;
tcrroinating pnmanly in the brain stem. Thus, tl

important pathways subserving all these functions a:

the following*

Afferent Fibers That Excite
the Motor Cortex

The motor cortex is stimulated to action by signs

from many different sources, including:
1. Subcortical fibers from adjacent regions of tl

cortex, especially from the somatic sensory areas at

from the frontal areas—also subcortical fibers from tl

risual and auditory cortices

2. Subcortical fibers that pass through the corpt

callosum from the opposite cerebral hemisphere. The:

fibers connect corresponding areas of the motor cortici

m the two sides of the brain.
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3. Somatic sensory fibers derived directly from the
ventrobasal complex of the thalamus. These transmit
mainly cutaneous tactile signals and joint and muscle
signals.

4. Tracts from the ventrolateral and ventroantenor
nuclei of the thalamus, which in turn receive tracts

from the cerebellum and the basal ganglia These tracts

provide signals that are necessary for coordination be-

tween the functions of the motor cortex, the basal

ganglia, and the cerebellum.

5. Fibers from the nonspecific nuclei of the thalamus.
These fibers probably control the general level of excit-

ability of the motor cortex in the same manner that

they also control the general level of excitability ofmost
other regions of the cerebral cortex.

Efferent Fibers from the Motor Cortex

The Pyramidal Tract (Corticospinal Tract). The
most important output pathway from the motor cortex

IS the pyramidal tract, also called the corticospinal tract.

which is illustrated in Figure 53-5.

The pyramidal tract originates about 60 per cent from

the primary motor cortex. 20 per cent from the premotor
oirtex, and 20 per cent from the somatic cengorv areas

posterior to the central sulcus. After leaving the rjirtpv

it~ passes through the posterior limb of the internal

capsule (between the caudate nucleus and the putamen
of the basal ganglia) and then downward through the
brain stem, forming the pyramids ofthe medulla. By far

the majority of the pyramidal fibers then cross to the
opposite side and descend in the lateral corticospinal

tracts ofthe cord, finally terminating pnncipally on the
intemeurons in the intermediate regions of the cord
gray matter However, some of the fibers in human
beings (but not in most lower animals) terminate di-

rectly on the anterior motor neurons.

A few ofthe fibers do not cross to the opposite side in

the medulla but pass ipsilaterally down the cord m the
ventral corticospinal tracts, but these fibers also cross

mmniy lo the opposite side of the cord either in thTneck
or me upper tnoracie region

'

The most impressive libers in the pyramidal tract are

a population of large myelinated fibers with mean di-

ameter of about 16 microns These onginate from the

giant pyramidal cells, also called Betz cells, that are

lound only in the pnmarv motor coit^ .' Tfiese cells are

about 60 microns in diameter, and their fibers transmit
nerve impulses to the spinal cord at a velocity of about
70 meters per second , the most rapid rate of transmission

of any signals from the brain to the cord. There are

approximately 34,000 of these large fibers from the Betz
cells in each conTcogpinal tract HoweW. the total

number ot fibers m each corticospinal tract is more than
a million, so these l arge fibers represent only 3 ner cent

01 ail ot them. The other 97 ner cent are mainly h'E'ere

smaller t^an 4 microns in diameter

Other Fiber Pathways from the Motor Cortex.

The motor cortex gives rise to very large numbers of

direct fibers from the cortex or collaterals from the

pyramidal tract that go to the more basal regions of the

cerebrum and also into the brain stem, including the

following;

1. The axons from the giant Betz cells send short

collaterals back to the cortex itself It is believed that

these collaterals mainly inhibit adjacent regions of the

cortex when the Betz cells discharge, thereby “sharp-

ening” the boundaries of the excitatory signal

2 A large body of fibers passes into the caudate

nucleus and putamen. From here additional pathways

extend through several neurons into the brain stem, as

discussed in the previous chapter.

3 A moderate number of fibers pass to the red nuclei.

From these, additional fibers pass down the cord through

the rubrospinal tract

4 A moderate number of fibers deviate into the

reticular substance of the mesencephalon; from here

signals go to the cord via reticulospinal tracts and others

go to the cerebellum via reticulocerebellar tracts.

5. A tremendous number of fibers synapse in the

ponhie nuclei, which give rise to the pontocerebellar

fibers. Thus, whenever signals are transmitted from the

motor cortex through the pyramidal tract, simultaneous
signals are transmitted into the cerebellar hemispheres.

6. Collaterals also terminate m the inferior oliiary

nuclei, and from here secondary olivocerebellar fibers

transmit signals to many areas of the cerebellum.

Thus, the basal ganglia, the brain stem, and the
cerebellum all receive strong signals from the pyramidal
tract every time a signal is transmitted down the spinal
cord to cause a motor activity.
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THE RED SUaiUSAND THE RUBROSflNAL
TRACT^-THEIR ROATlONSHir TO THE
PYRAMIDAL SYSTEM

The red nucleus, illustrated in Figure 63-6, is

located in the mesencephalon and functions in

close association with the pyramidal tract. This

nucleus has two parts, a superior portion, called

the parvocellularportion, that is composed ofsmall

neurons, and an inferior portion, called the mixg-

nocellular portion, that contains many large neu-

rons. The large neurons of the magnocellular por-

tion give rise to the rubrospinal trad that crosses

to the opposite side in the lower brain stem and
follows a course parallel to the corticospinal tract

into the lateral columns of the spinal cord. This

tract partially overlaps the corticospinal tract but

on the average lies slightly anterior to it The
rubrospinal fibers terminate mainly on the inter-

neurons of the intermediate areas of the cord gray
matter along with the corticospinal fibers, and a
few of the rubrospinal fibers also terminate on the

anterior motor neurons, along with some of the

corticospinal fibers.

The red nucleus receives two m^or input path-

ways. One of these is from the motor cortex via the

corticorubral tract, terminating mainly in the mag-
nocellular portion of the red nucleus and thus
stimulating the fibers of the rubrospinal tract The
second source of input fibers is/ro/n the cerebellum,

which provides fibers to both the parvocellular and
magnocellular portions of the red nucleus.

Function of the Corticorubrospinal System-
The magnocellular portion of the red nucleus has
a somatotopical representation of all the muscles
of the body, as is true of the motor cortex. There-
fore, stimulation of a single point in this portion

of the red nucleus will cause contraction of either

a single muscle or small group of muscles How-
ever, the fineness of representation of the different

muscles is far less developed than is true in the

I
ngurcSl-S. The corttconjbfOfptrul partiway for moiOf control

, showing also the reUilortthIp of (his pathway to the certbeOum.

motor cortex. This is especially true in humaB

beings who have a relatively small red nucleus

The corticorubrospinal pathway serves as aa

accessory route for the transmission of relatWelj

discrete signals from the motor cortex to the spfnsl

cord. When the pyramidal fibers are destroy^

without destroying this other pathway, discreK

movements can still occur, except that the mtJve

ments of the fingers and hands are considerably

impaired. Wrist movements are still well devel-

op^. which is not true when the corticorubrospinal

pathway is also blocked. Therefore, the pathway

through the red nucleus to the spinal cord u

associated far more with the pyramidal system

than with the vestibuloreticulospinal system that

controls mainly the axial and girdle muscles ofthe

body. Furthermore, the rubrospinal tract lies in

the lateral columns of the spinal cord, along with

the corticospinal tracts, ana terminates more on

the intemeurons and motor neurons that control

the distal muscles of the limbs. Therefore, the

corticospinal and rubrospinal tracts together are

frequently called the lateral motor system of tht

cord, in contradistinction to the vestibuloreticulfr

spinal system that lies mainly medially in the

and is called the medial motor system of the com

THE EXTRAPYRAMIDAI SYSTEM

The term etfrapyromidol motor system U widely

m clinical circles to denote aiJ those portions of tns

brain and bram stem that contribute to motor control

but that are not part of the direct pyramidal systoni

This includes the basal ganglia, the reticular formah®
of the brain stem, the vestibular nuclei, and often^
red nuclei as well However, this is such an all-inclus*'^

and divers© group of motor control areas that it i®

difficult to ascribe specific neurophysiological functio*^

to the exlrapyramidal system aa a whole. For this

reaeon, we have discussed the functions of the sepai^t^

portions of the extrapyramidal system individually.

EXCITATION OF THE SPINAL CORD BY THE
PRIMARY MOTOR CORTEX AND THE RED
NUCUU5

Vertical Columnar Arrangement of the Ncti*

rons in the Motor Cortex. In Chapters 49 pn®

60 it is pointed out that the cells in the som^h^
sensory cortex and visual cortex—and perhaps ^
all other parts of the brain as well—are organi*^
in vertical columns of cells. In a like manner, th6

cells of the motor cortex are also organized
vertical columns—columns 0.3 to 1 mm in diaf"^

ter and having perhaps 60,000 to 150,000 neurOfi®

in each column.
Each column of cells functions as a unit, stird'*'

lating either a single muscle or a group of syn^r*

gistic muscles. Also, each column of cells is a*’*

ranged in six distinct layers, like the arrangen^*
throughout almost all the cerebral cortex. The

pyramidal cells that give rise to the corticospidal

fibers all lie in the fifth layer of cells from die
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cortical surface, whereas the input signals to the
column of cells all enter layers 2 through 4. The
sixth layer gives rise mainly to fibers that com-
municate with other regions of the cerebral cortex
itself.

Function of Each Column of Neurons. The
neurons of each column operate as an integrative

processing system, utilizing information from mul-
tiple input sources to determine the output re-

sponse firom the column. In addition, each column
can function as an amplifying system so that large
numbers of pyramidal fibers to the same muscle
or to synergistic muscles can be stimulated simul-
taneously. This is important because stimulation
of a single pyramidal cell can rarely excite a
muscle. Instead, as many as perhaps 50 to 100
pyramidal cells need to be excited simultaneously
or in rapid succession to achieve muscle contrac-

tion.

Dynamic and Static Signals Transmitted by
the Pyramidal Neurons. Characteristically,

when a weak signal is transmitted to a muscle the
muscle develops its force of contraction very
slowly. However, if a strong signal is sent at first

to cause initial rapid contraction, then a much
weaker signal can maintain the contraction for

long periods thereafter. This is the manner in
which excitation for causing muscle contractions

is usually provided. To do this, each column of
cells excites two separate populations ofpyramidal
cell neurons, one called the dynamic neurons and
the other the static neurons. The dynamic neurons
are excessively excited for a short period of time
at the beginning of the contraction, causing the
initial development of force. Then the static neu-
rons fire at a much slower rate, but they continue
at this slow rate indefinitely to maintain the force

of contraction as long as the contraction is re-

quired.

The neurons of the red nucleus have similar
dynamic and static characteristics, except that
more dynamic neurons are in the red nucleus and
more static neurons in the primary motor cortex.

This perhaps relates to the fact that the red nu-
cleus is closely allied to the cerebellum, and we
shall leam later in this chapter that the cerebel-
lum also plays an important role in the rapid
initiation of muscle contraction.

Somatic Sensory Feedback to the Motor
Cortex. When nerve signals from the motor cortex
cause a muscle to contract, somatic sensory signals
return from the activated region of the body to the
neurons in the motor cortex that are causing the
action. Most of these somatic sensory signals arise
in the muscle spindles or in the tactile receptors
of the skin overlying the muscles. In general, the
somatic signals cause a positive feedback enhance-
ment of the muscle contraction in the following
ways: In the case of the muscle spindles, if the
fusimotor muscle fibers in the spindles contract
more than the targe skeletal muscle itself docs,
then the spindles become excited and the signals

from these spindles stimulate the pyramidal cells

in the motor cortex, which further excites the
muscle, helping its contraction catch up with the
contraction ofthe spindles. In the case ofthe tactile

receptors, if the muscle contraction causes
compression of the skin against an object, such as
compression of the fingers around an object that is

being grasped, the signals from these receptors

cause further excitement of the muscles and there-

fore increase the muscle contraction—such as in-

creasing the tightness of the grasp of the hand.

StimulAtlon of the Spinal Motor Neurons

Figure 53-7 shows a segment of the spinal cord,

illustrating multiple motor tracts entenng the cord
from the brain and also showing a representative

anterior motor neuron. The corticospinal tract and
the rubrospinal tract lie in the dorsal portions of

the lateral columns. Most of their fibers terminate
on mterneurons in the intermediate area of the

cord gray matter; this is especially so in the trunk,

leg, and arm areas of the cord. However, in the

cervical enlargement of the cord where the hands
and fingers are represented, the motor neurons
supplying the hands and fingers he almost entirely

in the lateral portions of the anterior horns. And
large numbers of both corticospinal and rubro-

spinal fibers terminate directly on these anterior

motor neurons, thus allowing a direct route from

the brain for activating muscle contraction. This

is in keeping with the fact that the primary motor
cortex has an extremely high degree of represen-

tation for fine control of hand, finger, and thumb
actions.

Patterns of Movement Elicited by Spinal

Cord Centers. From Chapter 51, recall that the

spinal cord can provide specific reflex patterns of

movement in response to sensory nerve stimula-

tion. Many of these patterns are also important

ngure 5J—7. Convefseoce of the diHefent motor

on (he anterior motor rteuroni.
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when the anterior motor neurons are excited by

signals from the brain. For instance, the stretch

reflex is functional at all times, helping damp the

motor movements initiated from the brain and
probably providing at least part of the motive

power required to cause the muscle contracticms

employing the sei^’o-assist mechanism that was
described in Chapter 51.

Also, when a brain signal excites an agonist

muscle, it is not necessary to transmit an inverse

signal to the antagonist at the same time; this

transmission will be achieved by the reciprocal

innervation circuit that is always present in the

cord for coordinating the functions of antagonistic

pairs of muscles

Finally, parts of the other reflex mechanisms,
such as withdrawal, stopping and walking,

scratching, postural mechanisms, and so forth, can
be activated by "command” signals from the brain.

Thus, very simple signals from the brain can lead,

at least theoretically, to many of our normal motor
activities, particularly for such functions os walk*

ing and the attainment of different postural atti-

tudes of the body

Effect of Lesions In the Motor Cortex—
The “Stroke”

The motor cortex is frequently damaged, especially by
the common abnormality called a "stroke," which is

caused either by a ruptured blood vessel that allows

hemorrhage Into the brain or by thrombosis of one of

the m^or arteries supplying the brain, in either case
causing loss of blood supply to the cortex. Also, expert-

ments have been performed m animals to remove selec-

tively different parts of the motor cortex

Removal of the Primary Motor Cortex (the Area
Pyramldalis). Removal of a very smalt portion of the
primary motor cortex—the area that contains the giant
Betz pyramidal cells—m a monkey causes varying de-

grees of paralysis of the represented muscles. If the

sublying caudate nucleus and the adjacent premotor
area arewAdamaged, grass povtutai and hmb"faatiOTk"
movements can still be performed, but the animal loses

wtuntary control of discrete movements of the distal

segments of the limbs—especially of the hands and fin-

gers This does not mean that the muscles themselves
cannot contract but that the animal's ability to control

the fine movements is gone.

From these results one can conclude that the area
pyramidalis is essential for voluntary initiation of finely

controlled movements, especially of the hands and fin-

gers

Muscle Spasticity Caused by Large Lesions of the
Motor Cortex and Basal Ganglia. Ablation of the

primary motor cortex alone or interruption ofthepyram-
idal tract causes hypotonia, imt spasticity, because the

primary motor cortex normally exerts a continual tonic

stimulatory effect on the motor neurons of the sfnnal

cord, when they are removed, hypotonia results.

On the other hand, most lesions of the motor cortex,

especially those caused by a stroke, involve both the
motor cortex itself and deeper structures ofthe cerebrum
as well, especially the basal ganglia. In these instances,

muscle spasm almost invariably occurs in the afBicted

muscle areas on the opposite side of the body (because

all the motor pathways cross to the opposite sidel

Obviously, this spasm is not caused by loss of either the

primary motor cortex or blockage ofthe pyramidal fibers

to the cord. Instead, it is believed to be caused mijiniy

by the damage in the basal ganglia In fact, the greatw

the damage to the basal ganglia, the greater the deern

of spasm.
It will be recalled that a m^’or share of the output

signals from the basal ganglial system are inhibitory.

Much of this inhibition feeds back to the primary ciator

cortex to inhibit the pyramidal system itself, but still

additional inhibitory signals pass into the brain stem to

inhibit the reticular formation and vestibular nuclei.

Therefore, release of these other motor systems from the

basal ganglial inhibition allows excess excitatory motor

activity, leading to the muscle spasm
The muscle spasm that results from large lesions of

the motor cortex and basal ganglia is different from die

spasticity that occurs m decerebrate rigidity. In decer-

ebrate ngidity the spasm occurs almost exclusively w
the antigravity muscles, activated to a great extent by

excess activity in the muscle spindle stretch reflexes; it

la called cilcnsor spasm On the other hand, the spasm

resulting from large cortical lesions usually involves the

flexor muscles as well and is activated to a major extent

by the alpha motor neurons to the muscles, in addition

to activation of the muscle spindle system This eausea

intense stiffening of the limbs and other parts of the

body
The Bablnskl Sign. Destruction of the foot region of

the area pyramidalis or transection of the foot po^on
of the pyramidal tract causes a peculiar response oftM
foot called the Babinskt sign. This response is demon-

strated when a firm tactile stimulus ia applied te

lateral sole of the fool The great toe extends upivard

and the ether toes fan outward. This is in contradistinc-

tion to the normal effect in which all the toes

downward The Babinski sign does not occur who*

damage occurs in the cztrspyramidal portions
motor control system without involving the pyram'da'

tract. Therefore, the sign is used dincially to dcl^
damage tpccificaily in the pyramidal portion of

motor control system.
The cause of the Babinski sign is believed to be th®

following The pyramidal tract is a major controller of

nuiscle activity for performance of voluntary. puTp<»®f'^
activity. On the other hand, the extrapyramidal syste®,

a much elder motor control system, is concern^ ®

great extent with protection. Therefore, when only the

extrapyramidal system ia functional, stimuli to the bpl'

tom of the feet cause a typical withdrawal proteri"'®
type of reflex which is expressed by the upturned great

toe and fanning of the other toes. But, when the pyra®*
Idal system is also fully functional, it suppresses the

protective reflex and instead excites a higher order of

motor function, including the normal effect of causing
downward bending of the toes in response to sensory

stimuli from the bottom of the feet.

THE CEREBELLUM AND
ITS MOTOR FUNCTIONS

The cerebellum has long been ceWeda silent affo
of the br^n principally ^ause electrical excita-

tion of this structure does not cause any sensat'®**
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and rarely any motor movement. However, as we
shall see, removal of the cerebellum does cause
the motor movements to become highly abnormal.
The cerebellum is especially vital to the contitd of
very rapid muscular activities such as running,
typing, playing the piano, and even talking. Loss
of this area of the brain can cause almost total

incoordination of these activities even though its

loss causes paralysis of no muscles.

But how is it that the cerebellum can be so

important when it has no direct capability of caus-

ing muscle contraction? The answer to this is that
it both helps plan the motor activities and also

monitors a/uf makes corrective adjustments in the

motor activities elicited by other parts of the brain.

It receives continuously updated information on
the desired program of muscle contractions from
the motor control areas of the other parts of the
brain. And it receives continuous information from
the peripheral parts of the body to determine the

instantaneous status of each part of the body—its

position, its rate of movement, forces acting on it,

and so forth. It is believed that the cerebellum
compares the actual instantaneous status of each
part of the body as depicted by the peripheral

information with the status that is intended by
the motor system. If the two do not compare favor-

ably, then appropriate corrective signals are trans-

mitted instantaneously back into the motor system
to increase or decrease the levels of activation of

the speciAc muscles.
Since the cerebellum must make major motor

corrections extremely rapidly during the course of
motor movements, a very extensive and rapidly
acting cerebellar input system is required both
from the peripheral parts of the body and from the
cerebral motor areas. Also, an extensive output
system feeding equally as rapidly into the motor
system is necessary to provide the necessary cor-

rections of the motor signals.

Antsrlor lobi

cerebellum after the louver end of the posterior cerebel-

lum has been rolled downward from its nontmlly hidden

position. Note down the center of the cerebellum a
narrow band separated from the remainder of the cere-

bellum by shallow grooves. This is called tl)c vermis In

this area most cerebellar control functions for the muscle

movements ofthe axial body, the neck, and the shoulders

and hips are located.

To each side of the vermis is a large, laterally pro-

truding cerebellar hemisphere, and each of these hemi-
spheres IS divided into an intermediate zone find a lateral

zone The intermediate zone of the hemisphere is con-

cerned with the control of muscular contractions in (he

distal portions of both the upper and lower limbs, espe-

cially of the hands and fingers and feet and toes On the

other hand, the lateral zone of the hemisphere operates

at a much more remote level, for this area seems to join

into the overall planning of sequential motor move-
ments Without this lateral zone, most discrete motor

activities of the body lose Uicir appropnalo timing and

therefore become highly incoordinate, as wc shall dis-

cuss more fully later

Topographical Representation of the Rody in the

Cerebellum. In the same manner that the senaory

cortex, the motor cortex, the basal ganglia, the red

nuclei, and the reticular formation all have topograph-

TH£ AmrOM/CAL fUXCnONAl ARIAS OF
THE CEREBEUUM

Anatomically, the cerebellum is divided into three
separate lobes by two deep fissures, as shown m Figure
53-8: (a) the anterior lobe, (b) the posterior lobe, and (c)

the flocculonodular lobe. The flocculonodular lobe is the
oldest of all portions of the cerebellum; it developed
along v/iih (and functions with) the vestibular system
in controlling equilibnum, as was discussed in the
previous chapter. Because of its ancient heritage, it is

frequently called the arehtccrebelium. The anterior lobe

and part of the midportion of the postenor lobe are also

old; this is called the palcocerebelluni. On the other
hand, almost 90 per cent of the postenor lobe is recent
in origin and is especially highly dc% eloped in pnmates
and human beings; this is called the neocervbcllum.
The Longitudinal Functional Divisions of the An-

terior and Posterior Ixibes. From a functional point
of \icw, the anterior and postenor lobes are organized
not by lobes but instead along the longitudinal axis, as

illustrated in Figure 5J-9 which shows Uic human

ItSUT« 51-9. tjfKOOfNU fUL-TS c< OK ccftOtUm as le«n

from OK powtfoVifertOf vkw. tSe vJfrwnwsi c4

(tie cetcbcCum roSed outwwd to (Unen cne
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ngurc 53-10. The sensoiy projection areAS. caAed homun-
<oH. on the eotie* of ijie cerebellum (From Snider Sci Amei
(99 4 1958 t. {958 by SclentlFic AmerleaR Inc. At lights

reserved)

ical representations of the different parts of the body, so

also IS this true for parts of the cerebellum Figure

S3-10 lUustratcs tv.o separate such represenUlions m
a small monkey, showing one to bo located in the

nntenor lobe and the other in the posterior lobe Note
that the axial portions of the body lie m the vermal part

of the cerebellum whereas the limbs and facial regions

lie m the intcrmedinte zones of the two hemispheres
Thohc topographical representations receive afferent

nerve fibers from all the respective parts of the body. In

turn, they send motor signals into the same re«pective

topographical areas of the motor cortex, the basal gan-
glia, the red nucleus, and the reticular formation
However, note that the large lateral portions of the

ecrehellar hemispheres do not have topogrophieal rep'

rcsentations of the Ixidy These areas of the cerebellum
connect mainly with the association areas of the brain,

especiallv the premotor area of the frontal cortex and
the somatic sensory and sensory association areas ofthe
parietal cortex IVesumablv this connectivity with the
as.soa3tion areas allows the lateral portioiu of the cer*

ebellar hemi«T)here3 to play important roles m planning
nnd coordinating the sequential patterns of muscular
activities

The Input Pathwnys to the Cerebellum

Afferent Pathways from the Drain. The basic input
pathways to the cerebellum arc illustrated in Figure
53-1 1 An extensive and important afferenl pathway is

the coriicoponloceTtbcUar pathway, which onginates
mainly in the motor cortex but to a lesser extent m the
sensory cortex ns well and then passes by way of the
pontile nurfri and pontoccrcbrffnr frorts to the contra.

I.'iterni hemisphere of the cerebellum In addition, im*
portant afferent tracts ongmate in (he brain stem; they
include la) an extensive ohioceniMIar tract, which
p.-is-scs from the inferior olue to all parts of the corebel*

ium; this tract Is excited by fibers from the motor fortex,

the hasol fian/tha, widespread areas of the relietilar

formation, and the spinal cord, (h) ivstihiilocereMtar

fibers, some of which originate In the vestibular appa*
rotus itwir nnd others from the vestibular nuclei; most

I

Anterior loOe

figure S3— 1 1. The principal aiferenc tracts lo the cerebellum

of these terminate m the flocculonodular lobe and fas-

tigtof rtircfeus of the cerebellunv, and (c> retieuloccreiclfar

fibers, which ongmate in different portions of the retic-

ular formation and terminate mainly in the midline

cerebellar areas Uhe vermis)
Afferent Pathways from the Periphery. The cert-

bellum also reeenes important sensory signals directly

from the penpheral parts of the b^y through four

seporate tracts, two of which are located doraally In tM
cord and two ventrally The two most important ofthese

tracts are illustrated m Figure 53-12: the dorsal rpi*

noeerebellar tract and the ventral epinoeereie/^r* traet.

These two tracts originate in the sacral, lumbar, and

thoracic segments of the cord Similar tracts, not shown
m Figure 63-12, originate in the neck segments of the

cord and course roughly along wi^ the dorsal and

ventral spinocerebellar tracts m their passage to the

Sicew cerebellof
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cerebellum. These are the cuneocerebellar tract thatjoins

the dorsal spinocerebellar tract and the rostral spinocer-

ebellar tract that joins the ventral spinocerebellar tract.

The dorsal tracts enter the cerebellum through the
inferior cerebellar peduncle and terminate in the cere-

bellum on the same side as their origin. The two ventral

tracts enter the cerebellum through the supenor cere-

bellar peduncle, but they terminate in both sides of the

cerebellum.

The signals transmitted in the dorsal spinocerebellar

tracts come mainly from the muscle spindles and to a
lesser extent from other somatic receptors throughout

the body, such as from the Golgi tendon organs, the

large tactile receptors of the skin, and thejoint receptors.

All these signals apprise the cerebellum of the momen-
tary status of muscle contraction, degree of tension on
the muscle tendons, positions and rates of movement of

the parts of the body, and forces acting on the surfaces

of the body.

On the other hand, the ventral spinocerebellar tracts

receive less information from the peripheral receptors

Instead, they are excited mainly by the motor signals

arriving in the spinal cord from the brain through the

corticospinal and rubrospinal tracts. Thus, this ventral

liberpathway tells the cerebellum that the motor signals

have indeed arrived at the cord, and it also apprises the

cerebellum of the intensity of the signals.

The spinocerebellar pathways can transmit impulses

at velocities as great as 100 meters per second, which is

the most rapid conduction of any pathway in the entire

central nervous system. This extremely rapid conduction

is important for the instantaneous apprisal of the cere-

bellum of changes that take place in the status of the

body.

In addition to the signals in the spinocerebellar tracts,

other signals are transmitted through the dorsal and
dorsolateral columns to the medulla and then relayed

from there to the cerebellum Likewise, signals are
transmitted through the spinoreticular pathway to the
reticular formation of the brain stem and through the
spino-oUvary pathway to the inferior olivary nucleus
and then relayed from both these areas to the cerebel-

lum. Thus, the cerebellum continually collects infor-

mation about all parts of the body even though it is

operating at a subconscious level.

Output Signals from the Cerebellum

The Deep Cerebellar Nuclei and the Efferent
Pathways. Located deep in the cerebellar mass are
three deep cerebellar nuclei—the dentate, interpositus,

and fastigial nuclei. The vestibular nuclei in the medulla
also function in some respects as if they were deep
cerebellar nuclei because oftheir direct connections witJi

the cortex of the flocculonodular lobe. All the deep
cerebellar nuclei receive signals from two different

sources: (1) the cerebellar cortex and (2) the sensory
afferent tracts to the cerebellum. Each time an input
signal arrives m the cerebellum, it divides and goes m
two directions: (1) directly to one of the deep nuclei and
(2) to a corresponding area of the cerebellar cortex

overlying the deep nucleus; then, a short time later, the
cerebellar cortex relays its output signals also to the
same deep nucleus. Thus, all the input signals that

enter the cerebellum eventually end in the deep nuclei.

We shall discuss this arcuit in greater detail later.

Dentate Cerebellothalamo-

Hgute 52-13. Principal efferent tracts from (he cerebellum.

Three major efferent pathways lead out of the cere-

bellum. as illustrated in Figure 53-13.

(1) A pathway that begins in the cortex of the lateral

zone of the cerebellar hemisphere, then passes to the

dentate nucleus, next to the ventrolateral and ventroan-

tenor nuclei of the thalamus, and Anally to the cerebral

cortex This pathway plays an important foie in helping

coordinate “voluntary" motor activities initiated by the

cerebral cortex

<2) A pathway that onginates in the midline structures

of the cerebellum (the vermis) and then passes through
the fasUgial nuclei into the medullary and pontile re-

gions of the brain stem This circuit functions in close

association with the equilibrium apparatus to help con-

trol equilibrium and also, in association with the retic-

ular formation of the brain stem, helps control the

postural attitudes of the body It was discussed in detail

in the previous chapter in relation to equilibrium.

(3) A pathway that onginates in the intermediate zone

of the cerebellar hemisphere, between the vermis and
the lateral zone of the cerebellar hemisphere, then

passes (a) through the nucleus interpositus to the ven-

trolateral and ventroanterior nuefri of the thalamus, and

thence to the cerebral cortex, (b) to several midline

structures of the thalamus and thence to the basal

ganglia, and (c) to the red nucleus and reticular forma-

tion of the upper portion of the brain stem. This circuit

IS believed to coordinate mainly the reciprocal contrac-

tions of agonist and antagonist muscles in the penpheral

portions of the limbs—especially in the hands, Angers,

and thumbs.

THE SEURONAL CIRCUIT
or THE CEREBELLUM

The human cerebellar cortex is actually a large

folded sheet, approximately 17 cm wide by 120 cm
long, with the folds lying crosswise, as illustrated

in Figures 53-9 and 53-10. Each fold is called a

folium. And lying deep in the folded mass ofcortex

are the deep nuclei.

The Functional Unit of the Cerebellar Cor-
tex—the Purkitge Cell. The cerebellum has ap-

proximately 30 million nearly identical functional

units, one of which is illustrated to the left in

Figure 53-14, shown mainly in red color. This
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nsui« SS-f 4. B&&tc n«uro!\«j dtcuKcf th« ccKbcUum sMwtns
exettatoiy pathways In color At right are the three tnafor layers

of the cerebellar cortex and also the deep nuclei

functional unit centew on the deep nuclear cell

and on the Purkir\}e cell, of which there are also

30 million in the cerebellar cortex

Note to the right in Figure 53-14 the throe

m«yor layers of the cerebellar cortex, the molecular

layer, the Puriinje cell layer, end the granular cell

layer. Then, beneath these layers, the deep nuclei

are located far within the center of the cerebellar

mass.
The Neuronal Circuit of the Functional Unit.

As Illustrated in Figure 53-14, the output from

the functional unit is from a deep nuclear cell.

However, this cell is continually under the influ*

ence of l»th excitatory and inhibitory influences

The excitatory influences arise from direct connec-

tions with the afferent fibers that enter the cere-

bellum. The inhibitory influences arise entirely

from the Purkiiye cells m the cortex of the cere-

bellum.

The alTerent inputs to the cerebellum are mainly
of two types, one called the climbing fiber type and
the other called the mossy fiber type. There is one
climhmg fiber for about 10 Puikinje cells. After

sending collaterals to several deep nuclear cells,

the climbing fiber projects all the way to the

molecular layer of the cerebellar cortex where it

makes about 300 synapses with the soma and
dendrites of each Purkinje cell. This climbing fiber

is distinguished by the fact that a single impulse
in it will always cause a single, very prolonged,

and peculiar oscillatory type of action potential in

each Purkitye cell with which it connects. Another
distinguishing feature of the climbing fibers is that

they all originate in the inferior olive ofthe medulla,

whereas the cerebellar afferent fibers from all

other sources are almost entirely of the mossy
type.

The mossy fibers also send collaterals to excite

deep nuclear cells Then these fibers proceed to the

granular layer of the cortex where they synapse
with hundreds o[granule cells. These in turn send
very small axons, less than 1 micron in diameter,
up to the outer surface of the cerebellar cortex to

enter the molecular layer. Here the axons diviife

into two branches that extend 1 to 2 millimeteR

in each direction parallel to the folia. There are

literally millions of these parallel nerve fibers ia

each small segment of the cerebellar cortex (then

are about 1000 granule cells for every Putkinj?

cell). It is into this molecular layer that the den-

drites of the Purkinj'e cells project, and 80,000 to

200,000 of these parallel fibers synapse ivith cacl

Purkinje cell; as these fibers pass along their 1 k

2 mm course, each of them contacts about 5C

Purkinje cells. Yet, the mossy fiber input to thj

Purkinje cell is quite different from the climbinj

fiber input because stimulation of a single mossj

fiber will never elicit an action potential in th«

Purkinje cell; instead, large numbers of mossj

fibers must be stimulated simultaneously to acti-

vate the Purkinje cell. Furthermore, this aetba

tion usually takes the form of prolonged facilita-

tion or excitation that, when it reaches threshold

for stimulation, causes repetitive Purkinje cell

firing of normal, short-duration action potentisls

rather than the single prolonged action potentia'

occurring in response to the climbing fiber input

Thus, the Purkiroe cells are stimulated by tw
types of input circuital—one that causes a highlj

specific output m response to the incoming signal

and the other that causes a less specific but tonii

type of response. It should be noted that by far the

greater proportion of the afferent input to tbi

cerebellum is of the mossy fiber type, because thli

represents the afferent input from almost all thi

cerebellar afferent tracts besides those from th«

inferior olive.

Balance Between Excitation and Inhlbitlor

in the Deep Cerebellar Nuclei, “nie output sig

nals from the Purkinje cells to the deep nuclei an
entirely inhibitory. Therefore, referring again t(

the circuit of Figure 53-14, one should note ihoi

direct stimulation of the deep nuclear cells by boll

the climbing and the mossy fibers excUes them
whereas the signals arriving from thePurkinje celli

inhibit them Normally, there is a continual bal

ance between these two effects so that the degrei

of output from the deep nuclear cel! remains rela

lively constant at a moderate level of continuoui

stimulation. On the other hand, in the executioi

of rapid motor movements, the timing of the tw(

effects on the deep nuclei is such that the excita

tion appears before the inhibition. Then a fe’^

milliseconds later inhibition occurs. In this way.

there is first a very rapid excitatory signal fee

back into the motor pathway to modify the motoi

movement, but this is followed within a few mil-

liseconds by an inhibitory signal. This inhibitor)

signal resembles a "delay-line” negative feedbact

signal ofthe type that is very effective in providini

damping. That is, when the motor system is ex-

cited, a negative feedback signal presumably oc-

curs after a short delay to stop the muscle move
ment from overshooting its mark, which is the

Usual cause of oscillation.
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' Other Inhibitory Cells in the Cerebellar Cortex.
1 In addition to the granule cells and Purkinje cells, three
• other types of neurons are also located in the cerebellar

i cortex: basket cells, stellate cells, and Golgi cells. All

;
these are inhibitory cells with very short axons. Both

r the basket cells and the stellate cells are locat^ in the
’ molecular layer of the cortex, lying among and stlmu-

j

lated by the parallel fibers. These cells in turn send
• their axons at right angles across the parallel fibers and
cause lateral inhibition of the adjacent Purkinje cells,

' thus sharpening the signal in the same manner that
: lateral inhibition sharpens the contrast of signals in

many other areas of the nervous system. The Golgi cells

:

lie in the Purkinje cell layer of the cortex, and their

dendrites are also stimulated by the parallel fibers of
the molecular layer, but the axons from these celts feed

back to and inhibit the granule cells instead of the
Purkinje cells. The function of this feedback is to limit
the duration of the signal transmitted into the cerebellar
cortex from the granule cells. That is, within a short
fraction of a second after the granule cells are stimu-
lated, they are then inhibited by the feedback. Therefore,

a short, transient, pulselike signal, not a prolonged
signal, is transmitted into the parallel fibers and thence
to the Purkinje cells.

Special Features of the Cerebellar Neuronal Cir-

cuit A special feature of the cerebellum is that there

are no reverberatory pathways m the cerebellar neu-
ronal circuits, so that the input-output signals of the
cerebellum are very rapid transients that never persist

for long period of time.
Another special feature is that many of the cells of

the cerebellum are constantly active. This is cspeaally
true of the deep nuclear cells; they continually send
output signals to the other areas of the motor system
The importance of this is that decrease of the nuclear
cell firing rate can provide an inhibitory output signal
from the cerebellum, while an increase in firing rate can
provide an excitatory output signal.

FUNCTION Of TH£ C£R£flEUUM
IN CONTROLUNG MOVEMENTS

The cerebellum functions in motor control only
in association with motor activities initiated else-

where in the nervous system. These activities may
originate in the spinal cord, in the reticular for-

mation, in the basal ganglia, or in areas of the
cerebral cortex. We will discuss, first, the operation
of the cerebellum in association with the spinal

cord and lower brain stem for control of postural

movements and equilibrium and then discuss its

function in association with the motor cortex for

control of voluntary movements.

niNCTJON or THE CEREBEUUM WITH THE
SPINAL CORD AND BRAIN STEM TO
CONTROL POSTURAL AND EQUIUBRIUM
MOVEMENTS

The cerebellum originated phylogenetically at

about the same time that the vestibular apparatus
developed. Furthermore, os was discussed in the

previous chapter, loss of the flocculonodular lobes

of the cerebellum causes extreme disturbance of
equilibrium. Yet, we still must ask the question,
what role does the cerebellum play m equilibrium
that cannot be provided by the other neuronal
machinery of the brain stem? A clue is the fact

that in persons with cerebellar dysfunction equi-

librium is far more disturbed during performance
of rapid motions than during stasis. This suggests
that the cerebellum is especially important in

controlling the balance between agonist and an-
tagonist muscle contractions during rapid changes
ID body positions as dictated by the vestibular

apparatuses. One of the major problems in con-

trolling this balance is the time required to trans-

mit position signals and kinesthetic signals from
the different parts of the body to the brain. Even
when utilizing the most rapidly conducting sensory

pathways at 100 meters per second, as used by the

spinocerebellar system, the delay for transmission

from the feet to the brain is still 15 to 20 millise-

conds. The feet of a person running rapidly can
move as much as 10 inches during this time.

Therefore, it is impossible for the brain to know
at any given instant during rapid motion the exact

position of the different parts of the body.

On the other hand, with appropriate neuronal

circuitry, it would be possible for the cerebellum

or some other portion of the brain to know how
rapidly and in what direction a part of the body
was moving 15 to 20 milliseconds earlier and then

to predict from this information where tho parts

of the body should be at the present timo. And this

seems to be one of the mqjor functions of the

cerebellum.

As we have already discussed in relation to the

neuronal circuitry of the cerebellum, there are

abundant sensory pathways from the somatic

areas of the body, especially from the muscles,

joints, and skin surface, that feed both into tlic

brain stem and into the older areas of the cerebel-

lum—into the flocculonodular lobes through the

vestibular nuclei and into the vermis and inter-

mediate areas of the cerebellum through the dorsal

and ventral spinocerebellar tracts and reticulocer-

ebellar tracts. Also, the vestibular apparatus is

located within a few centimeters of the flocculo-

nodular lobes, allowing no more than a millisecond

or so delay in transmission of the vestibular infor-

mation.
Therefore, during the control of equihbnum, it

is presumed that the extremely rapidly conducted

vestibular apparatus information is in a 1>t>-

ical feedback control circuit to provide almost in-

stantaneous correction of postural motor signals

os necessary for maintaining equiiibnum eien

during extremely rapid motion, including rapidly

changing directions of motion. The feedback sig-

nals from the peripheral areas of the body help m
this process, but their help is presumably coatin-
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gent upon some function of the cerebellum to
compute positions of the respective parts of the
body at any given time, despite the long delay
time from the periphery to the cerebellum.

RelAtlonshlp of CerebellAr Function
to the Spinal Cord Stretch Reflex

One major component of cerebellar control of
posture and equilibrium is an extreme amount of
information transmitted from the muscle spindles
to the cerebellum through the dorsal apinocerebcl-
mr tracts In turn, signals are transmitted into the
brain stem through the cerebellar fastigial nuclei
to stimulate the gamma efferent fibers that inner-
vate the muscle spindles themselves. Therefore a
TOrebellar stretch reflex occurs that is similar ’to
but more complex than the spinal cord stretch
reflex. It utilizes signals that pass all the way to
the cerebellum and back again to the muscles In
general, this reflex adds additional support to the
cord stretch reflex, hut its feedback time is consid-
erably longer, thus prolonging the effect. Through
this feedback pathway many of the postural ad-
justments of the body are believed to occur.

FUNCTION OF THE CEREBFUUM IN
VOLUNTARY MUSCLE CONTROL

In addition to the feedback circuitry between
the body periphery and the cerebellum, an almost
entirely independent feedback circuitry exists be-
tween the motor cortex and the cerebellum This
is Illustrated in its simplest form in Figure 53-15
and m a much more complex form, involving the
basal ganglia also in the control circuit, m Figure
53-16 Most of the signals of this circuit pass from

mSf.™ O' 'olmM,

the motor cortex and arljacenl cortical areaa to the
cerebellar hcmiaphcree and then back to the carter^in, succcssirely, through the dentate and inter-
^rttrs cerebellar nuclei and the ventrolateral end
ventroamenor nuclei of the thalamus. These cir-

'nvolved in the control of the axial
^ muscles ofthe body. Instead, they aerra

control functions involving

ifTL intermediate zone of the cerebel-

... spl^re, and fb) the large lateral zone of

arately"’’^^^®^^'
^ discuss each of these sep-

CONTROL OF THlDISTAL LIMBS THROUGH THE
ZONE AND

INTERroSDUS NUCLEUS

cerebellar hemi-

etfme...* •
’ ^^®i™fltion from two sources: (!)

motor cortex, and (2)
information from the peripheral parts of

^ distal portions of the
cerebellum has integrated this

information output signals are then transmitted
mainly to the cerebral cortex through relays in

nucleus and the thalamus. In
addition, sisals pass directly from the interposi-^nuc eus to the magnocellular portion (the lower
portion) of the red nucleus that gives nse to the
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rubrospinal tract. The rubrospinal tract in turn
innervates especially those portions of the spinal

cord gray matter that control the distal parts of
the limbs, particularly the hands and fingers.

It is believed that this part of the cerebellar

motor control system provides smooth, coordinate

movements of the agonist and antagonist muscles
of the distal limbs for the performance of acute
purposeful intricate movements. The cerebellum
seems to compare the “intentions” of the higher
levels of the motor control system, as transmitted
to the intermediate cerebellar hemisphere through
the corticopontocerebellar tract, with the “perform-
ance” by the respective parts of the body as trans-

mitted back to the cerebellum from the periphery.

In fact, the ventral spinothalamic tract even trans-

mits back to the cerebellum a “copy” of the actual

motor control signals that reach the anterior motor
neurons, and this too is integrated with the signals

arriving from the muscle spindles and other pro-

prioceptor sensory organs.

Ordinarily, during rapid movements, the motor
cortex transmits far more impulses than are
needed to perform each intended movement, and
the cerebellum therefore must act to inhibit the

motor cortex at the appropriate time after the
muscle has begun to move. The cerebellum is

believed to assess the rate of movement and cal-

culate the length of time that will be required to

reach the point of intention. Then appropriate
inhibitory impulses are transmitted to the motor
cortex to inhibit the agonist muscle and to excite

the antagonist muscle. In this way, appropriate
“brakes” are applied to stop the movement at the
precise point of intention.

Thus, when a rapid movement is made toward
a point of intention, the agonist muscle contracts
strongly throughout the early course of movement,
"^en, suddenly, shortly before the point of inten-
tion is reached, the agonist muscle becomes com-
pletely inhibited while the antagonist muscle be-
comes strongly excited. Furthermore, the point at
which this reversal of excitation occurs depends on
the rate of movement and on the previously
learned knowledge of the inertia of the system.
The faster the movement and the greater the
inertia, the earlier the reversal point appears in
the course of movement.

Since all these events transpire much too rapidly
for the motor cortex to reverse the excitation "vol-

untarily,” it is evident that the excitation of the
antagonist muscle toward the end of a movement
is an entirely automatic and subconscious function
and is not a “willed” contraction ofthe same nature
as the original contraction of the agonist muscle.
We shall see later that in patients with serious

cerebellar damage, excitation of the antagonist
muscles does not occur at the appropriate time but
instead always too late. Therefore, it is almost
certain that one of the major functions of the

cerebellum is automatic excitation of antagonist
muscles at the end of a movement while at the
same time inhibiting agonist muscles that have
started the movement.
The “Damping” Function of the Cerebellum.

One of the byproducts of the cerebellar feedback
mechanism is its ability to “damp” muscular move-
ments. To explain the meaning of “damping” we
must first point out that essentially all movements
of the body are “pendular.” For instance, when an
arm is moved, momentum develops, and the mo-
mentum must be overcome before the movement
can be stopped. And, because of the momentum,
all pendular movements have a tendency to over-

shoot. If overshooting does occur in a person whose
cerebellum has been destroyed, the conscious cen-

ters ofthe cerebrum eventually recognize this and
initiate a movement in the opposite direction to

bring the arm to its intended position. But again
the arm, by virtue of its momentum, overshoots,

and appropriate corrective signals must again be
instituted. Thus, the arm oscillates back and forth

past its intended point for several cycles before it

finally fixes on its mark. This effect is called an
action tremor, or intention tremor.

However, if the cerebellum is intact, appropriate
subconscious signals stop the movement precisely

at the intended point, thereby preventing the
overshoot and also the tremor. This is the basic

characteristic of a damping system. All servocon-

trol systems regulating pendular elements that

have inertia must have damping circuits built into

the servomechanisms In the motor control system
of our central nervous system, the cerebellum

seems to provide much of this damping function.

Cerebellar Control of Ballistic Movements.
Many rapid movements of the body, such as the
movements of the fingers in typing, occur so rap-

idly that it IS not possible to receive feedback

information either from the periphery to the cere-

bellum or from the cerebellum back to the motor
cortex before the movements are over. These move-
ments are called ballistic movements, meaning that

the entire movement is preplanned and is set into

motion to go a specific distance and then to stop.

Another important example is the saccadic move-
ments of the eyes, in which the eyes jump from
one position to the next when reading or when
looking at successive points along a road when a
person is moving in a car.

Much can be understood about the function of
the cerebellum by studying the changes that occur
in the ballistic movements when the cerebellum is

removed. Three major changes occur: (1) the move-
ments are slow to begin, (2) the force development
is weak, and (3) the movements are slow to turn
off. Therefore, it becomes very difficult to perform
the very rapid ballistic movements. Furthermore,
it is almost impossible to control how far the
movement will go because of the difficulty of turn-
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mg the movement off once it la begun. Thus, in

the absence of the cerebellar circuit, the motor

cortex ha.s to think ver>’ hard to turn ballistic

movements on and again has to think hard and

take extra time to turn the movement off. Thus,

the automatism of ballistic movements is lost.

But, how does the cerebellum function in the

control of ballistic movements? V/e do not know
the answer to this The supposition is. When the

motor cortex first initiates the movement, it im-

mediately sends signals to the cerebellum at the

same time . The first effect ofthe signals is tn excite

the deep cerebellar nuclei, and these immediately

send an excitatory signal back to the motor cortex,

red nucleus, or other motor nuclei to reinforce

strongly the onset of the ballistic movement. A
few milliseconds later, the signal entering the

cerebellum will have had time to go through the

delay circuits of the cerebellar cortex and to return

by way of the Purkmje cells to the deep cerebellar

nuclei, but this lime inhibiting these rather than
exciting them Therefore, after this given delay

lime, this automatic delayed inhibitory signal pre-

sumably stops the ballistic movement by turning
off the agonist muscle and, because of reciprocal

inncn-ntion. turning on the antagonist at the same
time

If the student will consider once again the cir-

cuitry of the cerebellum as described earlier in the

chapter, she or he will see that it is beautifully

organized to perform this biphasic. first excitatory

and then delayed inhibitory, function that is re-

quired for ballistic movements. The student will

also sec that the time delay circuits of the cerebel-

lar cortex almost undoubtedly are fundamental to

this particular ability of the cerebellum.

ruNcnoN or th£ iarce iatual zone
or THE CEJtESULAR HEMISPHERE-~THE
’PIANMNC’AND 'TIMING’' EUNCHONS

In human beings, the lateral zones of the two
cerebellar hemispheres have become very highly
developed and greatly enlarged, along with the
human capability to perform intricate movements
with the hands and fingers and along with the
ability to speak. Yet, strangely enough, these large
lateral portions of the cerebellar hemispheres have
no direct input of information from the peripheral
parts of the body. Also, almost all the communi-
cation between these lateral cerebellar areas and
the cortex is not with the primary motor cortex
lUelf but in.«tcad w-ith the premotor area and
primary and association somatic sensory areas.

Even .so, destruction of the lateral portions of the
cerebellar hemispheres along with their deep nu-
clei, the dentate nuclei, can lead to extreme in-

coordination of the purposeful movements of the
hands, fingers, feet, and speech apparatus. This
has been hard to understand because of lack of

direct communication between this part of tbe

cerebellum and the primary motor cortex. How-

ever, recent experimental studies suggest tlu:

these portions of the cerebellum are concerMi

with two important aspects of motor control; (li

the “planning^ of sequential movements, and (2'

the ’'timing" of the sequential movements.
The Planning Function. The planning of se

quential movements seems to be related to the &ci

^at the lateral hemispheres communicate wW
the premotor and sensory portions of the cerebri

cortex and that there is in turn two-way cotnica

nication between these areas and correspondwi

areas of the basal ganglia. It seems that the “pls-i

of the sequential movements is transmitted fmn

the sensory and premotor areas of the cortex b

the lateral rones of the cerebellar hemispheres

and two-way traffic between the cerebellum sm

the cortex is necessary to provide appropriate tra-i

sition from one movement to the next. An exceed

ingly interesting observation that supports tM
view IS that many of the neurons in the dentat

nuclei display the activity pattern of the n«
movement at the same time that the present moi’e

ment is occurring. Thus, the lateral hemisphere

appear to be involved not with what is happenin.

at a given moment but instead with ivhal wilt^

happening during the next sequential movement.
To summarize, one of the most important fes

tures of normal motor function is one’s ability to

progress smoothly from one movement to the

in orderly succession. In the absence of the cetfr

beJIar hemispheres this capability is seriously ills'

turbed, especially for rapid movements.
The Timing Function. Another important fu^^

tion of the lateral cerebellar hemispheres is to

provide appropnate timing for each movement In

the absence of these lateral areas, one loses the

subconscious ability to predict ahead of time bo*
far the different parts of the body will move in a

given lime- And without this timing capability,

the person becomes unable to control the beginning
of the next movement. As a result, the succeeding

movement may begin much too early or much too

late. Therefore, cerebellar lesions cause comple*

movements, such as those required for writing,

ninning, or even talking, to become completely

incoordinate, lacking completely in the ability to

progress in an orderly sequence from one mov^
ment to the next. Such cerebellar lesions are said

to cau.se failure of smooth progression of move'

ments.

Extramotor Predictive Functions of the Cer*

ebellum. The cerebellum also plays a role in

predicting other events besides movements of lb®

body. For instance, the rates ofprogression of both

auditory and visual phenomena can be predicted

As an example, a person can predict from the

changing visual scene how rapidly be or she

approaching an object. A striking experiment that
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demonstrates the importance of the cerebellum in

this ability is the effect of removing the “head”
portion of the cerebellum in monkeys. Such a
monkey occasionally charges the wall of a corridor

and literally bashes its brains out because it is

unable to predict when it will reach the wall.

Unfortunately, we are only now beginning to

learn about these extramotor predictive functions

of the cerebellum. It is quite possible that the
cerebellum provides a “time base,” perhaps utiliz-

ing time-delay circuits, against which signals from
other parts of the central nervous system can be
compared. It is often stated that the cerebellum is

especially important in interpreting spatiotem-

poral relationships in sensory information.

CUNICAL ABNORMALITIES
Of THE CEREBEUUM

Essentially all lesions or malfunctions of the cerebel-

lum cause abnormal motor movements on the same
side—the ipsilateral side—of the body as the side of the
malfunction in the cerebellum. The reason for this is

that almost all tracts feeding sensory information into
the cerebellum, especially the dorsal spinocerebellar

tract, are uncrossed, whereas all tracts in both directions

between the cerebral cortex and the cerebellum cross to

the opposite side in the same manner that the pyramidal
tract crosses to the opposite side of the peripheral body.
A second important feature of clinical cerebellar ab-

normalities is that destruction of small portions of the
Krebellar cortex rarely causes a detectable abnormality
In motor function. In fact, several months after as much
as half the cerebellar cortex has been removed, if the
deep cerebellar nuclei are not removed along with the
cortex the motor functions of an animal appear to be
almost entirely normal as long as the animal performs
all movements slowly. Thus, the remaining portions of
the motor control system are capable of compensating
tremendously for loss of parts of the cerebellum.
To cause serious and continuous dysfunction of the

cerebellum, the cerebellar lesion must usually involve
the deep cerebellar nuclei—the dentate, interpasitus, and
fasttgial nuclei—as well as the cerebellar cortex.

Dysmetria and Ataxia- Two of the most important
s>inptom3 of cerebellar disease are dysmetria and
ataxia. It was pointed out earlier that in the absence of
the cerebellum the subconsaous motor control system
cannot predict ahead of time how far movements will

go. Therefore, the movements ordinarily overshoot their
intended mark, though sometimes they are short of the
mark. This effect is called dysmetria, and it results in

incoordinate movements that are called ataxia.

Dysractna and ataxia can also result from lesions in
the spinocerebellar tracts, for the feedback information
from the movnng parts of the body is cssenlial for
accurate control of the movements.
Past Pointing. Past pointing means that in the ab-

sence of the cerebellum a person ordinarily mo\es the
hand or some other moving part of the body considerably

bc>-ond the point of intention. This probably results from
the following effect: The motor cortex normally trans-

mits more impulses to the muscles to perform a given

motor function than are actually needed. The cerebellum
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automatically corrects this by inhibiting the movement
after it has begun. However, if the cerebellum is not
available to cause this inhibition, the movement ordi-
narily goes beyond the intended point. Therefore, past
pointing is actually a manifestation of dysmetria.
Failure of Progression. Dysdiadoebokinesia.

When the motor control system fails to predict ahead of
time where the different parts of the body will be at a
given time, it temporarily “loses” the parts during rapid
motor movements. As a result, the succeeding movement
may begin much too early or much too late so that no
orderly “progression of movement" can occur. One can
demonstrate this readily by having a patient with cer-

ebellar damage turn one hand upward and downward
at a rapid rate. The patient rapidly “loses” the hand and
does not know its position during any portion of the
movement. As a result, a senes ofjumbled movements
occurs instead of the normal coordinate upward and
downward motions This is called dysdiadochokinesia

Dysarthria. Another instance in which failure of

progression occurs is in talking, for the formation of
woi^s depends on rapid and orderly succession of indi-

vidual muscular movements in the larynx, mouth, and
respiratory system. Lack of coordination between these

and inability to predict either the intensity of the sound
or the duration of each successive sound cause jumbled
vocalization, with some syllables loud, some weak, some
held long, some held for short intervals, and resultant

speech that is almost completely unintelligible. This is

called dysarthria

Intention Tremor. When a person who has lost the

cerebellum performs a voluntary act, the muscular
movements are jerky; this reaction is called an intention

tremor or an action tremor, and it results from failure

of the cerebellar system to damp the motor movements.
Cerebellar Nystagmus. Cerebellar nystagmus is a

tremor of the eyeballs that occurs usually when one
attempts to fixate the eyes on a scene to one side of the

head This off-center type of fixation results in rapid,

tremulous movements of the eyes rather than a steady

fixation, and it is probably another manifestation of the

failureofdampingby Ihecerebellum It occurs especiallj'

when the flocculonodular lobes are damaged; in this

instance it is associated with loss of equilibrium, pre-

sumably because ofdysfunction of the pathways through

Uie cerebellum from the semicircular canals

Rebound. If a person with cerebellar disease is asked

to pull upward strongly on an arm while the physiaan
holds It back at first and then lets go. the arm will fly

back until it strikes the face instead of being automat-

ically stopped. This is called rebound, and it results

from loss of the cerebellar component ofthe stretch reflex.

That is, the normal cerebellum ordinanly instanta-

neously and powerfully sensitizes this spinal cord reflex

mechanism whenever a portion of the body begins to

move unexpectedly m an unwilled direction. But, with-

out the cerebellum, strong actiiation of the antagonist

muscles fails to occur, thus allowing overmovement of

the limb.

iijirotonia. Loss of the deep cerebellar nuclei, panic-

ularly the dentate and inlerposilus nuclei, causes dc-

crea^ tone of the peripheral mu!>cul.Hurc on the side

of the lesion, though after scieral months the i^tor

cortex usually compensates for this by an incrca.se in its

intnnsic actmty. The hypotoma results from loss of

faalitation of the motor cortex and brain stem nuclei by

the tonic discharge of the deep nuclei.
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SENSORY FEEDBACK CONTROL
or MOTOR FUNCTIONS

THE “SENSORT ENGRAM"
FOR MOTOR CONTROL

When large portions of the somatic sensory cor-

tex are removed or damaged, a person or an animal

loses the ability to perform many complex motor
activities previously learned The reason for this

is believed to be that, when a person learns to

perform a motor function, he or she experiences in

the somatic sensory areas the efTccts of the motor
movement each time it is performed, and ‘'memo-

ries” of the different patterns of movements are

recorded. These are called sensory engrarns of the

motor movements. Once a sensory engram has been
established in the sensory cortex—that is, once the

movement has been learned—the person then uses

this sensory engram as a guide for the motor
system of the brain to follow m reproducing the

same pattern of movement. For instance, os n
person learns to cut out a paper doll with scissors,

the movements involved m this process cause a

particular sequential pattern of sensory signals to

pass to the somatic sensory area. Once this pattern

has been "learned” by the sensory cortex, the
memory engram of the pattern can be used to

activate the motor system to perform the same
sequential pattern whenever it is required—even
when the person is blindfolded.

To do this, the sensory signals from the fingers,

hands, and arms are compared with the engram,
and if the two do not match each other, the difTcr-

ence, called the “error,” supposedly initiates addi-

tional motor signals that automatically activate

appropriate muscles to bring the fingers, hands,
and arms into the necessary sequential attitudes

for performance of the task. Each successive por-

tion of the engram presumably is projected accord-

ing to a time sequence, and the motor control

system automatically follows from one point to the
next so that the fingers go through the precise

motions necessary to duplicate the sensory en-
gram
Thus, one can see that the motor system in this

case acts as a seruomccfionism, for it is not the

motor cortex itself that controls the pattern of

activity to be accomplished. Instead, the pattern
is located in the sensory part of the brain, and the

motor system merely “follows” the pattern, which
is the definition of a servomechanism. If ever the
motor system fails to follow the pattern, sensory
signals are fed back to the sensory cortex to apprise
the sensorium of this failure, and appropriate cor-

rective signals are transmitted to the muscles
Other sensory signals besides somesthetic sig-

nals are also involved in motor control, particu-
larly visual signals. However, these other sensory
systems are often slower to recognbe error than is

the somatic system. Therefore, when the sensorj
j

engram depends on visual feedback for control
|

purposes, the movements are usually considerably ,

slowed in comparison wdth those that depend ca

somatic feedback. . i

An extremely interesting experiment that dea- ,

onstralcs the importance of the sensory engran

for control of motor movements is one in which a

monkey has been trained to perform some complex

but slow-moving activity, and then various por-

tions of its cortex are removed. Removal of small

portions of the motor cortex that control the mus-

cles normally used for the activity does not prevent

the monkey from performing the activity. Instead

It automatically uses other muscles in place of the

paralyied ones to perform the .same activity. On

the other hand, if the corresponding somatic sen-

sory cortex i.s removed while the motor cortex is

left intact, the monkey loses all ability to perforin

the activity Thus, this experiment demonstrates

that the motor system acts automatically as a

scrvomschanism to use whatever muscles are

available to follow the pattern of the sensory en-

gram, and if some muscles are missing, other

muscles ore substituted automatically. The exper-

iment al.so demonstrates forcefully that the so-

molic sensory cortex is essential for performance

ofmost complex types of “learned" motor activities.

ESTABUSHMENT OF
RAPID MOTOR PATTtRNS

Many motor activitic-s are performed so rapidly

that there is insufficient time for sensory feedback

signals to control these activities. For instance,

the movements of the fingers during t^mg occur

much too rapidly for somatic sensory signals to be

transmitted either to the somatic sensory cortex

or even directly to the motor cortex and for these

then to control each discrete movement. It is 1^
lieved that the patterns for control of these rapid,

coordinate muscular movements are established in

the motor system itself, probably involving com-

plex circuitry in the primary motor cortex, in the

premotor cortex, the basal ganglia, and even the

cerebellum Indeed, lesions in any of these areas

can destroy one’s ability to perform rapid coordi-

nated muscular contractions, such as those re-

quired during the acta of typing, talking, orwritinS
by hand.
Role of Sensory Feedback During Establish-

ment of the Rapid Motor Patterns. Even a

highly skilled motor activity can be performed the

very first time if it is performed extremely slowly

—

slowly enough for sensory feedback to guide the

movements through each step. However, to be

really useful, many skilled motor activities must
be performed rapidly. This pitobably is achieved by

successive performance of the same skilled activity

until finally an engram for the skilled activity is
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aid down in the motor control areas of the cortex

IS well as in the sensory system. This motor
•ngrani causes a precise set of muscles to go
hrough a specific sequence of movements rcquir^

0 perform the skilled activity. Therefore, such an
mgram is called a patterrt ofskilled motorfunction,
md the motor areas are primarily concerned with
his.

After a person has performed a skilled activity

nany times, the motor pattern of this activity can
hereafter cause the hand or arm or other part of
he body to go through the same pattern of activity

igain and again, now entirely ivithout sensory
eedback control. However, even though sensory
‘ccdback control is no longer present, the sensory

system still determines whether or not the act has
jcen performed correctly. This determination is

nade in retrospect rather than while the act is

jeing performed. If the pattern has not been per-

formed correctly, information from the sensory
system can help correct the pattern the next time
it is performed.

Thus, eventually, hundreds of patterns of differ-

ent coordinate movements are believed to be laid

down in the motor system, and these can be called

upon one at a time in different sequential orders
to perform literally thousands of complex motor
activities.

An interesting experiment that demonstrates
the applicability of these theoretical methods of
muscular control is one in which the eyes arc made
to “follow'' an object that moves around and around
in a circle. At first, the eyes can follow the object
only when it moves around the circle slowly, and
even then the movements ofthe eyes are extremely
jerky. Thus, sensory feedback is being utilized to

control the eye movements for following the object.

However, after a few seconds, the eyes begin to

follow the moving object rather faithfully, and the
rapidity of movement around the circle can be
increased to many times per second, and still, the
eyes continue to follow the object. Sensory feedback
control ofeach stage ofthe eye movements at these
rapid rates would be completely impossible. There-
fore, by this time, the eyes have developed a
pattern of movement that is not dependent upon
step-by-step sensory feedback. Nevertheless, if the
eyes should fail to follow the object around the
circle, the sensory system would immediately be-
come aware of this and presumably could make
corrections in the pattern of movement.

initiation of voluntary
motor activity

Because of the spectacular properties of the pri-

*nary motor cortex (the area pyramidalis) and of
the instantaneous muscle contractions that can be
achieved by stimulating this area, it has become

customary to think that the initial brain signals
that elicit voluntary muscle contractions begin in

the primary motor cortex. However, this almost
certainly is far from the truth. Indeed, experiments
have shown that the cerebellum and the basal
ganglia are activated at almost exactly the same
time as or even before the motor cortex is acti-

vated. Furthermore, there is no knovm mechanism
by which the motor cortex can conceive the entire
sequential pattern that is to be achieved by the
motor movements.
Therefore, we are left with an unanswered ques-

tion; What is the locus ofthe initiation ofvoluntary
motor activity? A partial answer to this comes
from the fact that neuronal activity occurs in

sensory areas of the brain as long as a second
before a voluntary motor activity occurs. Also,

neuronal activity begins in the premotor areas of

the cortex and m some areas of the basal ganglia
many milliseconds before motor activity occurs in

the motor cortex. Therefore, it is beginning to be
believed that cerebration occurring in these “inte-

grative” portions of the brain, operating in asso-

ciation with the cerebellum, conceives and plans
the complex sequence of movements that is to be
executed. Only after the “plan” has been estab-

lished is the primary motor system involving the

primary motor cortex set into action to cause the

sequential events In the following chapter, we
shall discuss the planning and execution ofspeech,
which is an excellent illustration of these princi-

ples of voluntary motor control.
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54
The Cerebral Cortex
and Intellectual

Functions
of the Brain

It is ironic that know least about the mech*
lisms ofthe cerebral cortex of almost ail parts of
e brain, c\cn though it is by far tho largest
irtion of the nervous system. Yet, wo do know
e eflecls of destruction or of specific stimulation
various portions of the cortex, and still more is

town from electrical recordings from the cortex

]

from the surface of tho scalp. In the early part
'the present chapter the facts known about cor>

sal functions are discussed and then some basic
leorics of the neuronal mechanisms involved in

lought processes, memory, analysis of sensory
iformation, and so forth are presented bncfly.

lySIOLOCJCANATOMY
FWE CEREBRAL CORTEX
‘Ihe functional part of the cerebral cortex is composed
^nly of a thin layer of neurons 2 to 5 millimeters m
tickness, covering the surface of all the convolutions
the cerebrum and having a total area of about one

carter square meter. The total cerebral cortex probably
intains 60 to 100 billion neurons.
Figure 54-1 illustrates the typical structure of the
^rebral cortex, showing successive layers of different
'pes of cells. Most of the cells are of three types.
-anular (also called sttllaU), fusiform, and pyramidal,
le latter named for their characteristic pyramidal
iape. To the right in Figure 54-1 is illustrated the
Tical organization of nerve hbeis within the diflcrent
lyers of the cortex. Note particuJarJy the large number
; horizontal fibers extending between adjacent areas of
le cortex, but note also the vertical fibers that extend
> and from the cortex to lower areas of the brain and
> the spinal cord or to distant regions of the cerebral
Jrtex through long association bundles of fibers.

Neurohistologists have divided the cerebral cortex
ito almost 100 different areas, which have slightly

ifferent architectural characteristics. Yet in ail these
ifferent areas except the hippocampal region there still

ersist representations of all the six major layers of the
Jrtex. To the untrained histologist, only five raqjor

rchitectural types of cortex can be distinguished as

follows IVpe 1 contains large numbers of pyramidal
cells with few granular cells and, therefore, is oilen

called the agranular cortex. At the other extreme, type
5 contains almost no pyramidal cells but is filled with
closely packed granule cells and is called the granular
cortex Types 2, 3, and 4 have intermediate character-

istics containing gradated proportions of pyramidal and
granular cells.

The agranular cortex, which contains large numbers
of pyramidal cells, is characteristic of the motor areas
of the cerebral cortex, whereas the granular cortex,

containing almost no pyTamidal cells, is characteristic

figure 54-1. Structure of the cerebral cortex, illustraiir>g i
mc^ecutar layer, II, external granular layer. Ill, layer of pyramidal
cells, IV. Internal granular layer. V, large pyramidal cell layer; W
byer of fusiform or polymorphic ceDs. (from Rarwon and Oark
(after Brodmann) Anatomy of the Nervous System. PhUadelohla.
W. B. Saunders Company. 1959.)
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nsuTc 54-2. Structur^ly distinct areas of the human cerebral

cone*. (From tverect FuncHorul Neuroanatomy Sih ed ftifla-

delphla. Lea 4. Feblacr. 1965 Modified from Brodmarm)

of the pnmary sensory areas The other three interme-

diate types of cortex are characteristic of the association

areas between the pnmary sensory and motor regions

The pyramidal cells give rise to the long axona that

transmit motor signals to the basal ganglia, the brain

stem and terebellucn, and the spinal cord The granule

cells have short axons that transmit multiple signals

from neuron to neuron within the neural network of the

cortex itself.

Figure S4'2 shows a map of cortical areas classified

on the basis of histological studies by Orodmann This
classiRcfltion provides a basis for discussion offunctional

areas of the brain, e\en though different architectural

types of cortex often have simitar functions.

Anatomical Helationshlp of the Cerebral Cortex
to the Thalamus end Other Lower Centers. All areas
of the cerebral cortex have direct afferent and efferent

connections with the thalamus Figure S4-^ shows the
areas of the cerebral cortex connected with speahe parts

of the thalamus These connections are m tu-o directions,

both from the thalamus to the cortex and then from the
cortex back to essentially the same area of the thalamus
Furthermore, when the thalamic connections are cut.

the functions of the corresponding cortical area become
enlirely or almost entirely abrogated Therefore, the
cortex operates in close association with the thalamus
and can almost be considered both snatomically and
functionally to be a large outgrowth of the thalamus.

specific portions ot the thalamus. {Modified horn Ulott TexibooX
of the Nervous Sysienv

| B L^incott Co )

for this reason the thalamus and the cortex together an

often called the thalamocortical system, as we aU
discuss further in the following chapter. Also, all psi

ways from the sensory organs to the cortex pass throudi

the thalamus, with the single exception of the sensor

pathways of the olfactory tract.

FUNCTIONS OF CERTAIN SPECIFIC

CORTICAL AREAS

Studies in human beings by neurosui^eons ban

shown that some specific functions are localized ti

certain general area.s of the cerebral cortex. Figor

54-4 gives a map of some of these areas as deui

mined by Penfield and Rasmussen from direc

electrical stimulation of the cortex or by neurolos

ical examination of patients after portions of th'

cortex had been removed The lightly shaded ams

areprimary sensory areas, while the darkly shad&

area is the primary motor area (also called voIm

tary motor area) from which muscular movement

can be elicited tvith relatively weak electrical stic

uU, These primary sensory and motor areas hay

highly specific functions as we have discussed i

previous chapters, whereas other areas of the

tex perform more general functions that we «
association or cerebration

snaric functions or t»i riuMARr
SINSORT AftlAS

The pnmary sensory areas all have certain func-

tions in common. For instance, the somatic sensory

areas, visual sensory areas, and auditory sensory

areas all have spatial localizations of signals frojn

the peripheral receptors (which are discussed m
detail in Chapters 49, 60, and 61).

Electrical stimulation of the pnmary somOtlf

sensory area m the parietal lobe in awake patients

elicits relatively uncomplicated sensations. For in*

stance, in the somatic sensory area the patient

nsure 54—4. furvcilorvaJ areas of the human cerebral cone* 4*

detwmlncd by electrical stimulation of the cortex during neurv*

surgical operations and by neurological examinations of patlenB

whh destroyed cortcal regions (From Penliefd and Rasmusse’^
Tbe ^retiral Cortex of Mam A CDnical Study of Locaiuarton c*

(unction. New York. Macmillan Cornpany. 1968

)
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'expresses feelings of tingling in the skin, numb*
*ncss, mild “electric” feeling, or, rarely, mild de*

‘ grecs of temperature sensations. And these sen-

!|sations arc localized to discrete areas of the body
in accord with the spatial representation in the

somatic sensory cortex, as described in Chapter
49. Therefore, it is believed that the primary so-

matic sensory cortex analyzes only the simple
aspects of sensations and that analysis of intricate

patterns of sensory experience requires also adja-

cent parts of the parietal lobes called the somahe
• sensory association area.

: Electrical stimulation of the primary visual cor-

tex in the occipital lobe causes the person to see
‘ flashes of light, bright lines, colors, or other simple
visions. Here again, the visual images are localized

' to specifle regions of the visual flelds in accord
with the portion of the primary visual cortex stim-

- ulated, as described in Chapter 60. Out the visual
‘ cortex alone is not capable of complete analysis of
' complicated visual patterns; for this, the visual

cortex must operate in association with adjacent
regions of the occipital, temporal, and parietal

cortex, the oisuof association areas.
' Electrical stimulation of the primary auditory
' cortex in the temporal lobe causes a person to hear
a simple sound which may be weak or loud, have
low or high frequency, or have other uncomplicated
characteristics, such as a squeak or even an un-
dulation. But never are words or any other fully

intelligible sound heard. Thus, the pnmary audi-
tory cortex, like the other primary sensory areas,
can detect the individual elements of auditory
experience but cannot analyze complicated sounds.

Therefore, the primary auditory cortex alone is

not sufficient to give one even the usual auditory
experiences; these can be achieved, however, when
the primary area operates together with the au-
ditory association areas in adj'acent regions of the
temporal lobes.

Despite the inability of the primary sensory
areas to analyze the incoming sensations fully,

when these primary areas are destroyed the ability
of the person to utilize the respective sensations
usually sufiers drastically. For instance, loss of
the primary visual cortex in one occipital lobe
wuses a person to become blind in the ipsilateral
halves of both retinae, and loss of the primary
visual cortices in both hemispheres causes total

blindness. Likewise, loss of both primary auditory
cortices causes almost total deafness. Loss of the
primary somatic sensory areas in the postcentral
Eyn causes depression of somatic sensory sensa-
tions—though not total loss—presumably because
of additional thalamic and cortical representation

> of these sensations in other cortical areas; somatic
sensory area II and the motor cortex, for example.
(In animals far down the phylogenetic scale, loss
of the visual and auditory cortices may have little

euect on vision and hearing, and even an anence-
phalic human infant having no brain above the
mesencephalon detects some visual cues in the

absence of the visual cortex, for such a child can
observe a moving object and even follow it by
movement of the eyes and head.)

Therefore, we can summarize the functions of
the primary sensory areas of the human cerebral
cortex in the following way: The lower centers of
the brain relay a large part of the sensory signals
to the cerebral cortex for analysis. In turn, the
primary sensory areas transmit the results of their
analyses, albeit still simple analyses, back to the
lower centers and to other regions of the cerebral
cortex, as is discussed later in the chapter.

me SLSSORYASSOCIATION AREAS

Around the borders of the primary sensory areas
are regions called sensory association areas or
secondary sensory areas. In general, these areas

extend 1 to 5 centimeters in one or more directions

from the primary sensory areas; each, time a pri-

mary area receives a sensory signal, secondary
signals spread, after a delay of a few milliseconds,

into the respective association area as well. Part

of this spread occurs directly from the primary
area through subcortical flber tracts, but part also

occura in the thalamus, beginning in the sensory

relay nuclei, passing next to corresponding tha-

lamic association areas, and then traveling to the

association cortex

The general function of the sensory association

areas is to provide a higher level of interpretation

of the sensory experiences. The general areas for

the interpretative functions for somatic, visual,

and auditory experiences are illustrated in Figure

64-5
Destruction of the sensory association area

greatly reduces the capability of the brain to ana-

lyze different characteristics of sensory experi-

ences For instance, damage m the temporal lobe

below and behind the primary auditory area in

the “dominant hemisphere” of the brain often

causes a person to lose the ability to understand

figure 54—S. Organization of the sormctc auditory, and visual

association areas Into a general mechanism for Interpretation of
sensory experience. All these feed also into IVern/cjke's area
located in the posterosuperlor portion of the temporal lobe Note
also the prefrontal area, and Broca's speech area.
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words or other auditory experiences even though

they are heard.

Likewse, destruction of the visual association

area in Brodtnann’s areas 18 and 19 ofthe occipital

lobe in the dominant hemisphere (see Figure 54-

2), or the presence of a brain tumor or other lesion

in these areas, does not cause blindness or prevent

normal activation of the primary visual cortex but

does greatly reduce the person’s ability to interpret

what is seen Such a person often loses the ability

to recognize the meanings of words, a condition

that is called word blindness or dyslexia.

Finally, destruction of the somatic senso^ os-

sociathn area in the parietal cortex posterior to

primary somatic area I causes the person to lose

spatial perception for location ofthe different parts

of the body. In the case of the hand that has been
"lost,” the skills of the hand are greatly reduced.

Thus, this area of the cortex seems to be necessary

for interpretation of somatic sensory experiences.

The functions of the association areas are de-

scribed in more detail in Chapter 49 for somatic,

in Chapter 60 for visual, and in Chapter 61 for

auditory experiences.

tsmiPRiTATiVE niNcnos or the
P05TSJH0R SVPtniOR TEMPORAL LOBE^
•WERNICKE’S AREA- (A GENERAL
INTERPRETATIVE AREA)

The somatic, visual, and auditory assodation
areas, which can actually be called "interpretative

areas,” all meet one another m the posterior part

of the superior temporal lobe where the temporal,
parietal, and occipital lobes all come together. 11113

area of confluence of the diflerent sensory inter-

pretative areas is especially highly developed in

the dominant side of the brain—the left side m
right-handed persons—and it plays the greatest

single role of any part of the cerebral cortex in the
higher levels of brain function that we call cere-

bration. Therefore, this region has frequently been
called by different names suggestive of the area
having almost global importance: the general in-

terpretative area, the gnostic area, the knowing
area, the tertiary association area, and so forth.

However, it is best known as Wernicbe's area in
honor of the neurologist who first described its

special significance in intellectual processes.

Following severe damage in Wernicke's area, a
person might hear perfectly well and even recog-

nize different words but still might be unable to

arrange these words into a coherent thought. Like-
wise, the person may be able to read words from
the printed page but be unable to recognize the
thought that is conveyed

Electrical stimulation In Wernicke’s area ofthe
conscious patient occasionally causes a highly com-
plex thought. This is particularly true when the
stimulatory electrode is passed deep enough into

the brain to approach the corresponding connect-

ing areas of the thalamus. The types of thou^ls

that might be experienced include memories d
complicated visual scenes that one might remem'

ber from childhood, auditory hallucinations sud

as a specific musical piece, or even a discourse bj

a specific person. For this reason it is believed tlai

complicated memory patterns involving more than

one sensory modality are stored at least partiallj

in this area, or that activation of Wernicke’s area

can call forth the memories even if they may be

stored elsewhere. This belief is in accord with the

importance of Wernicke’s area in interpretation of

the complicated meanings of different sensory ex-

periences.

The Angular Gyrus—Interpretation of Vis-

ual Information. The angular gyrus is the most

inferior portion of the posterior parietal lobe, lying

immediately behind Wernicke’s area and fusing

posteriorly into the visual areas of the occipital

lobe as well. If this region is destroyed while

Wernicke's area in the temporal lobe is still intact,

the person can still interpret auditory experiences

as usual, but the stream of visual experiences

passing into Wernicke’s area from the visual corfei

IS mainly blocked Therefore, the person may be

able to see words and even know they are words

but, nevertheless, not be able to interpret thch

meanings This is the condition called dyslexia, oi

word blindness
Let us again emphasize the global importuce

of Wernicke’s area for most intellectual functiow

of the brain Loss of this area in an adult usually

leads thereafter to a lifetime of almost demented

existence.

?7ie Concept ofthe Dominant Hemisphere

The general interpretative functions of Wei*

niche’s area and ofthe angular gyrus, and also the

functions of the speech and motor control areas,

are usually much more highly developed in one

cerebral hemisphere than in the other. Therefore,

this hemisphere is called the dominant hemi-

sphere. In about 95 per cent of all persons the left

hemisphere is the dominant one. Wernicke’s area

of the brain is as much as 60 per cent larger in

the left hemisphere than in the right in more than

one half of newborn babies, “i^erefore, it is easy to

understand why the left side of the brain migW
become dominant over the right side. However, if

for some reason the dominant Wernicke’s area is

removed in early childhood, the opposite side of

the brain can develop full dominant charactcris'

tics.

A theory that can explain the capability of one

hemisphere to dominate the other hemisphere is

the following:

The attention of the “mind” seems to be directed

to one portion of the brain at a time. Presumably,

because its size is usually larger at birth, the left

temporal lobe normally begins to be used to a
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Tcater extent than the right, and, thenceforth,

ecause of the tendency to direct one's attenUon
0 the belter developed region, the rate of learning

n the cerebral hemisphere that gains the first

tart increases rapidly while that in the opposite

ide remains slight. Therefore, in the normal hu*
nan being, one side becomes dominant over the
ither.

In about 95 per cent of all persons the led
emporal lobe and angular gyrus become dotni*

lant, and in the remaining 5 per cent of the
x)pulation either both sides develop simultane*

)usly to have dual dominance, or, more rarely, the
*ight side alone becomes highly developed

Usually associated with the dominant temporal
lobe and angular gyrus is dominance of certain

jom'ons of the somatic sensory cortex and motor
»rtcx for control of voluntary motor functions. For
Instance, as is discussed later m the chapter, the
premotor speech area (Broca's area), located far

laterally in the intermediate frontal lobe, is almost
always dominant also on the left side of the brain,

fhis speech area causes the formation of words by
exciting simultaneously the laryngeal muscles, the
respiratory muscles, and the muscles of the mouth.
The motor areas for controlling the hands arc
dominant on the led side of the brain in about
nine of ten persons, thus causing “right-handed-
ness” in most people.

Though the interpretative areas of the temporal
lobe and angular gyrus, as well as many of the
motor areas, are highly developed in only a single

hemisphere, they are capable of receiving sensory

information from both hemispheres and arc also

capable ofcontrolling motor activities m both hem-
ispheres, utilizing mainly fiber pathways In the
co^ius callosum for communication between the
two hemispheres. This unitary, cross-feeding or-

ganization prevents interference between the func-
tions of the two sides of the brain; such interfe-

rence, obviously, could create havoc with both
thoughts and motor responses.

of Language In Function of
Wernicke’s Area and In Intellectual
Functions

A major share of our sensory experience is con-
verted into its language equivalent before being
stored in the memory areas of the brain and before
pcing processed for other intellectual purposes. For
l^tance, when we read a book, -we do not store
the visual images ofthe printed words but, instead,
store the words themselves in language form. Also,

information conveyed by the words is usually
^averted to language form before its meaning is
discerned.

The sensory area of the dominant hemisphere
^^y^Jc/prelation of language is Wernicke's area,

this is very closely associated with both the
primary hearing area and the auditory association

areas of the temporal lobe. This very close rela-

tionship probably results from the fact that the
first intrcKiuction to language is by way ofhearing.
Later in life, when visual perception of language
through the medium of reading develops, the vis-

ual information is then presumably channeled into

the already developed language regions of the
dominant temporal lobe.

Wernicke's Area in the Nondominant Hemi-
sphere. IVhen Wernicke’s area in the dominant hemi-
sphere is destroyed, the person normally loses almost
all intellectual functions associated with language or
verbal symbolism, such as ability to read, ability to

perform mathematical operations, and even the ability

to think through logical problems. However, many other
types of interpretative capabilities, some of which utilize

the temporal lobe and angular gyrus regions of the

opposite hemisphere, are retained. Psychological studies

In patients with damage to their nondominant hemi-
spheres have suggested that this hemisphere may be
especially important for understanding and interpreting
music, nonverbal visual experiences (especially visual

patterns), spatial relationships between the person and
the surroundings, and probably also interpreting many
somatic expenences related to use of the limbs and
hands Thus, even though we speak of the “dominant"
hemisphere, this dominance is primanly for language-

or verba) symbolism-related intellectual functions; the

opposite hemisphere is actually dominant for some other

types of intelligence.

An Area for Recognition of Faces

An interesting type of brain abnormality called pro-

tophenosia is the inability to recognize faces This occurs

in persons who have extensive damage on the medial

undersides of both occipital lobes and along the medio-

ventral surfaces of the temporal lobes, as illustrated in

Figure 54-6 Loss of these face recognition areas,

strangely enough, results in very litUe other abnormal-

ity of brain function

FACIAL

RECOGNITION

figure 54-6. Facial recognition areas located on Che underside

of the btain In (he medial ocopical and tempotal lobes. (From

Ceschwmd ScMm,^4/ 180. 1979.© 1979 by Sclenti/ic Amer-

ican. Inc AH rights reserved.)
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Oae wonders why so much of the cerebral corte*

should be reserved for the simple task of face rccogni*

lion. However, when it is remerobcred that most of

doily tasks involve associations with other people, ort*

can see the importance of this intcilectual function.

The occipital portion of this area is contiguous wit-n

the primary visual cortex, and the temporal portion >s

closely associated with the limbic system that haa to o®

with emotions, brain activation, and control of ones

behavioral response to the environment, as wc ahaiJ

discuss in Chapter S6

THE PRintONTAL AREAS

The prefrontal areas are those portions of th®

frontal lobes that lie anterior to the motor regions,

as shown m Figure 54-5 For years, this part

the cortex has been considered to be the locus bf

the ViigVieT intellect o? tbe ^iMinan being, p-rintf*-

pally because the main difference between tb®
brain of monkeys and that of human beings is th®

great prominence of the human prefrontal areas.

Yet efforts to show that the prefrontal cortex i®

more important in higher intellectual funcliops

than other portions of the cortex have not bean
successful. Indeed, destruction of the posterior tem*
poral lobe (Wernicke’s area) and the angular gyrus
region tn the dominant hemisphere causes InB*

nitely more harm to the intellect than does d®*
struction of both prefrontal areas

Yet, the prefrontal areas do have some special®

functions that are all their own One of these has
to do with control of some types of behavior, espe-

cially choice of behavioral options for each social

or physical situation. For this purpose, the pre-

frontal areas transmit signals into the limbic areas

of the brain, as will be described m Chapter 56.

Some of the other possible functions of the prefron-

tal lobes include

Prevention of Distractibility—Importance
for Sequencing Thoughts. One of the outstand-
ing characteristics of a person who has lost the
prefrontal areas is the ease with which he or she
can be distracted from a sequence of thoughts
Likewise, in lower animals whose prefrontal areas
have been removed, the ability to concentrate on
psychological tests is almost completely lost. Th®
human being without preiVontal areas is still ca-

pable of performing many intellectual tasks, such
as answering short questions and performing sim-
pie arithmetic computations (such as 9 x 6 = M),
thus illustrating that the basic intellectual activ-

ities of the cerebral cortex are still intact without
the prefrontal areas Yet if concerted sequences of
cerebral functions are required of the person, h®
becomes completely disorganized. Therefore, the
prefrontal areas seem to be important in keeping
the mental functions directed toward goals.
Elaboration of Thought, PrognosticaUon,

and Performance of Higher Intellectual Func-
tions by the Prefrontal Areas. Another function
that has been ascribed to the prefrontal areas by

psychologists and neurologists is elabaralion d
thought. This means simply on increase in depti

and abstractness ofthe different thoughts. Psychi

logical tests have shown that prefrontal lobectom-

iz^ lower animals presented with successive bit;

ofsensory information fail to store these bits even

in tempory memory—probably because they an

distracted so easily that they cannot hold thougbl

long enough for storage to take place. This abilil]

of the prefrontal areas to cause storage—evei

though it be temporary—of many bits of infoma

tion simultaneously, and then to cause recall o

this information bit by bit as it is needed fo

subsequent thoughts, could well explain the man;

functions of the brain that we associate will

higher intelligence, such as the abilities to (1

prognosticate. (2) plan for the future, (3) deta;

viKvtfti *iT, respwrst Vj. wwimwig
that the sensory information can be weighed urtS

the best course of response is decided, (4) consider

the consequences of motor actions even before

these are performed, (5) solve complicated mathe-

matical, legal, or philosophical problems, (6) cor-

relate all avenues of information in dia^osing

rare diseases, and (7) control one's activities in

accord with moral laws.

Effects of Destruction

of the PnfrontAJ Areis

Human beings without prefrontal areas ordinar-

ily act precipitously in response to incoming srt-

sory signals, such as reacting angrily to slight

provocations but also forgetting the event equally

as rapidly In addition, they are likely to lo^

many or most of their morals; they have littl«

embarrassment in relation to excretory, sexual,

and social activities; and they ore prone to quickly

changing moods of sweetness, hate, joy, sadness,

exhilaration, and rage. And they lose both ambi-

tion and drive toward goals. In short, they are

highly dhtractible persons with lack of ability W
pursue long and complicated thoughts.

THOUGHTS^ CONSCIOUSNESS,
AND MEMORY

Our most difhcuU problem in discussing con-

sciousness, thoughts, memory, and learning is that

we do not know the neural mechanism of a

thought. We know that destruction of large por-

tions of the cerebral cortex does not prevent a

person from having thoughts, but it usually does

reduce the degree of awareness of the surround-

ings.

Each thought almost certainly involves simul-

taneous signals in many portions of the cerebral

cortex, thalamus, limbic system, and reticular ftr-

mation of the brain stem. Some crude thoughts

probably depend almost entirely on lower centers;
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7 the thought of pain is probably a good example,

,
for electrical stimulation of the human cortex

j
rarely elicits anything more than the mildest de-

, grees of pain, whereas stimulation of certain areas

j
of the hypothalamus and mesencephalon in ani*

. mals appears to cause excruciating pain. On the

^
other hand, a type of thought pattern that requires

, mainly the cerebral cortex is that involving vision,

j

because loss of the visual cortex causes complete

.
inability to perceive visual form or color.

Therefore, we might formulate a definition of a
thought in terms of neural activity as follows: A

’ thought probably results from the momentary
“pattern” of stimulation of many different parts of

the nervous system at the same time, probably
involving most importantly the cerebral cortex,

the thalamus, the limbic system, and the upper
reticular formation ofthe brain stem. This is called

the holistic theory of thoughts. The stimulated

I

areas ofthe limbic system, thalamus, and reticular

I

formation perhaps determine the general nature
ofthe thought, giving it such qualities as pleasure,

displeasure, pain, comfort, crude modalities ofsen*
sation, localization to gross areas of the body, and
other general characteristics. On the other hand,
the stimulated areas of the cerebral cortex proba-
bly determine the discrete characteristics of the
thought such as specific localization of sensations

on the body and of objects m the fields of vision,

discrete patterns of sensation such as the rectan-

gular pattern of a concrete block wall or the tex-

ture of a rug, and other individual characteristics

that enter into the overall awareness of a partic-

ular instant.

And consciousness can perhaps be described as
our continuing stream of awareness of either our
surroundings or our sequential thoughts.

memoryASD TYPES OF MEMORY

If we accept the above approximation of what
constitutes a thought, we can see immediately that
the mechanism of memory must be equally as
complex as the mechanism of a thought, for, to

provide memory, the nervous system must recreate
pie same spatial and temporal pattern (the “hol-

istic” pattern) ofstimulation in the central nervous
system at some future date. Though we cannot
explain in detail what a memory is, we do know
some of the basic psychological and neuronal proc-
esses that probably lead to the process of memory.

All ofus know that all degrees ofmemory occur,

some memories lasting a few seconds and others
lasting hours, days, months, or years. Possibly all

these types of memory are caused by the same
^ mechanism operating to different degrees of ful-

fillment. Yet, it IS also possible that different

mechanisms of memory do exist. Indeed, most
physiologists classify memory into from two to four
different types. For the purpose of the present
discussion, we will use the following classification:

1. Sensory memory;
2. Primary memory;
3. Secondary memory.
The basic characteristics of these types of mem-

ory are the following:

Sensory Memory. Sensory memory means the
ability to retain sensory signals in the sensory
areas of the brain for a very short interval of time
following the actual sensory experience. Usually
these signals remain available for analysis for

several hundred milliseconds but are replaced by
new sensory signals in less than one second. Never-
theless, during the short interval of time that the
instantaneous sensory information remains in the
brain it can continue to be used for further proc-

essing; most important, it can be “scanned” to pick
out the important points. Thus, this is the initial

stage of the memory process.

Primary Memory. Primary memory is the
memory of facts, words, numbers, letters, or other
information for a few seconds f;o a few minutes at
a time This is typified by a person’s memory of
the digits in a telephone number for a short period

of time after he has looked up the number in the
telephone directory. It is also typified by the ability

of a person to look at a visual scene, then to turn

the head away and still be able to recall for seconds

or a minute or more many features of the scene.

One of the most important characteristics of

primary memory is that the information in this

memory store is instantaneously available so that
the person does not have to search through his or

her mind for it as one does for information that

has been put away in the secondarymemory stores.

However, still another feature of primary memory
IS that when new bits of information are put into

the primary store, old information is displaced.

Thus, if a person looks up a second telephone

number, the first is usually lost. Also, if one sees

a rapid succession of visual scenes, it is usually

the last of these that remains most prominently

m the primary memory store.

Secondary Memory. Secondary memory is the

storage in the brain of information that can be

recalled at some later time—hours, days, months,
or years later. This type ofmemory has been called

long-term memory, /ired memory, permanent mem-
ory, and several other names. One of its character-

istics is that, except when the memory is very

deeply engrained, one must “search" through the

memory stores for seconds to minutes before it is

possible to recall the memory.
“Short-term” and “Long-term" Memory. Memory

IS also frequently divided into either “short-term" or

“long-term.” However, use of these terms is extremely

loose. Psychologists frequently classify short-term mem-
ory to be the same as primary memory and long-term
memory the same as secondary memory. Houever, many
physiologists and clinicians include in short-term mem-
ory the early stages of secondary memory lasting for as
long as several days to a \\cck or more, and reserve the
term long-term memory for memories that can be re-
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called weeks, months, or years after the initial expen-

PHYSIOLOGICAL BASIS OFMEMORY

Despite the many advances in neurophysiology

during the past half century, we still cannot ex-

plain what is perhaps the most important function

of the brain: its capability for memory, Yet, phys-

iological experiments are beginning to generate

conceptual theones of the means by which memory
could occur. Some of these are discussed m the

following few sections.

Possible Mechanisms for Primary Memory.
Primary memory requires a neuronal mechanism
that can hold specific information signals for a few
seconds to at most a minute or more. Several such
mechanisms are the following:

Reverberating Circuit Theory of Primary
Memory. When an appropriate tetanizing electri-

cal stimulus is applied directly to the surface of
the cerebral cortex and then is removed after a
second or more, the local area excited by this

stimulus often continues to emit rhythmic action

otentials for short periods of lime. This effect is

elieved to result from local reverberating circuits,

the signals passing through a multistage circuit of

neurons in the local area of the cortex itself or
perhaps even back and forth between the cortex

and the thalamus or other subcortical areas.

It is postulated that sensory signals reaching
the cerebral cortex can set up similar reverberat-

ing oscillations and that these could be the basis
for primary memory. Then, as the reverberating

circuit fatigues, or as new' signals interfere with
the reverberations, the primary memory fades
away.
One of the principal observations in support of

this theory is that any factor that suddenly blocks
brain function, such as a blow'on the heed that

causes temporary coma or such as anesthesia,

erases the primary memory. The memory cannot
be recalled when the disturbance is over unless a
portion of this memory had already been placed
into the secondary memory store, as will be dis-

cussed in subsequent sections

Post‘TetaaIc Potentiation Theory of Pri-
mary Memory. In most parts of the nervous
system, including even the anterior motor neurons
of the spinal cord, tetanic stimulation ofa synapse
for a few seconds causes a short period of syna^jc
fatigue for the next few seconds but then increased
excitability of the synapse for another few seconds
to a few hours. If during this time of increased
excitability the synapse is stimulated ogam, the
neuron responds mudi more vigorously than nor-
mally, a phenomenon called post-tetanic potentia-

tion. This is obviously a type of memory that
depends on change in the excitability of the syn-
apse, and it could be the basis for primary memory.
Recent experiments have shown that post-tetaoic

potentiation is caused by excessive accumulati®

ofcalcium ions in the presynaptic terminals, thfss

ions in turn increasing the release of transmitter

substance by the terminals, as was explained fc

Chapter 46.

Presynaptic Facilitation and Inhibition k
Possible Causes of Primary Memory. lUcj

presynaptic terminals of the central nervous BJ's-

tem he on the surfaces of other presynaptic tW-

minals or even on terminal nerve fibrils When

such terminals are stimulated, they can cause

either inhibition or facilitation of the secondatj

terminals depending on the type of transmitter

released. Furthermore, this inhibition or facilita-

tion can last at times for many minutes and per-

haps even for an hour or more. Such events area

type of memory, though it still is not known

whether this is one of the mechanisms of primaij

memory.

Afec/iAfi/sm of Secondary Memoiy^
Enhancement of Synaptic Transmission
FadUty

Secondary memory is the ability of the nervous

system to recall thoughts long after initial elici

tation of the thoughts is over. We know thfil

secondary memory does not depend on contlnu«

activity of the nervous system, because the brait

can be totally inactivated by cooling, by genera

anesthesia, by hypoxia, by ischemia, or by aej

other method and yet secondary memories the'

have been previously stored are still retained »h«
the brain becomes active once again TherefciTt

secondary memory must result from some actua

alterations of the synapses, either physical o

chemical.

Many different theories have been offered ti

explain the synaptic changes that cause long-tern

memory. Among the most important of these arc

1. Anatomical Changes in the Synapses. Ca

jal, almost a century ago, discovered that thi

number of terminal fibrils ending on neuronal cell

and dendrites in the cerebral cortex increases wit!

age. Conversely, physiologists have shown tha

inactivity of regions of the cortex causes thinninj

of the cortex; for instance, thinning of the printar;

visual cortex m animals that have lost their eye

sight. Also, intense activity of a particular part o

the cortex can cause excessive thickening of thi

rortical shell in that area alone. This has beei

demonstrated especially in the visual cortex o

animals subjected to repeated visual experiences

Finally, some neuroanatomists have observed elec

tron micrographic changes in presynaptic ternii

naU that have been subjected to intense and pro

longed activity.

All these observations have led to a widely beli

belief that fixation ofmemories in the brain result

from anatomical changes in the synapses thero

selves: perhaps changes in numbers of presynapti'
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a terminals, perhaps in sizes of the terminals, or

perhaps in the sizes and conductivities of the

a dendrites. Such anatomical changes could cause

a permanent or semipermanent increase in the de-

gree of facilitation of specific neuronal circuits,

] thus allowing signals to pass through the circuits

1
with more ease the more often the memory trace

^ is used. This obviously would explain the tendency
for memories to become more and more deeply

1
fixed in the nervous system the more often they
are recalled or the more often the person repeats

2
the sensory experience that leads to the memory

j
trace.

j
Another variant of the anatomical theory is

, based on the experimental observation that in

! early life an excess ofsynaptic connections is made,
‘ and those snyapses that are active continue to

^
remain functional whereas the others eventually

degenerate. Thus, the pattern of synaptic trans-

mission could be established by destroying unused
synapses rather than by enhancing the used ones.

This theory fits the finding that unused synapses
and even unused neurons often disappear com-
pletely.

,
2. Physical or Chemical Changes in the Pre-

synaptic Terminal or the Postaynaptic Mem-
brane. Recent studies by Kandel and others in

.
the large snail Aplysia have uncovered several

j

mechanisms of memory that result from either

,
physical or chemical changes in the presynaptic
terminal or possibly even in the entire presynaptic
neuron. One such mechanism, illustrated in Figure
54-7, functions in the following way: In this figure

there are two separate presynaptic terminals, one
of which is from a primary input sensory neuron
and terminates on the surface of a secondary neu-
ron that is to be stimulated; this is called the
sensory terminal. The other presynaptic terminal
lies on the surface of the sensory terminal and is

called the facilitator terminal. When the sensory
terminal is stimulated repeatedly but without
stimulating the facilitator terminal, signal trans-

mission at first is very great, but this becomes less

and less intense with repeated stimulation xmtil

transmission almost ceases. This phenomenon is

called habituation. It is a type of memory that
causes the neuronal circuit to lose its response to

repeated events that are insignificant.

On the other hand, if a noxious stimulus excites
the facilitator terminal at the same time that the
sensory terminal is stimulated, then, instead of
the transmitted signal becoming progressively
weaker, the ease of transmission becomes mudi
stronger and will remain strong for hours, das^s,

or perhaps weeks even without further stimulation
> of the facilitator terminal. Thus, the noxious stim-

^us causes the memory pathway to become facil-

itated for days or weeks thereafter. It is especially
• interesting that only a few repeated action poten-

tials are require to cause either habituation or

[

facilitation. However, once habituation has oc-

curred, the synapses can become facilitated very
rapidly with only a few noxious stimuli.

At the molecular level, the habituation effect in

the sensory terminal results from progressive clo-

sure of calcium channels of the terminal mem-
brane, though the cause of this is not fully known.
As a result, much smaller than normal amounts
of calcium diffuse into this terminal when action

potentials occur, and much less transmitter is

therefore released because calcium entry is the

stimulus for transmitter release (as was ^scussed
m Chapter 46).

In the case of facilitation, the molecular mech-
anism is believed to be the following:

(1) Stimulation of the facilitator neuron at the
same time that the sensory neuron is stimulated

causes serotonin release at the facihtator synapse
on the sensory presynaptic terminal.

(2) The serotonin acte on serotonin receptors in

the sensory terminal membrane, and these acti-

vate the enzyme adenylate cyclase inside the mem-
brane. This causes the formation of cyclic AMP
inside the sensory presynaptic terminal.

(3) The cyclic AMP activates a protein kinase

that is believed to cause phosphorylation of the

channel surfaces of the potassium channels in the

sensory terminal membrane. This blocks these

channels for potassium conductance. This blockage
of the potassium channels can last for days and
maybe even weeks or longer.

(4) Lack of potassium conductance causes a
greatly prolonged action potential in the presyn-

aptic terminal because the flow of potassium ions

out of the terminal is the usual mechanism for

recovery from the action potential.

(5) The prolonged action potential causes pro-

longed activation of the calcium pores, allowing

tremendous quantities of calcium ions to enter the

sensory terminal. These calcium ions then cause

greatly increased transmitter release, thereby

greatly facilitating synaptic transmission.

Thus, m a very indirect way the associative

effect of stimulating the facilitator neuron at the

same time that the sensory neuron is stimulated

causes a prolonged change in the sensory terminal

that produces a long-term memory trace.

Noxious

figure 54—7. A memory system that has been discovered In

the snail Ap/^sla.
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Recent studies by Bymc in the snaii Aplysia

have suggested stil I another mechanism of cellular

memory: his studies have shown that stimuli from

two separate sources acting on a single sensory

neuron can, under appropriate conditions, cause

long-term changes in the membrane properties of

the entire sensory neuron, and these changes can

increase the excitability of the neuron for many
minutes thereafter. Thus, this is another possible

mechanism of memory, either primary memory or

secondary memory
Summary. The theory that at present seems

most likely for explaining secondary memory is

that some actual anatomical, physical, or chemical

change occurs in the presynaptic terminals or

perhaps in whole neurons that permanently facil-

itate the transmission of impulses at the synapses.

If all the synapses are thus facilitated in a thought
circuit, this circuit can be re-excited by any one of

many diverse signals at later dates, thereby caus-

ing memory. The overall facilitated circuit is called

a memory engram or a memory trace.

Consolidation of Memoiy

For a primary memory to be converted into a
secondary memory that can be recalled days later,

it must become “consolidated"—that is. the syn-

apses must become permanently fscilitated This
process requires G to 10 minutes for minimal con-

solidation and an hour or more for maximal con-

solidation. For instance, ifa strong sensory impres-
sion is made on the brain but is then followed

within a minute or so by an electrically induced
brain convulsion, the sensory expenence will not
be remembered at all Likewise, brain concussion,
sudden application ofdeep general anesthesia, and
other eiTccts that temporarily block the dynamic
function of the brain can prevent consolidation

However, if the same sensory stimulus is im-
pressed on tbebram and the strong electrical shock
is delayed for more than 5 to 10 minutes, at least

part of the memorj’ trace will have become estab-
lished. If the shock is delayed for an hour, the
memory will have become fully consolidated

The process of consolidation and the time re-

quired for consolidation can probably be explained

by the phenomenon of rehearsal of the primary
memory as follows:

Role of Rehearsal in Transference of Pri-
mary Memory into Secondary Memory, Psy-
chological studies have shown that rehearsal of
the same information again and again accelerates

and potentiates the degree of transfer of primary
memory into secondary memory', and therefore also

accelerates and potentiates the process of consoli-

dation. The brain has a natural tendency to re-

hearse newfound information, and especially to

rehearse newfound information that catches the
mind’s attention. Therefore, over a period of time
the important features of sensory experiences be-

come progressively more and more fixed in t!

secondary memory’ stores. This explains why

person can remember small amounts of infoiT

tion studied in depth far better than large amous

of information studied only superficially. And

also explains why a person who is wide-awake w

consolidate memories far belter than will a pers

who is m a state of mental fatigue.

Codifying of Memories During the Proce

of Consolidation. One of the most imporia

features of the process of consolidation is th

memories to be placed permanently into the n

ondary memory storehouse are first codified it

different classes of information. During this pa

ess similar information is recalled from the

ondary storage bins and is used to help processt

new information The new and old are comfef

for similarities and for differences, and part oft

storage process is to store the information abt

these similarities and differences rather than si

ply to store the information unprocessed. Th'

during the process of consolidation, the new me

ones ate not stored randomly in the brain 1

instead arc stored m direct association with otl

memories of the same type. This is obviously n-
essary if one is to be able to “search" the nietnori

store at a later date to find the required informa-

tion.

Ao/e of Specific Parts of the BruJn
In the Memoty Process

Role of the Hippocampus for Rehearsal,

Codification, and Consolidation of Memo-
ries—Anterograde Amnesia Following Hip"

pocampal Lesions. The hippocampus is the most

media) portion of the temporal lobe cortex

It folds underneath the brain and then upwari

into the lower surface of the lateral ventricle. Th^

two hippocampi have been removed for the treat-

ment of epilepsy in a number of patients. Thu
procedure hardly affects the person’s memory w
infonnation stored in the brain prior to removal ri

the hippocampi. However, after removal, thes*

persons have very little capability for transferripS

verbal and symbolic types of primary meroones

into secondary memories. That is, they do not ha'’*

the ability to separate out the important informa-

tion; to codify It, to rehearse it, and to consolidate

it in the long-term memory store. Therefore, these

persons are unable to establish new long-term

memories of those types of information that

the basis of intelligence. This is called anterogrodt

amnesia.
Lesions in other parts of the temporal lobes

besides the hippocampi are also frequently associ-

ated with reduced ability to store new memories-

This probably results from two factors: (1)

possible association of the other parts of the tem-

poral lobes with the hippocampi and therefore

failure ofthe usual consolidation process for mem-
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5 cries, and (2) the fact that Wernicke’s area, which

3 IS the major locus of intellectual operations of the

.j brain, is located in the temporal lobe; the reason
,,that lesions affecting Wernicke’s area might di*

I, minish memory storage is probably that consoli-

i dation of memories requires analysis of the mem*
•- ory so that it can be stored in association with
other memories of like kind,

ji,
Retrograde Amnesia. Retrograde amnesia

j
means inability to recall memories from the past

—

that is, from the long-term memory storage
bins—even though the memories are known to be
still there. When retrograde amnesia occurs, the
degree of amnesia for recent events is likely to be
much greater than for events of the distant past
The reason for this difference is probably that the

^ distant memories have been rehearsed so many
times that elements of these memorres are stored

" in widespread areas of the brain
* In some persons who have hippocampal lesions,

some degree of retrograde amnesia usually occurs
along with the anterograde amnesiaJust discussed,
which suggests that these two types of amnesia

' are at least partially related and that hippocampal
•' lesions can cause both. However, it has also been
* claimed that damage in some thalamic areas can
* lead specifically to retrograde amnesia without
^ causing significant anterograde amnesia. This per-

haps can be explained by the possibility that the
thalamus might normally play a role in helping
the person “search” the memory storehouses and
thus be able to "read out” the memories. That is,

the memory process not only requires the storing

^
of memories but also the ability to search and find

® the memory at a later date. The possible function
of the thalamus in this process will be discussed

>’ in the following chapter.
” It should be noted, however, that persons with

?[
either temporal lobe or hippocampal lesions usu-

i ally do not have difficulty in learning physical
3 skills that do not involve verbalization or symbolic
>' types of intelligence. For instance, these persons
t can still learn hand skills such as those required
^ in carpentry.
j

ANALYTICAL OPERATIONS
OF THE BRAIN

Thus far, we have considered the approximate nature
^ of thoughts and possible mechanisms by which memory
/ and learning can occur Now we need to consider the

mechanisms by which the brain performs complex in-

^ tellectual operations, such as the analysis of sensory
’ mformation and the establishment of abstract thoughts.

About these mechanisms we know almost nothing, but
> experiments along these lines have established the fol-

^
lowing important facts: First, the brain can focus its

^
attention on specific types of information (which will be
discussed m the following chapter). Second, separate
qualities of each set of mformation signals are split

pf away from the central signal and are transmitted to

multiple areas of the brain. Third, the brain compares
new information with old information in its memory
loci. And, fourth, the bram detenmnes patterns of stim-
ulation.

Analysis of Information by Splitting Its Qualities.

When sensory information enters the nervous system,
one of the first steps m its analysis is to transmit the
signal to separate parts of the brain that are selectively

adapted for detecting specific qualities. For instance, if

the hand is placed on a hot stove, (a) pain information
is sent through the spinoreticular and spinothalamic
tracts into the reticular formation of the brain stem and
into certain thalamic and hypothalamic nuclei, (b) tac-

tile information is sent through the dorsal column sys-

tem to the somatic sensory cortex, giving the cortex a
detailed description of the part of the hand that is

touching the hot stove, and (c) position sense information
from the muscles and joints is sent to the cerebellum,

the reticular formation, and to higher centers of the
brain to give momentary information of the position of

the hand Thus, the different qualities of the overall

information ore dissected and transmitted to different

parts of the brain On the basis of analyses in all these

parts of the brain, motor responses to the incoming
sensory information are formulated

One can see that different centers of the brain react

to specific qualities of information—the reticular for-

mation and certain regions of the thalamus and hypo-
thalamus to pain, regions of the mesencephalon and
hypothalamus to the affective nature of the sensation

(that IS, whether it is pleasant or unpleasant), the

somatic sensory cortex to the localization of sensation,

other areas to kinesthetic activities, and others to visual,

auditory, gustatory, olfactory, and vestibular infonna-

Uon.
Analysis ofNew Information by Comparison with

Memories. We all know that new sensory expenences

are immediately compared with previous expenences of

the same or similar tj’pes. For instance, this is the way
we recognize a person whom we know Yet. it still

remains a mystery how we can make these compansons
One theory suggests that if the new pattern of stimu-

lation matches a memory engram. some interaction

between the two gives the person a sense of recognition.

Analysis of Patterns. In analyzing information, the

brain depends to a great extent on “patterns’' of stimu-

lation. For instance, a square is detected as a square

regardless of its position or angle of rotation m the

visual field Likewise, a senes ofparallel bars is detected

as parallel bars regardless of their orientation, or a fly

is detected as a fly whether it is seen m the penpheral

or central field of vision. We can extend the same logic

to the somatic sensory areas, for a person can detect a

cube simply by feeling, whether it be in an upright,

horizontal, or angulated position. Also, it can be detected

even by one's feet even though one’s feet may have never

felt a cube before.

Processing’ otInformation so That Patterns Can
Be i3eterin/necl. Beautiful examples of the ability of

the brain to process informalton for determination of

patterns have been discovered in relation to the visual

system. In Chapter 60 we shall point out that the retina

itself processes visual information to a great extent even

before it is transmitted into the brain. For instance, the

neuronal circuits in the retina are organized to detect

lines or boundaries between light and dark areas. That
is, the visual neural mechanisms bring out strongly the
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contrast boundaries of the scene but dt-emphasae the

flat areas. This explains why a few lines drawn on a

paper can give one the impression of seeing the image

of a person Certainly the lines do not represent the

actual picture of the person, but they do give the visual

cortex the same pattern of contrasts that one'a own
visual system would give

One can see, therefore, that the visual cortex utilixes

transformed types of information to point up the most
striking characteristics of the visual scene while neglect-

ing unimportant information Then, the pattema of the

visual scene can be extracted from this “preaclertcd'*

information

rUNCnON OF THE BRAIN
IN COMMUNICATION

One of the most important difTerenccs between the

human being and lower animals is the facility with
which human beings can communicate with one another
Furthemiore, because neurological tests can easily as-

sess the ability ofa person to communicate with others,

we know perhaps more about the sensory and motor
systems related to communication than about any other
segment of cortical function. Therefore, we will review
rapidly the function of the cortex m communication, and
from this one can see immediately how the pnnciples of

sensory analysis and motor control apply to this art

There are two aspects to communication; first, the

sensory aspect, involving the ears and eyes, and, second,
the motor aspect, involving vocalisation and its control
Sensory Aspects of Communication. We noted ear-

lier m the chapter that destruction of portions of the
auditory and visual association areas of the cortex can
result in inability to understand the spoken word or the
written word, These eflecta are called, respectively,

auditory receptive aphasia and visual receptive aphasia
or, more commonly, word deafness and word blindness
(also called dyslexia)

Wernicke’s Apbssia (Sensory Aphasral. Some per-

sons are perfectly capable of understanding either the
spoken word or the written word but are unable to

wUrpret tht thought tba.t.w e.TpxessRd.'CV.l.twiUa vnosV

frequently when WeniicAe’s area in the posltnor portion

of the dominant hemisphere superior temporal gyrus is

damaged or destroyed Therefore, this type of aphasia is

generally called Wernicke's aphasia also, it is frequently
called simply “sensory aphasia.”

When the lesion in Wernicke's area is widespread and
extends (a) backward into the angular gyrus region, (b)

infenorly into the lower areas of the temporal lobe, and
(c) superiorly into the supenor border of the sylvian
Assure, the person is likely to be almost totallydemented
and therefore is said to have global aphasia.

Motor Aspects of Communication. The process of
speech involves two principal stages of mentation' (1)

formation in the mind of thoughts to be expressed and
choice of words to be used, then (2) motor control of
vocalization and the actual act of vocalization itself The
formation of thoughts and choice ofwords is the function
of the sensory areas of the brain. Again, it is W'emicke’a
area in the posterior part of the superior temporal gyrus
that is most important for this ability. Therefore, per-
sons with either Wernicke’s aphasia or global a{diasia

are unable to formulate the thoughts that are to be

eommunicaled Or, if the lesion is less severe, the pefsa

may be able to formulate thoughts but yet be unable t

put together the appropriate words to express tbi

thou^t. Often, a person may be very fluent in

but the words may present a jumbled mass of eonfus’on

Motor Aphasia. Often a person is perfectly cappbl'

of deciding what he wishes to say, and he Is capab’**

vocalizing, but he simply cannot make hia vocal lyjt®

emit words instead of noises. This effect, called moto

aphasia, results from damage to Broca's speech arai

wluch lies in the prcmo(or facial region of the cortt*-

obout 95 per cent of the time in the left hemisphere' >

illustrated m Figures 54-5 and 54-8. Therefore, *

assume that the skilled motor patterns forcontmi ofib

larynx, lips, mouth, respiratory system, and other e<

ccssory muscles of articulation arc all controlled in

area
Articulation, Finaliy, we have the act of articulsb®

Itself, which means the muscular movements of^
mouth, tongue, larynx, and so forth, that are responJ®

for the actual emission ofsound The faeusland larynft^

regions of the motor cortex activate these muscles,

the etrelxUum. basalganglus, and sensory cortex all 1“'

control the muscle contractions by feedback mechanic™

described in Chapter 53 Destruction of these

can cause either total or partial inability to

distinctly

Summary. Figure 54-8 illustrates two pnncipal

ways for communication The uppier half of the

shows the pathway involved in hearing and speakii’S

word This sequence is the following: (II receptie^ ‘

the primary auditory area of the sound signals ^
encode the word. (2j interpretation of the wrd ia v*
iiieke's area: (3) determination also in Wernicke's^
that the word is to be spoken; (4) transmission ofaigfl*

from Wernicke’s area to Broca's area via Ihe are^
fasciculus. (6) activation of the skilM motor P«gi^
in Broca’s area for control of word formation; and
transmission of appropriate signals into themotor corf®

to control the speech muscles
The lower figure illustrates the comparable step^ ’

reading a word and then speaking it. Tlie imtial re^l

tive area for the word is in the primary visual

rather than tn the primary’ auditory area “nien the

uiforrnalion passes through early stages ol 'interpi^i'

tion in the angular gyrus region and finally rcache* *

Ml level of recognition in Wernicke’s area. From h®®

the sequence is the same as for speaking a heard wOri

FUNCTION OF THE CORPUS
CAILOSUM AND ANTERIOR
COMMISSURE TO TRANSFER
THOUGHTS, MEMORIES, AND
OTHER INFORMATION TO THE
OPPOSITE HEMISPHERE

Fibers in the corpus callosum connect the respect’^

cortical areas of the two hemispheres with each o^
except for the anterior portions of the temporal Jo®®

these temporal areas, including especially the amygd‘^‘^

are interconnected by fibere that pass through the ^tenor commissure. Because of the tremendous num®*
of fibers in the corpus callosum, it was assumed
the beginning that this massive structure must h®'
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some important fanction to correlate activities of the

two cerebral hemispheres However, after cutting the

corpus callosum in experimental animals, it was difficuU

to discern changes in brain function Therefore, for a

long time the function of the corpus callosum was a

mystery
Yet, properly designed psychological experiments

have now demonstrated the extremely important func-

tions of the corpus callosum and anterior commissure.

These can be explained best by recounting one of the

experiments A monkey is first prepared by cutting the

corpus callosum and splitting the optic chiasm longitu-

dinally Then it is taught to recognize different types of

objects with its right eye while its left eye is covered.

Next, the right eye is covered and the monkey is tested

to determine whether or not its left eye can recognize

the same object. The answer to this is that the left eye

cannot recognize the object Yet, on repeating the same
experiment in another monkey with the optic chiasm

split but the corpus callosum intact, it is found invari-

ably that recognition in one hemisphere of the brain

creates recognition also m the opposite hemisphere
Thus, one of the functions of the corpus callosum and

the anterior commissure is to make information stored

in the cortex of one hemisphere available to the corre-

sponding cortical area of the opposite hemisphere Three
important examples ofsuch cooperation between the two
hemispheres are*

1, Cutting of the corpus callosum blocks transfer of

information from Wernicke's area of the dominant hem-
isphere to the motor cortex on the opposite side of the
brain Therefore, the intellectual functions of the brain,

located primarilym the dominant hemisphere, lose their

control over the right motor cortex and therefore also of

the voluntary motor functions of the left hand and arm
even though the usual subconscious movements of the

left hand and arm are completely normal
2 Cutting of the corpus callosum prevents transfer of

somatic and visual information from the nght hemi-
sphere into Wernicke's area of the dominant hemi-
sphere Therefore, somatic and visual information from
the left side of the body frequently fails to reach this

general interpretative area of the brain and. therefore,

cannot be used for deasion making
3 Finally, a teen-aged boy whose corpus callosum had

been completely sectioned but whose anterior commis-

sure was not sectioned recently was found to have two
entirely separate conscious portions to his brain. Only
the left half of his brain could understand the spoken

word, because it was the dominant hemisphere. On the

other hand, the nght side of the brain could understand

the written word and could elicit a motor response to it

without the left side of the brain ever knowing why the

response was performed Yet. the effect was somewhat
different when an emotional response was evoked in the

right side of the brain in this case a subconscious

emotional response occurred m the left side of the brain

as well This undoubtedly occurred because the temporal

lobe areas and other basal brain areas of the two sides

of the brain were still communicating with each other

through the anterior commissure that was not sectioned.

For instance, when the command “kiss" was written for

the right half of his brain to see. the boy immediately

and with full emotion, said “No way'” This response
obviously required function of Wernicke’s area and the
motor areas for speechm the left hemisphere But, when
questioned why he said this, the boy could not explain.

Thus, the two halves of the brain have indepetidect

capabilities for consciousness, memory storage, com-

munication, and control of motor activities The corpus

callosum is required for the two sides to operate coop-

eratively, and the anterior commissure plays an impor-

tant role m unifying the emotional responses of the t»o

brain sides.
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55
Activation of the
Brain—the Reticular
Activating System
and Wakefulness;
Attention and
Searching of
Memory; Brain
Heaves; Sleep;
Epilepsy

i One of the remaining great mysteries of the
brain is how the brain itself controls itself. For

,
instance, what sets the overall level of activity?

I Also, why do we go to sleep or wake up? And
perhaps even more mysterious is the mechanism
by which we can focus our attention on certain

I functions of the brain while ignoring others.
' Though the answers to these questions are
mainly unknown, glimmers of information are

I beginning to appear that will at least let us con-

^
struct plausible, even though questionable, thco-
nes about activation of the brain, wakefulness,
sleep, and so forth.

:
the RETICULAR ACTIVATING

' SYSTEM AND ITS ROLE IN
, WAKEFULNESS

Diffuse electrical stimulation in the mesence-
,
phalic and pontile portions of the reticular forma-
tion—an area discussed in Chapter 52 in relation
to the motor functions of the nervous system

—

' causes immediate and marked activation of the
' cerebral cortex and will even cause a sleeping

I

animal to awaken instantaneously. This area is

> represented in Figure 55-1 by the bold arrow

directed upward through the brain stem. Extend-
ing upward into the cerebrum from the mosencc-

phalic reticular formation are multiple diffuse

pathways that terminate in almost all areas of

both the diencephalon and the cerebrum. This
entire system is called the reticular activating

system.

When the reticular activating system was first

discovered almost 40 years ago, it was believed

that this entire system was represented by a dif-

fuse matrix of neurons that operated mainly as a

single unit to provide generalized and uniform

activation of all regions of the dienccphalon and
cerebrum at the same time. We now know, how-
ever, that certain regions ofthe reticular formation

as well as portions of the upward radiating distri-

bution system have discrete anatomical organiza-

tions. discrete distribution pathways, and different

effects on different parts of the brain—at some
times causing increased activity and at other times

decreased activity—and even utilize different

transmitter substances to perform these different

functions. We shall discuss these more specific

systems later, but for now let us address the more
general functions.

Two Different Pathways into the Cerebrum
from the Reticular Formation. Signals ait;

transmitted from the mesencephalic portion of the

' ^665
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ngute 5S-I. The reticular actlvarlng system schemai
caJty pr^ecied on a monkey brain, (From LIndsley Retiort

Formation of the Brain. Uttle. Brown and Co

)

reticular activating system to the cortex mainly
through t\\-o diiTerent general pathways. One path-
way passes upward to the intralaminar, midline
and reticular nuclei of the thalamus and thence
through relay pathways to essentially all parts of
the cerebral cortex and basal ganglia
The second pathway, probably a less important

pathway, passes through the sublhalamus. hypo-
thalamus, and adjacent areas
Function of the Mesencephalic Portion of

the Heticular Activating System. To understand
the function of the mesencephalic portion of the
reticular activating system it is instructive to
consider two different experiments performed by
cutting the brain stem at two diiTerent levels as
follows.

’

(1) Cutting the brain stem at the upper end of
the mesencephalon causes the cerebrum to become
inactive—that is, to go into coma

(2) Cutting the brain stem in the midpontile
region causes the cerebrum to become active and
to remain active indefinitely as if it remains con-
tinuously awake.

Therefore, the reticular formation of the mes-
encephalon and upper pons seems to provide in-
trinsic activation of the brain. On the other hand
areas in the brain stem below the midlcvel of the
pons can inhibit this activating system and cause

Function of the Thalamic Portion of the
Activating System. Electrical stimulation in dif-
lerent areas of the thalamic portion of the activat-
ing system activates specific regions ofthe cerebral
cortex more than others. This is distinctly different
from stimulation m the mesencephalic portion
which acti^tes large areas of the brain at thesame time. Therefore, it is postulated that selective
stimulation of portions of the thalamus by the
internal signals of the brain might be the cause of
specific activation of certain areas of the cerebral
'^rtex in distinriinn other areas

Stimulation oftheReticulArAcUvatlng
System by Nerve Slgntls from Elsewhere

The reticular activating system itself is subjec
to stimulation and therefore subject to increase
levels of activation Also, it is subject to inhibitlor
which can lead to sleep, as we shall discuss I:

detail later in the chapter.
Two basic types of stimuli are especially likel;

re increase the activity of the activating system
These are

^1) Sensory stimuli from almost any part of tin

(2) Retrograde stimuli from the cerebrum, feed
•ng mainly into the mesencephalic portion ofUu
reticular formation.
Almost any sensory signal entering the nei^’ou;

sysrem will cause at least some degree ofaetivatior
of the reticular activating system. However, somf
signals are much more stimulatory than others
especially pam and proprioceptive somatic impul'
ws, both of which are likely to require some

action by the brain. It will be recalled
that the reticular formation receives tremendous
numbers of signals either directly or through col-

laterals from the spinoreticular tracts, the spmo-
/Aafamic trocts, and the spinotectal tracts. When
an animal is asleep and appropriate sensory sig-

nals suddenly enter the reticular activating sys-
tcm. this can cause the animal to awaken imme-
diately. piis is called the arousal reaction.

of the reticular activating system
by the cerebrum, especially by the cerebral cortc.t,

13 mediated through direct fiber pathways into the
retiwlar formation from almost all parts of the

rerebrtim, including (1) the somatic sensory cortex,

p the motor cortex, (3) the frontal cortex, (4) the
Msal ganglia, (5) the hippocampus and other lim-
bic structures, and (6) the hypothalamus. An es-

pi^ally large number of nerve fibere pass from
the motor regions of the cerebral cortex to the
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reticular formation; therefore, motor activity in
particular is associated with a high degree of
reticular activation, which partially explains the
importance of moving around when one wishes to
remain awake.

Wakefulness—Its Relationship to

Activation of the Brain

We shall see later that the brain is exceedingly
active in the course of generalized epileptic sei-

zures, and yet the person is not awake. Likewise,
the brain remains active to varying degrees during
sleep and at some stages ofsleep is perhaps equally
as active as during wakefulness.

On the other hand, wakefulness does not occur
in the absence of a reasonable degree of activation
of the brain.

Therefore, wakefulness can be dehned as activity

in the brain directed into appropriate channels to
give the person a sense of conscious awareness.

Coma

Coma is the opposite of brain activation. It can
result from any factor that diminishes or stops
activity in the mesencephalic portion of the retic-

ular activating system. This can include such fac-
tors as:

(1) Brain tumors pressing on the brain stem,
such as tumors of the pineal gland or the pituitary

gland.

(2) Vascular lesions that interrupt the blood
supply to the midbrain.

(3) Prolonged hypoxia that causes death of brain
neurons.

(4) Infectious processes in the brain stem, such
as the encephalitis that causes sleeping sickness.

(5) Poisons that destroy brain tissue.

Coma is distinct from sleep in that a person
c^not be aroused from coma. In some coma pa-
tients all parts of the brain are inactivated, not
just the reticular activating system. In this case
all electrical activity of the brain ceases—that is,

the brain waves are said to be “flat.” This is the
condition called brain death, and the person can
then remain alive only by being sustained on
artificial respiration, administration of nutrition
by stomach tube or intravenously, and use of
veuious supportive drugs and fluids to maintain
appropriate blood circulation.

SPECmc NEURONAL SYSTEMS
associatep with the reticular
fORMATION

We noted earlier that as more has been learned
about the reticular formation, speciflc anatomi-
cally distinct neuronal systems have been drscov-

ered. Four of these have special importance in
controlling speciflc activities of the diencephalon

To dlencepholon ind

cerebrum

figure 5S-2. Multiple centers In the brain stem, the neurons
of which secrete dilTerent transmitter substances. These neurons
send control signals upward Into the diencephalon and cerebrum
and downward Into the splnaj cord

and cerebrum. Illustrated in Figure 55-2, these

are:

(1) The giganiocellular nucleus of the reticular

formation, lids area lies in the medial portions of
the reticular formation in the mesencephalon and
upper pons. The neurons of this nucleus are very
large and their libers divide immediately into two
branches, one passing upward into the higher
levels of the brain and the other passing downward
through the reticulospinal tracts into the spinal

cord. This is a principal activator portion of the

reticular activating system.
The neurons of this nucleus release acetylcholine

at their terminals, and this normally functions as

an excitatory transmitter.

(2) The substantia nigra This nucleus was dis-

cussed in Chapter 52 in relation to the basal

ganglia. It lies in the anterior portion of the mes-
encephalon and contains neuronal cell bodies that

secrete dopamine at their nerve endings. Addi-

tional neurons that secrete dopamine are also

found in adj'acent regions of the ventral tegmen-

tum of the mesencephalon. In addition to the basal

ganglia, fibers from these areas pass to the hypo-

thalamus, the cerebral cortex, and the limbic sys-

tem. The dopamine released at the nerve endings

functions in the basal ganglia as an inhibitory

transmitter, which is perhaps also true in other

areas of the brain, but not necessarily so because

some dopamine receptors are excitatory.

It will be recalled from Chapter 52 that destruc-

tion ofthe dopaminergic neurons in the substantia

nigra eliminates their normal inhibitory effect on
the basal ganglia, and that is the basic cause of
Parkinson’s disease.

(3) The locus ceruleus. This is a small area
located bilaterally and posteriorly at the j'unction
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point between the mesencephalon and the pons.

Nerve fibers from this area secrete norepinephrine.

They spread very widely through the diencephalon

and the cerebrum, as well as into the cerebellum

and lower regions of the brain stem. The norepi'

nephrine released by the endings of these neuron?

may have either excitatory or inhibitory effects on
different structures, depending on the character of

the receptors in the postsynaptic neurons. Later in

the chapter we shall see that the locus ceruleu?

probably plays a role in one type of sleep called

REM sleep.

(4) The raphe nuclei. In the midlinc of the lowcf

pons and medulla are several very thin nuclei

called the raphe nuclei. Many of the neurons ir*

these nuclei secrete serotonin, and they send fiber?

to widespread areas in the diencephalon and also

to the cord The cord fibers have the capability of

suppressing pain, which was discussed in Chapter

60. The serotonin released in the diencephalon and
cerebrum almost certainly plays an essential role

in causing normal sleep, as we shall discuss later

m the chapter.

THE GENERALIZED
THALAMOCORTICAL SYSTEM—ITS
POSSIBLE FUNCTION IN AHENTION
AND SEARCHING THE MEMORY
STORE

The thalamus is the entryway for all sensory
nervous signals to the cerebral cortex, with the
single exception of signals from the olfactory sys-

tem. Those thalamic nuclei that relay these sen-
sory signals to the cerebral cortex are called the
specific thalamic nuclei, and this sensory input
system to the cerebral cortex is known as the
specific thalamocortical system

In addition to the specific thalamocortical sys-

tem, another thalamocortical system separate from
the specific system is called the generalised ihal't-

mocorttcal system This is composed principally of

the nerve pathway discussed earlier feeding up-
ward from the mesencephalic portion of the retic-

ular formation by way of the thalamus to the
cortex. The signals of this pathway are relayed in
the thalamus by multiple small diffuse neurons
that lie mainly between the specific thalamic nu-
clei or on the outer surface of the thalamus. Many
of these neurons make multiple connections with
the specific thalamic nuclei, but especially they
project very small fibers to all parts of the cerebral
cortex

Mechanism of Cortical Activation by the
Generalized Thalamocortical System. The way
in which the generalized thalamocortical sjrstem
activates the cerebral corte.x is entirely different

from activation by the specific sensory system?,
s of the differences are the following.

1. Stimulation of a specific thalamic nucleus-

such as the ventrobasal complex that transmiti

somatic signals to the somatic sensory cortex-

activates the cortex within 1 to 2 milliseconds,

whereas stimulation of the generalized system

causes no activation for approximately the first 25

milliseconds. The activation level builds up overs

period of many milliseconds. These differences are

illustrated in Figure 55-3.

2. At the end of stimulation, the activation of

the cortex by the specific nuclei dies away within

another few milliseconds, whereas the artivation

by the generalized system sometimes continues as

an “afler'dischargc" for as long as 30 seconds,

3 Signals from the specific nuclei to the cortex

activate mainly layer IV of the cortex, as was

explained in Chapter 49, whereas activation ofthe

generalized thalamic system activates mainly lay-

ers I and 11 of the cortex. Since this latter activa-

tion IS prolonged and because layers I and II art

the loci of many of the dendrites of the deeper

cortical neurons, it is supposed that the stimula-

tion by the generalized thalamic system mainly

causes partial depolarization of large numbers cl

dendntes near the surface of the cortex; this in

turn causes a generalized increase in the degr«

of facilitation of the cortex. \\Tien the cortex ii

thus facilitated, specific signals that enter Ihi

cortex from other sources arc exuberantly received

4. Stimulation in the generalized thalamic sys-

tem facilitates an area of several square centime

ters in the cortex, while stimulation at a point Ir

a specific thalamic nucleus excites a specific poioi

in the cortex.

In summary, the generalized thalamocortica

system controls the overall degree of activity o:

the cortex. It can at times facilitate activity it

regional areas of the cortex distinct from the re

maindcr of the cortex. Collateral signals from ihii

system also control the level of activity in U«

specific nuclei of the thalamus, the basal ganglia

the hypothalamus, and other structures of ll)‘

cerebrum and diencephalon as well.

MILIISECONBS

njure 5S-3. Compaiison of the response of the visual C0ft*‘

foOowtng siimulailon of the laieraJ geniculate body {record Al

which Is pan of the specific thalamocortical system, with tr«

lesponse of the visual cortex following stimulailon of the vfewl

portfon of the generalized thalamocortical system
Note In record B the long latent period before appearance of the

diffuse response and also the prolonged duration of the response
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fljure 55-4. Different types of normal eleceroencephalo-
graphic waves.

Possible Mechanisms for Attention and for

Searching the Memory Store

We ore all aware that we can direct our attention

toward certain of our mental activities individ-

ually and can also search through our memory
store for specific memories. Because of the capa-
bility of the generalized thalamocortical system to

activate small areas of the cerebral cortex at a
time, it is tempting to believe that specific activa-
tion of regional portions of the cortex might be the
way in which wc do indeed direct our attention,
and might also be the basis for searching through
memory stores.

One other bit of information also suggests that
the generalized thalamocortical system might be
important in searching for memories: It has been
reported that specific lesions in the thalamus are
sometimes associated with retrograde amnesia

—

that is, inability to recall memories that are known
to be stored within the brain.

brain waves

Electrical recordings from the surface of the brain or
from the outer surface of the head demonstrate contin-
uous electrical activity in the brain. Both the intensity
and patterns of this electrical activity are determined
to a great extent by the overall level of excitation of the
brain resulting from functions in the reticular activating
system. The undulations in the recorded electrical po-
tentials, shown m Figure 55-4, are called 6rain waves,

entire record is called an electroencephalogram

The intensities of the brain waves on the surface of
the scalp range from 0 to 300 microvolts, and their
frequencies range from once every few seconds to 50 or
more per second. The character of the waves is highly
dependent on the degree of activity of the cerebral
cortex, and the waves change markedly between the
states of wakefulness and sleep and coma.
Much of the time, the brain waves are irregular, and

no general pattern can be discerned in the EEG. How-
ever, at other times, distinct patterns do appear. Some
of these are characteristic of specific abnormalities of

the brain, such as epilepsy, which is discussed later.

Others occur even in normal persons and can be classi-

fied as alpha, beta, theta, and delta waves, which are all

illustrated in Figure 55-4.

Alpha waves are rhythmic waves occumng at a fre-

quency of between 8 and 13 per second and are found in

the EEGs of almost all normal adult persons when they
are awake in a quiet, resting state of cerebration. These
waves occur most intensely in the occipital region but
can also bo recorded at times fiom the parietal and
frontal regions of the scalp. Their voltage usually is

about 50 microvolts. During sleep the alpha waves
disappear entirely, and when the awake person’s atten-

tion is directed to some specific type of mental activity,

the alpha waves are replaced by asynchronous, higher
frequency but lower voltage beta waves. Figure 55-5
illustrates the effect on the alpha waves of simply

opening the eyes in bright light and then closing the
eyes again. Note that the visual sensations cause im-
mediate cessation of the alpha waves and that these are
replaced by low voltage, asynchronous beta waves.
Beta waves occur at frequencies ofmore than 14 cycles

per second and as high as 25 and rarely 50 cycles per
second. These are most frequently recorded from the
parietal and frontal regions of the scalp. Mostbeta waves
appear during activation of the central nervous system
ordunng tension.

Theta leoves have frequencies of between 4 and 7
cycles per second These occur mainly in the parietal

and temporal regions in children, but they also occur

dunag emotional stress in some adults, particularly

during disappointment and frustration They can often

be brought out in the EEG of a frustrated person by
allowing enjoyment of some pleasant experience and
then suddenly removing this element of pleasure; this

causes approximately 20 seconds of theta waves. These
same waves also occur in many bram disorders.

Delta waves include all the waves of the EEG below

3.5 cycles per second and sometimes as low as 1 cycle

every 2 to 3 seconds. These occur m deep sleep, in

infancy, and in senous organic brain disease. And they

occur in the cortex of animals that have had subcortical

transcctions separating the cerebral cortex from the

thalamus Therefore, delta waves can occur strictly in

the cortex independently of activities in lower regions

of the brain.

ORiClN Of THE DlffEREST TYPES
or BRAIN WAVES

The discharge of a single neuron or single nerve fiber

in the brain cannot be recorded from the surface of the

head. Instead, for an electrical potential to be recorded

all the way through the skull, large portions of nervous

tissue must emit electrical current simultaneously.

Thera are two ways in which this can occur. First,

tremendous numbers of nerve fibers can discharge in

syndtrony with each other, thereby generating very

strong electrical currents. Second, large numbers of

neurons can partially discharge, though not emit action

ngure 55-5. Replacemeni of che alpha rhyihm by an asyn-

chronous discharge on opening the eyes
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potentials; furthennore, these partially discharged neu-

rons can cause electrical potentials that undulate with

changing degrees of excitability of the neurons. Simul-

taneous electrical measurements within the brain while

recording brain waves from the scalp indicate that it is

the second of these that causes the usual brain waves.

To be more specific, the surface of the cerebral cortex

is composed almost entirely of a mat of dendntes ex-

tending to the surface from neuronal cells m the lower

layers of the cortex. When signals impinge on these

dendrites, the dendrites become partially discharged.

This makes the neurons of the cortex highly excitable

—

that IS, facilitates them, and the negative potential is

simultaneously recorded from the surface of the scalp,

indicating this high degree of excitability

One of the principal sources of signals to excite the

outer dendntic layer of the cerebral cortex is the gen-

eralized thalamocortical fibers of the reticular activating

system. Therefore, brain wave intensity is closely re-

lated to the degree of activity in either the brain stem
or the Ihaiamic portions of the reticular activating

system.

Originof Delta Waves. Transection of the fiber tracts

from the thalamus to the cortex, which blocks the

reticular activating system fibers, causes delta waves in

the cortex This indicates that some synchronizing mech-
anism can occur m the cortical neurons themselves—
entirely independently oflower structures m Che brain—
to cause the delta waves

Delta waves also occur in very deep “slow wave" sleep,

and this suggests that the cortex then might be released

from the activating influences of the reticular activating

system.

Origin of Alpha Waves. Alpha waves will net occur
in the cortex without connections with the thalamus.
Also, stimulation in the generalized thalamic nuclei

often sets up waves in the generalized thalamocortical
system at a frequency of between 8 and 13 per second,

the natural frequency of the alpha waves Therefore, it

IS assumed that the alpha waves result from sponta-

neous activity in the generalized thalamocortical sys-

tem, which causes both the periodicity of the alpha
waves and the synchronous activation of literally mil-
lions of cortical neurons during each wave.

EfFECT or VARYING DECREES OF CEREBRAL
ACTJVm ON THE BASIC RHYniM OF THE
ELECTROENCEPHALOGRAM

There is a general relationship between the degree of
cerebral activity and the average frequency of the elec-

troencephalographic rhythm, the average f^quency in-

creasing progressively with higher and higher degrees
of activity '^is is illustrated in Figure S5-6, which
shows the existence of delta waves in stupor, surgical
anesthesia, and sleep; theta waves in psychomotor states
and in infants; alpha waves during relaxed states; and
beta waves during periods of intense mental activity.

However, dunng periods of mental activity tbe waves

usually become asynchronous rather than synchronoj

so that the voltage falls considerably, despiU increa3e

cortical activity, as illustrated in Figure 55-5

CLINICAL USE OF THE
EUCTROENCEPHALOCRAM
One of the most important uses of the EEG h i

diagnose different types of epilepsy and to find the fom:

in the brain causing the epilepsy. This is discuss

further later. But. in addition, the EEG can be usetj |

localize brain tumors or other space-occupying lesiot

of the brain and to diagnose certain tjTies of psythi

pathic disturbances
Localization of Brain Tumors. There are two mesi

by which brain tumors can be localized. Some brai

tumors are so large that they block electrical activit

from a given portion of the cerebral cortex, and whe
this occurs the voltage of the brain waves is considersbl

reduced in the region of the tumor. However, Ooi

frequently a brain tumor compresses the surroundui

neurona! tissue and causes abnormal electrical excit

tion of these surrounding areas; this in turn leads I

synchronous discharges of very high voltage waves i

the EEG, as shown in the middle two records of Figui

55-7. txicalization of the origin of these spikes on tl

surface of the scalp is a valuable means for locating U
brain tumor; this is achieved in the following way.
The upper part of Figure 65-7 shows the plaeewei

of 16 different electrodes on the scalp, and the lowi

part of the figure shews the brain waves from 4 of thei

electrodes marked in the figure by Xs. Note that la t«

of these, intense bram waves are recorded and, fur^e
more, that the two waves are essentially of revsr

polarity to each ether This reverse polarity means thi

the origin of the spikes u somewhere in the area betim
the two respective electrodes, 'niua, the ercessi^l

excitable area of the brain has been located, and this

a lead to the location of the brain tumor.
Diagnosing Psychopathic Disturbances. Use of

brain waves in diagnosing psychopathic abnormalitiM
IS generally not very satisfactory because only a few ef

these cause distinct brain wave patterns. Yet by observ-

ing combinations of different types of basic rhythms,
rrartJim? cf ihe zkyiksss sS ibe

rhythms during alkalosis cau^ by forced breathing,

the appearance of particular characteristics in the brain

waves (such as ‘'spindles" of^pha waves), and so forth,

an experienced electroencephalographer can detect at

least certain types of psychopathic disturbances. Also,

theta waves are frequently found in persons with brain

aboonnalities.

SLEEP

Sleep is defined as a state of unconsciousness
from which a person can be aroused by appropriate

sensory or other stimuli.

y\y''\/\AAAAI\f\l\mimi^ rigare 55—0. Effea of vaiytng degrees of

brsl activity on the basic rtiythm of the UC. (From

CIbbs and Cibbs. Adas of OectroefKephalograBhy.

2nd Ed. VcA I. Addlson-Wesley. 1974 R^rinted

by perrnlision.)
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SOjt*

Figure 5S—7. Loulliacion of a brain tumor by means of the
’ LEG. Illustrating CaboveJ the placement of electrodes and (below)
‘ the records from the four electrodes designated by Xs.
?

I
Two Different Types of Sleep—(1) Slow

Wave Sleep and (2) REM Sleep. During each
: night a person goes through stages of two different

t types of sleep that alternate with each other. These
' are called (1) slour wave sleep, because in this type
' of sleep the brain waves are very slow, aud (2)

I

REM sleep, which stands for rapid eye movement
'
sleep, because in this type ofsleep the eyes undergo

' rapid movements despite the fact that the person
is still asleep.

f
Most of the sleep during each night is of the

j
slow wave variety; this is the deep, restful type of
sleep that the person experiences during the ftrst

I hour of sleep after having been kept awake for

many hours. Episodes of REM sleep occur period-
f ically during sleep and occupy about 25 per cent
f ofthe sleep time of the young adult; they normally
’ recur about every 90 minutes. This type of sleep

'I

is not so restful, and it is usually associated with
' dreaming, as we shall discuss later.

Vectroencephalographic C/ianges In the

^

Different Stages of Wakefulness and Sleep

Figure 55-8 illustrates the electroencephalo-
gram from a typical person in different stages of
wakefulness and sleep. Alert wakefulness is char-
acterized by high frequency beta waves, whereas
quiet wakefulness is usually associated with alpha

^ waves, as illustrated by the first two electroen-
' cephalograms of the figure.

Slow wave sleep is generally divided into four

f
stages. In the first stage, a stage of very light

sleep, the voltage of the electroencephalographic
waves becomes very low but this is broken by
“sleep spindles." that is, short spindle-shaped

,
bursts of alpha waves that occur periodically. In

,
stages 2, 3, and 4 of slow wave sleep the frequency
ofthe eled^encephalogram becomes progressively

slower until it reaches a frequency of only two to

three waves per second; these are typical della

waves.

In REM sleep, the electroencephalogram sud-
denly changes back to the characteristics of the
early stages ofwakefulness, indicating a high level

of activity in the brain during this period of sleep.

Slow WAVE SLEEP

Most of us can understand the characteristics of
deep slow wave sleep by remembering the last

time that we were kept awake for more than 24
hours and the deep sleep that occurred within 30
minutes to an hour after going to sleep. This sleep

IS exceedingly restful and is associated with a
decrease in both peripheral vascular tone and
many other vegetative functions of the body as
well. In addition, there is a 10 to 30 per cent
decrease in blood pressure, respiratory rate, and
basal metabolic rate.

Though slow wave sleep is frequently called

“dreamless sleep,” dreams actually occur very
often during slow wave sleep, and nightmares
even occur during this type of sleep. However,
the difference between the dreams occurring in

slow wave sleep and those m REM sleep is that

those of REM sleep are remembered whereas
those of slow wave sleep usually are not. That
is, during slow wave sleep the process of consol-

idation of the dreams in memory does not occur.

Origin of the Delta Waves in Sleep. In exper-

imental animals in which the fiber tracts between
the thalamus and the cortex have been transected,

delta waves are generated in the isolated cortex,

indicating that this type of wave probably occurs

intrinsically m the cortex when the cortex is not

driven from below by the reticular activating sys-

tem. Therefore, it is assumed that the degree of

Alert wakefulness (beta waves)

Quiet wakefulness (alpha waves)

—
Stage 1 (low voltage and spindles)

Stages 2 and 3 (theta waves)

Stage 4 slow wave sleep (delta waves)

REM sleep (beta waves)

I sec

Ilsu/e 5S-a. Progressive change In the chAfdcierisocs of the
btam visves during ditfeieni suges of sleep
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activity in the activating system has fallen to a
level during deep slow wave sleep that is too low

to maintain normal excitability of the cortex.

REA! 5I££r {PARADOXICAL SLLLP,

DESYNCHRONIZID SUEP)

In a normal night of sleep, bouts of REM sleep

lasting 5 to 30 minutes usually appear on the

overage every 90 minutes, the first such period

occurring 80 to 100 minutes after the person falls

asleep. When the person is extremely tired, the

duration of each bout of REM sleep is very short,

and it may even be absent. On the other hand, as
the person becomes more rested through the night,

the duration of the REM bouts greatly increases.

There are several very important charactenstics

of REM sleep:

1. It is usually associated with active dreaming
2. The person is even more difhcult to arouse by

sensory stimuli than during deep slow wave sleep,

and yet persons usually awaken in the morning
during an episode of REM sleep, not from slow
wave sleep.

3. The muscle tone throughout the body is ex*

cecdingly depressed, indicating strong inhibition

of the spinal projections from the reticular forma-
tion of the brain stem

4. The heart rate and respiration usually become
irregular, which is characteristic of the dream
state.

5. Despite the extreme inhibition of the periph-

eral muscles, a few irregular muscle movements
occur These include, in particular, rapid move-
ments of the eyes; this is the origin of the name
acronym REM, for "rapid eye movements ”

6 The electroencephalogram shows a desyn-
chronized pattern of beta waves similar to those
that occur during wakefulness Therefore, this type
of sleep IS also frequently called desynchronned
sleep, meaning desynchronized brain waves, or, it

IS also called poradoiical sleep because it is a
paradox that a person can still be asleep despite

marked activity in the brain

In summary, REM sleep is a type of sleep in

which the brain is quite active However, the brain
activity is not channeled m the proper direction

for persons to be aware of their surroundings and
therefore to be awake.

BASIC THEORIES OF SLEEP

The Active Theory of Sleep. An earlier theory
of sleep was that the reticular activating system
and other parts of the brain simply fatigued over
the period of a waking day and therefore became
inactive as a result. This was called the passive
theory of sleep. However, an important experiment
quot^ earlier in this chapter changed this view
to the current belief that sleep most likely is

.caused by on active inhibitory process. This was

the experiment in which it was discovered thni

transecting the brain stem in the midpontile re-

gion leads to a brain that never goes to sleep. In

other words, there seems to be some center or

centers located below the midpontile level of the

brain stem that actively cause sleep by inhibiting

other parts of the brain. This is called the oedw

theory of sleep.

Neuronni Centets, Transmitters, and
Mechanisms That Cm Cause Sleep

Stimulation of several specific areas of the brain

can produce sleep with characteristics very near

those of natural sleep. Some of these are the

following.

1 The most conspicuous stimulation area for

causing almost natural sleep is the raphe nuclei

jn the lower half of the pons and in the medulla.

These are a thin sheet of nuclei located in the

midlme. Nerve fibers from these nuclei spread

widely in the reticular formation and also upward

into the thalamus and ncocortcx, hypothalamus,

and most areas of the limbic cortex In addition,

they extend downward into the spinal cord, ter

mmating m the posterior horns where they car

inhibit incoming pain signals, as was discussed iz

Chapter 50 It is also known that the endings

fibers from these raphe neurons secrete serotonin

Therefore, it is assumed that serotonm is the tn^oi

transmitter substance associated with productio:

of sleep

2 Stimulation of some areas in the nucleus o

the iractus solilanus, which is the sensory regioi

of the medulla and pons for the visceral sensor;

signals entering the brain via the vagi and glw

sopharyngeal nerves, will also promote sleep How
ever, this will not occur if the raphe nuclei havi

been destroyed. Therefore, these regions probabl;

act by exciting the raphe nuclei.
3. Stimulation of several other regions in th'

lower brain stem and diencephalon can also he!;

promote sleep, including (a) the rostral part of tb

hypothalamus, mainly in the suprachiasmal area

and (b) an occasional area In the diffuse nuclei c

the thalamus.
Effect of Lesions in the Sleep-Promotin]

Centers. Discrete lesions in the raphe nuclei \es'

to a high state of wakefulness. This is also true o

bilateral lesions in the mediorostral suprachiasma
portion of the anterior hypothalamus. In both m
stances, the reticular activating system seems t

become released from inhibition. Indeed, the le

sions of the anterior hypothalamus can sometime

cause such intense wakefulness that the aniroa

actually dies of exhaustion
Other Possible Transmitter Substances B®

fated to Sleep. Experiments have shown that Ih

cerebrospinal fluid and also the blood of animal

that have been kept awake for several days contaii

a substance or substances that cause sleep whei
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injected into the ventricular system of an animal.
One of these substances is a small polypeptide
with a molecular weight of less than 500. When
cerebrospinal fluid containing this sleep-producing
substance or substances is injected into the third
ventricle, almost natural sleep occurs within a few
minutes, and the animal may then stay asleep for

several hours. Another substance that has similar
effects in causing sleep is a nonapeptide isolated

from the blood of sleeping animals And still a
third and diflcrent sleep factor has been isolated

from the neuronal tissues of the brain stem of
animals kept awake for days. Therefore, it is pos-

sible that prolonged wakefulness causes progres-

sive accumulation of a sleep factor in the brain
stem or in the cerebrospinal fluid that leads to

sleep.

Possible Causes ofREM Sleep

Why slow wave sleep is broken periodically by
REM sleep is not understood However, a lesion in

the focus ceruleus on each side of the brain stem
can reduce REM sleep, and if the lesion includes

other contiguous areas of the brain stem. REM
sleep can be prevented altogether Therefore, it

has been postulated that when stimulated, the
norepinephrine-secreting nerve fibers that ongi-
nate in the locus ceruleus can activate many por-

tions of the brain This theoretically causes the
excess activity that occurs in certain regions of the
brain in REM sleep, but the signals are not chan-
neled appropriately in the brain to cause normal
conscious awareness that is characteristic of the
wakefulness state.

The Cycle Between Sleep *nd Wakefu/ness

The preceding discussions have merely identified
neuronal areas, transmitters, and mechanisms
that are related to sleep. However, they have not
explained the cyclic, reciprocal operation of the
sleep-wakefulness cycle. It is quite possible that
this is caused by a free-running mtnnsic oscillator
within the brain stem that cycles back and forth
between the sleep centers and areas in the reticu-
lar activating system that cause wakefulness.
However, there is much reason to believe that

feedback signals from the cerebral cortex and also
from the peripheral nerve receptors might also
play an important role in helping control the sleep-

wakefulness rhythm. One reason for believing this
is that sensory signals feeding into the reticular
activating system will often arouse a person from
deep sleep. Also, as explained earlier, stimulation
of the cerebral cortex will cause powerful activa-
tion of the reticular activating system.
Therefore, a very likely mechanism for causing

the rhythmicity of the sleep-wakefulness cycle is

the following:

When the sleep centers are not activated, the

reticular activating system then presumably be-
gins spontaneous activity. This in turn excites both
the cerebral cortex and the peripheral nervous
system. Next, positive feedback signals come from
both these areas back to the reticular activating
system to activate it still further. Thus, once the
wakefulness state begins, it has a natural tendency
to sustain itself.

However, after the brain remains activated for

many hours, even the neurons within the activat-

ing system presumably will fatigue to some extent,

and other factors presumably activate the sleep

centers. Consequently, the positive feedback cycle

between the reticular activating system and the
cortex, and also that between the reticular acti-

vating system and the periphery, will fade, and
the inhibitory effects of the sleep centers as well
as inhibition by possible sleep-producing chemical
transmitter substances will take over, leading to

rapid transition from the wakefulness state to the

sleep state

Then, one could postulate that during sleep the
excitatory neurons of the reticular activating sys-

tem gradually become more and more excitable

because of the prolonged rest, while the inhibitory

neurons of the sleep centers become less excitable,

thus leading to a new cycle of wakefulness.

This theory obviously can explain the rapid

transitions from sleep to wakefulness and fVom
wakefulness to sleep It can also explain arousal,

the insomnia that occurs when a person’s mind
becomes preoccupied with a thought, the wakeful-

ness that IS produced by bodily activity, and many
other conditions that affect the person’s state of

sleep or wakefulness.

PHYSIOLOGICAL LfFECTS Of SLEEP

Sleep causes two major types of physiological

effects' first, effects on the nervous system itself

and, second, effects on other structures ofthe body.

The first of these seems to be by far the more
important, for any person who has a transected

spinal cord in the neck shows no physiological

effects m the body beneath the level of transection

that can be attributed to a sleep and wakefulness

cycle; that is, lack of sleep and wakefulness causes

neither significant harm to the bodily organs nor

even any deranged function. On the other hand,

lack of sleep certainly does affect the functions of

the central nervous system.

Prolonged wakefulness is often associated with

progressive malfunction of the mind and also

causes abnormal behavioral activities of the ner-

vous system. We are all familiar with the increased

sluggishness ofthought that occurs toward the end

of a prolonged wakeful period, but in addition, a

person can become irritable or even psychotic fol-

lowing forced wakefulness for prolonged periods of

time. Therefore, one can assume that sleep in some
way not presently understood restores both normal
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sensitivities of and normal ‘Taalance” among the

different parts of the central nervous system. Thb
might be likened to the “rezeroing" of electronic

analog computers after prolonged use, for all com-

puters of this type gradually lose their “base line"

of operation; it is reasonable to assume that the

same effect occurs in the central nervous system,

because overuse of some neurons during w^eful-
ness could easily throw all these out of balance

with the remainder of the nervous system, thete-

fore, in the absence of any definitely demonstrated

functional value of sleep, we might postulate that

the principal value of sleep is to restore the natural

balance among the neuronal centers

Even though, as pointed out earlier, wakefulness

and sleep have not been shown to be necessary for

somatic functions ofthe body, the cycle ofenhanced
and depressed nervous excitability that follows the

cycle ofwakefulness and sleep does have moderate
effects on the peripheral body. For instance, there

is enhanced sympathetic activity during wakeful-

ness and also enhanced numbers of impulses to

the skeletal musculature to increase muscle tone

Conversely, during sleep, sympathetic activity de-

creases while parasympathetic activity occasion-

ally increases Therefore, arterial blood pressure

falls, pulse rate decreases, skin vessels dilate,

activity of the gastrointestinal tract sometimes
increases, muscles fall into a mainly relaxed state,

and»the overall basal metabolic rate of the body
falls by 10 to 30 per cent

EPILEPSY

Epilepsy IS characterized by uncontrolled excessive
activity nf either a part or all of the central nervous
system A person who is predisposed to epilepsy has
attacks when the basal level of excitability of the ner-

vous system (or of the part that is susceptible to the

epileptic state) nses above a certain cntieal threshold

But, as long as the degree of excitability is held below

this threshold, no attack occurs

Basically, epilepsy can be classified into three nmor
types' grand mol epilepsy, petit mal epilepsy, and focal

epilepsy

GRAND MAL EPILEPSY

Grand mal epilepsy is characterized by e^XtSma-nau-
ronal discharges in all areas of the brain—in the cortex,

fh the dee'per parts ofthe cerebrum, and even m all

areas ofthe reticular activating system. Also, discharges

are transmitted from the reticular formation into ^e
8pinaLcQl3. to cause generalized tonic canvulstnnn of thg

entire body
.
rolIow^'TOwartnhe end of the ^tack by

alternating muscular contractions called tonie-clonie

convulsions Often thp_jicrsnn bites nr ‘•swallows'* the

tongue and usually has difficulty in breathmg, some-
times to the extent of developing tyahoslsrAlSb, signals

to the viscera frequently cause imnation and defecation

The grand mal seizure lasta from a few seconds to as
long as'three to four minutes and is characterized by

depression of the entire nervous systetn; the
remains m stupor for one to many minutes after

Grand Mal Epilepsy

/WWWVV
Petit Mal

Psychomotor

Tlgure SS-9. Dectroeocephatograms In diRerent ^pes oi fi*

lepsy

the attack is over and then often remains severclj

fatigued for many hours thereafter

The top recording of Figure 65-9 illustrates a typical

electroencephalogram from almost any region of the

cortex during the tonic phase of a grand msl attack.

This illustrates that high voltage, synchronous dis-

charges occur ever the entire cortex. Furthermore,
same type of discharge occurs on both sides of the brain

at the same time, illustrating that the abnortna! neu-

txinal cimiitry responsible for the attack strongly in-

volves the basal regions of the brain that drive the

cortex

In expenmental animals or even in human beings,

grand mal attacks can be lutiated by admloisterinj

neuronal stimulants, such as the well-known drug We-

trazoi, or they can be caused Ji^inssJinJjypsglyisiiua
or "By the passage of alternating ^ectncaJ current di-

roctly through the brain. Electrical recordings from the

thalamus and also from the reticular formation of the

brain stem dunng the grand mal attack show typical

high voltage activity in both of these areas similar to

that recorded from the cerebral cortex.
Presumably, therefore, a grand mal attack is caused

by abnormal activation in the lower portions of the

brain activating system itself.

What Initiates a Grand Mal Attack? Most persoiu

who have grand mal attacks have a hereditary predis-

position to epilepsy, a predisposition that occurs in aboui

1 of every 50 to 100 people. In sudi persons, some ofthe

factors that can increase the excitability ofthe abnormal
"epileptogenic"'circuitry enough to precipitate attaekf

are (1) strong emotional stimuli, (2) alkalosis caused by

overbfoathing, (3) drugs, (4) fever, or (5) loud noises oi

flashing lights Also, even m persons not genetically

predisposed, traumatic lesions in almost any part of ths

brmn can cause excess excitability of local b^n areas

as we shall discuss shortly, and these too can tranamil

signals into the reticular activating system to elicit

grand mal seiznres

"What Stops the Grand Mal Attack? The cause o|

the extreme neuronal overactivity during a grand mal

attack IS presumed to be massive activation of many
reverberating pathways throughout the brain. It is pre-

sumed that the m^’or factor, or at least one ofthe me)°f

factors, that stops the attack-after a few minutes is the

phenomenon of neuronal fatigue. However, a second

factor is probably octwe mfcibiiion by certain structures

of the brain. The stupor and total body fatigue that
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occur after a grand mal seizure is over are believed to

result from the intense fatigue of the neurons following

their intensive activity during the grand mal attack.

PETITAML EPILEPSY

Petit mal epilepsy is closely allied to grand mal

epilepsy in that it too almost certainly involves the

reticular activating system. It is usually characterized

by 3 to 30 seconds of iiri«'f.nsfimi«snpsg during which the

person has several twitchlike contractions of the mus-

cles, n<;nqny*Tn thp lipfld caeKin--esDeciallv blinking*of.

the eves: this is followed by retunTof consciousness and

resumption of previous activities. The patient may have

one such attack in many months or m rare instances

may have a rapid series of attacks, one following the

other. However, the usual course is for the petit mal

attacks to appear in late childhood and thed to disappear

entirely by the age of 30. 'On occasion, a petit mal
epileptic attack will initiate a grand mal attack.

The brain wave pattern in petit mal epilepsy is illus-

trated by the middle record of Figure 55-9, which Is

typified by a spike and dome pattern. The spike portion

of this recording is almost identical to the spikes that

occur in grand mal epilepsy, but the dome portion is

distinctly different. The spike and dome can be recorded

over most or all of the cerebral cortex, illustrating that

the seizure involves the acUvaUug'sy&tem of the brain

FOCAL EPILEPSY

Focal epilepsy can involve almost any part of the

brain, either localized regions of the cerebral cortex or

deeper structures of both the cerebrum and brain stem.
And almost always, focal epilepsy results from some
lojalized organic legion or j unctional abnormality, such

as SL3cat that pulls on the neuronal tissue, a tumor that
impresses an area the^brmm ^a^des^yed!^^ of

Lesions such as these can promote extremely rapid i

discharges in the local neurong, ano when me discharge
|

rate rises above approximate^ly 1000 per second, syn-

chronous waves begin to spread over the adjacent cor-

tical regions. These waves presumably result from lo-

calued reverberating circuits that gradually recruit

adjacent areas of the cortex into the discharge zone. Hie
process spreads to adjacent areas at a rate as slow as a

:

few millimeters a minute to as fast as several centime-
ters per second. When such a wave of excitation spreads
O'er the motor cortex, it causes a progressive “march"

;

of muscular contractions throughout the opposite side of
:

the body, beginning most characteristically in the mouth
;

region and marching progressively downward to the
;

legs, but at other times marching in the opposite direc-

;

tion. This is called Jacksonian epilepsy.

A focal epileptic attack may remain confined to a
!

single area of the brain, but in many instances the
strong signals from the convulsing cortex or other part
of tte brain excite the mesencephalic portion of the
brain activating system so greaUy that a grand mal
epileptic attack ensues as well.

I
Another t>'pe of focal epilepsy is the so-called psycAo-

motor seuure, which may cause (1) a short period of
, amnesia, (2) an attack of abnormal rage, (3) sudden

anxiety, discomfort, or fear, (4) a moment of incoherent

speech or mumbling of some trite phrase, or (5) a motor
act to attack someone, to rub the face with the hand, or

so forth. Sometimes the person cannot remember his

activities during the attack, but at other times he will

have been conscious of everything that he had been
doing but unable to control it. Attacks of this type

characteristically involve part of the limbic portion of

the brain, such as the hippocampus, the amygdala, the
septum, or the temporal cortex.

The lower tracing of Figure 55-9 illustrates a typical

electroencephalogram during a psychomotor attack,

showing a low frequency rectangular wave with a fre-

quency of between 2 and 4 per second and with super-

imposed 14 per second waves.

The electroencephalogram can often be used to localize

abnormal spiking waves originating in areas of organic
brain disease that might predispose to focal epileptic

attacks Once such a focal point is found, surgical exci-

sion of the focus frequently prevents future attacks.
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Behavioral Functions
of the Brain:
The Limbic System,
Role of the
Hypothaiamus, and
Control of Vegetative
Functions of the
Body

Behavior is a function of the entire nervous
system, not of any particular portion Even the
discrete cord reflexes are an element of behavior
and the wakefulness and sleep cycle discussed in
Lhapter 65 is certainly one of the most important
of our behavioral patterns However, m this chap-
ter we will deal with those special types ofbehavior
associated with emotions, subconscious motor and
sensory drives, and the intrinsic feelings of pun-
ishment and pleasure These functions oftheW
vous system are performed mainly by subcortical
stmctures located in the basal regions of the brain

the word limbic" means “border," and the orig-
inal usage of the term limbic system was to de-
scribe the brain structures that lie in the border
region between the hypothalamus and its related
structures, on the one hand, and the cerebral
cortex. However, as we have learned more about
the functions of the hypothalamus and the limbic
system, it has become clear that they mainlv
function together as a total system. Therefore, theterm Iimbic system has now been expanded incommon usage to mean this entire basal system of
the brain that mainly controls the person’s emo-
tional behavior and drive.
The hypothalamus and its related structures

also control many internal conditions of the bodv
as well as aspects of behavior-such conditions asb^y temperature, osmolality of the body fluids^ and drink, body weight, and so
lorth. These internal functions are collectively

called vegetative functions of the body, ond th
control is obviously closely related to behavior.

functional anatomy or the
LIMBIC SYSTEM; ITS RELAHON TO
the HYPOTHALAMUS

Figure 56-1 illustrates the anatomical structures
the limbic system and its relationship to the hypothi
mus, showing these to be an interconnected complex
1^1 bram elements Located in the midst of all the
me hypothalamus, which is considered by msi

“ separate structure from the remai
01 the limbic system but which, from a physiologic

ihe central elements of ll

s^tem Therefore, Figure 5&-2 illustrates schematical
position of the hypothalamus in the limbsy^m and shows that surrounding it are the oth(

subcortical s^cturcs of the Iimbic system, mcludir
u»e septum, the paraolfactory area, the epithalamus, tl
anteiw nuclei of the thalamus, portions of the
ga^lta, Uw hippocampus, and the amygdala
ourrounding the subcortical limbic areas is the limh

corto composed of a ring of cerebral cortex la) beginmn
in tno arbitofronlal area on the ventral surface of tb
irontal Jobes, (b) extending upward in the subcallosa
jO’rus beneath the anterior limb of the corpus callosom

t
corpus callosum onto the media^ cerebral hemisphere in the cingulategyrus^d finally (d) passing behind the corpus callosum aw

ftOTOWBrtonto the ventromedial surface of the tempore
lobe to the parahippocampal gyrus and uncus. Thus, oi
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the medial and ventral surfaces of each cerebral hemi-
sphere is a ring of mostly paleocoriex that surrounds a
group of deep structures intimately associated ^^ith
overall behavior and with emotions In turn, this nng
of limbic cortex functions as a two-way communication
and Bs^iation linkage between the neocortci and the
lower limbic structures

It is also important to recognize that many of the
Mhavioral functions elicited from the hj-pothalarous and
from other limbic structures are mediated through the
reticular formation of the brain stem. It was pointed out

m Chapters 52 and 55 that stimulation of the exntatory
portion of the reticular formation can cause high degrees
of somatic excitability, in Chapter 57 we will see that

most of the signals for control of the autonomic nervous

system also are transmitted through nuclei located in

the brain stem
Therefore, from a physiological point of view the

reticular formation and allied regions of the brain stem
are a very important part of the limbic system even
though anatomically they are considered to be a separate

entity A very important route of communication be-

tween the limbic system and the brain stem is the

medial forebrain bundle that extends from the septal

and orbitofrontal cortical regions downward through the

hypothalamus to the reticular formation This bundle

carries fibers in both directions, forming a trunk-line

communication system A second route of communica-

tion is through short pathways among the reticular

formation, the thalamus, the hypothalamus, and most

(^the other contiguous areas of the basal brain.

THE HYPOTHAIAMUS,
A MAJOR OUTPUT PATHWAY
or THE LIMBIC SYSTEM

Note in Figure 56-2 that the hypothalamus lies

in the very middle of the limbic system. It also has

communicating pathways with all levels of this

system. In turn, it and its closely allied structures

send output signals in three directions. (IJ down-ngure 56—2. The limbic system.
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ward through the brain stem mainly into the

reticular formation of the mesencephalon, pons,

and medulla, (21 upward toward many higher

areas ofthe diencephalon and cerebrum, especially

the anterior thalamus and the limbic cortex, and

(3) into the infundibulum to control most of the

secretory functions of both the posterior and an-

terior pituitary glands.

In summary, the hypothalamus, which repre-

sents less than 1 per cent of the brain mass,
nevertheless is the most important of all the motor
output pathways of the limbic system. It controls

most of the vegetative and endocrine functions of
the body as well as many aspects of emotional

behavior. Let us discuss first the vegetative and
endocrine control functions of the hypothalamus
and then return to its behavioral functions to sec
how all these operate together.

VECBTATIVEAND ENDOCRINE CONTROL
FUNCTIONS or THE HYPOTHAIAMUS

The different hypothalamic mechanisms for con.
troIJing the vegetative and endocrine functions of
the body are discussed along with the functions

that they control in many dilTerent chapter®
throughout this text. For instance, the role of the
hypothalamus in arterial pressure regulation is

discussed in Chapter 21. thirst and water conser-

vation in Chapter 36, temperature regulation m
Chapter 72, and endocrine control in Chapter 74
However, to illustrate the organization of the hy.
pothalamus as a functional unit, let us eummanre
the more important of its vegetative and endocrine
functions here as well

Figure 56-3 show.s an enlargement of the hji&

thalamus, which represented only a small area it

Figure 5^1. Please take a few minutea to stud;

this diagram, especially to read the multiple activ

ilies that are excited or inhibited when respectin

hypothalamic nuclei are stimulated. In addition t<

those centers that are illustrated, a large lalerc

hypothalamic area overlies the Illustrated arts

on each side of the hypothalamus. The latera

areas are especially important in controllm

thirst, hunger, and many of the emotional drives

A word of caution must be issued for studyin

this dia'gram, however, for the areas that caus

specific activities are not nearly so discrete nor*

accurately localized as suggested in the figun

Also, it is not known whether the effects noted i

the figure result from stimulation of specific cor

tro! nuclei or whether they result merely froi

activation of fiber tracts leading from control w
cici located elsewhere. For instance, stimulatio

of either the lateral hypothalamus or thepoaleric

hypothalamus, through which many fiber patl

W8)‘s pass, can at rimes elicit many Fundhr

believed to be controlled primarily by other hyp

thalamic nuclei or even by nuclei outside it

hypothalamus With this caution In mind, wees
give the following general description of the ve)

etative and control functions of the hypothalamu
Cardiovascular Hcgulation. Stiioulation of dilfe

ent areas thToughout the hypothalamus can cause evt

known type of neurogenic effect on the cardiovascul

system, including increased arterial pressure, deerraa

arterial pressure, increased heart rate, and dcoreas

heart rate. In general, stimulation in the posurior ai

laterai hypothalamus increases the arterial pressure ai

POSTERIOR
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heart rate, while stimulation in the preoptic area often

I

has opposite effects, causing a decrease in both heart

rate and arterial pressure. These effects are transmitted
mainly through the cardiovascular control centers in

the reticular substance of the medulla and pons.

Regulation of Body Temperature. Large areas m
the anterior portion of the hypothalamus, especially in

the preoptic area, are concerned with regulation of body
temperature. An increase in the temperature of the
blood flowing through these areas increases the activity

of temperature-sensitive neurons, whereas a decrease in

temperature decreases their acti\'ity. In turn, these

neurons control the mechanisms for increasmg or de-

creasing body temperature, as discussed in Chapter 72.

Regulation of Body Water. The hypothalamus reg-

ulates body water in two separate ways. (I) by creating

the sensation of thirst, which makes an animal dnnk
water, and (2) by controlling the excretion of water into

the urine. An area called the thirst center is located m
the lateral hypothalamus When the electrolytes inside

the neurons either of this center or allied areas of the

hypothalamus become too concentrated, the animal de-

velops an intense desire to dnnk water; it will search
out the nearest source of water and dnnk enough to

return the electrolyte concentration of the thirst center
neurons to normal.
Control of renal excretion of water is vested mainly

in the supraoptic nucleus. When the body fluids become
too concentrated, the neurons of this area become stim-
ulated The nerve fibers fram these neurons project

downward through the infundibulum into the posterior

pituitary gland where they secrete a hormone called

ontidiuretie hormone (also called vasopressin) This hor-
mone is then absorbed into the blood and acts on the
collecting ducts of kidneys to cause massive reab*
Mrption of water, hereby decreasing the loss of water
into the urine. These functions were presented m Chap-
Ur 36.

Regulation of Uterine Contractility and of Milk
Ejection by the Breasts. Stimulation of the paraven-
tricular nuclei causes its neuronal cells to secrete the
hormone oxytocin. This in turn causes increased con-
tractih^ of the uterus and also contraction of the rayo-
epithebal cells that surround the alveoli of the breasts,
which then causes the alveoli to empty the milk through
the nipples. At the end of pregnancy, espeaally large
quantities of oxytocin are secreted, and this secretion
helps to promote later contractions that expel the baby.
Also, when a baby suckles the mother’s breast, a reflex
signal from the nipple to the hypothalamus causes
oxytocin release, and the oxytocin then performs the
necessary function of expelling the milk through the
nipples so that the baby can nourish itself. These func-
tions are discussed in Chapter 82.

Gastromtestioal and Feeding Regulation. Stimu-
lation of several areas of the hypothdamus causes an
animal to experience extreme hunger, a voracious ap-
petite, and an intense desire to sear^ for food. The area
most associated with hunger b the lateral hypothalamic
area. On the other hand, damage to this causes the

f
animal to lose desire for food, sometimes causing lethal
starvation.

A center that opposes the desire for food, called the
^ic(y center, is located m the ventromedial nucleus.
When this center is stimulated, an animal that is eating
food suddenly stops eating and shows complete indiflcr-
cnee to the food. On the other hand, if this area is

“cstroyed, the animal cannot be satiated, but instead.

Its hypothalamic hunger centers become overactive so

Uiat it has a voracious appetite, resulting in tremendous
obesity.

Another area of the hypothalamus that enters into

the overall control of gastrointestinal activity b the
mammillary bodies that activate many feeding reflexes,

such as licking the lips and swallowing.

HypothalAmlc Control of
the Anterior PltultAiy Clund

Stimulation of certain areas of the hypothalamus also

causes the anterior pituitary gland to secrete its hor-

mones. This subject will be discussed in detail in Chapter
74 m relation to the neural control of the endocrine
glands, but, bnefly, the basic mechamsm of the control

of the anterior pituitary is the following:

The anterior pituitary gland receives its blood supply
mainly from veins that flow into the anterior pituitary

sinuses from the lower part of the hypothalamus. As the
blood courses through the hypothalamus before reaching
the anterior pituitary, releasing hormones and inhibitory

hormones are secreted into the blood by various hypo-
thalamic nuclei They are then transported in the blood

to the antenor pituitary where they act on the glandular

cells to control the release of the anterior pituitary

hormones.
The cell bodies of the neurons that secrete these

releasing hormones and inhibitory hormones are located

mainly in the medial basal nuclei of the hypothalamus,

especially in the paraventruular zone, the arcuate nu-

cleus, and part of the ventromedial nucleus. However,
the axons from these nuclei then project to the median
eminence, which is an enlarged area of the infundibulum

where it arises from the inferior border of the hypothal-

amus It IS here that the nerve terminals actually secrete

their releasing and inhibitory hormones. These hor-

mones are then absorbed into the blood capillaries in

the median emineoce and earned m the venous blood

down along the infundibulum to the antenor pituitary

gland
Summary. A number of discrete areas of the hjTXi-

thalamus have now been found that control specific

vegetative functions. However, these areas are still

poorly delimited, so much so that the above separation

of different areas for different hypothalamic functions

is partially artiflaal

BIHAVIORAL FUNCTIONS
OF THE HYPOTHAHMU5 AND
A5SOCMr£J> UMBIC 5THUCTURIS

Aside from the vegetative and endocrine func-

tions of the hypothalamus, ei^riments have

shown that stimulation of or lesions in the hypo-

thalamus often have profound effects on emotional

behavior of animals or human beings.

In animals, some of the behavorial effects of

stimulation are the following;

1. Stimulation in the lateral hypothalamus not

only causes thirst and eating as discussed above

in relation to the vegetative functions but also

increases the general level of activity of the ani-

mal, sometimes leading to overt rage and fighting

as will be discussed subsequently.

2. Stimulation in the lentromedial nuclei and
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surrounding areas mainly causes efTects opposite

to those caused by lateral hypothalamic stimula-

tion—that is, a sense of satiety, decreased eatinf!

and tranquility.

3. Stimulation of a thin zone of periventricular

nuclei, located immediately adjacent to the third

ventricle (or also stimulation of the central gray

area of the mesencephalon that is continuous with

this portion of the hypothalamus) often leads to

fear and punishment reactions

4 Sexual driie can be stimulated from several

areas of the hypothalamus, especially the mo*;!

anterior and most posterior portions of the hypo-

thalamus.
Lesions in the hypothalamus, in general, cause

the opposite effects. For instance:

1. Bilateral lesions in the lateral hypothalamus
will decrease dnnking and eating almost to zero,

often leading to lethal starvation, as was discussed

above in relation to the vegetative functions of the

lateral hypothalamus But these lesions cause ex-

treme passivity of the animal as well, with loss of

most of Its overt activities.

2. Bilateral lesions of the ventromedial areas of

the hypothalamus cause exactly opposite effects,

excessive drinking and eating, as well as hyper-
activity and often continuous savagery along with
frequent bouts of extreme rage on the slightest

provocation.

Lesions or stimulation in other regions of the

limbic system, especially the amygdala, the septal

area, and areas in the mesencephalon, often also

cause effects similar to those elicited directly from
the hypothalamus. We will discuss some of these
in more detail later

The Reward and Punishment Function of
the Umbic System

From the preceding discussion it is already clear

that the hypothalamus and other Umbic structures
are particularly concerned with the affective na-
ture of sensory sensations—that is, whether the
sensations are pleasant or unpleasant. These affec-

tive qualities are also called reward and punish-
ment or satisfaction and aversion Electrical stim-
ulation of certain regions pleases or satisfies the
animal, whereas electrical stimulation of other
regions causes terror, pain, fear, defense, escape
reactions, and all the other elements of punish-
ment Obviously, these two oppositely responding
systems greatly affect the behavior of the animal.
Reward Centers. Figure 56~4 illustrates a

technique that has been used for localizing the
specific reward and punishment areas of the brain
In this figure a lever is placed at the side of the
cage and is arranged so that depressing the lever
makes electrical contact with a stimulator. Elec-
trodes are placed successively at different areas in
the brain so that the animal can stimulate the
area by pressing the lever. If stimulating the

•liculararea gives the animal a sense ofreward.

then it will press the lever again and again, some

times as much as 10,000 tiroes per hour. Furtha

more, when offered the choice of eating somedp

lectable food as opposed to the opportunity t

stimulate the reward center, it often chooses It

electrical stimulation.

By using this procedure, the major reward cc

ters have been found to be located along the coon

of the medial forebrain bundle, especially in tt

lateral and ventromedial nuclei of the hypoiheh

mus It 13 strange that the lateral nuclei should I

included among the reward areas—indeed it is or

of the most potent reward areas of all—becau--

even stronger stimuli in this area can cause rag

But this is true in many area.s, with weaker stiiflu

giving a sense of reward and stronger ones aser-

of punishment
Less potent reward centers, which arc perbai

secondary to the major ones in the hypothalan”!

arc found in the septum, the amygdala, cerWi

areas of the thalamus and basal ganglia, sr

finally extending downw'ard into the basal tegwc'

turn of the moseneephalon.
Punishment Centers. The apparatus 51^

trated in Figure 66-4 can also be connected so (h

pressing the lever turns off rather than tuni^ <

an electrical stimulus In this case, the anin>

will not turn the stimulus off when the elwlfw

18 in one of the reward areas, but when it if

certain other areas it immediately learns to tin

It olT Stimulation in these areas causes the anin^

to show all the signs of displeasure, fear, terK

and punishment Furthermore, prolonged stitn

lotion for 24 hours or more can cause the anlf*

to become .‘severely sick and actually lead to deal

By means of this technique, the roost poici

areas for punishment and escape tendencies hs'

been found in the central gray orca surround''

the aqueduct of Sylvius in the mesencephalon o'

njufe 50-4. Technique for tocallrVig reward and porfohn^

tenters bi (he brain of a monkey
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;
extending upward into the periventricular zones of

; the hypothalamus and thalamus. Also, less potent
I punishment areas are found in the amygdala and
; the hippocampus.

! It is particularly interesting that stimulation in
the punishment centers can frequently inhibit the

; reward and pleasure centers completely, illustrat-

ing that punishment and fear can take precedence
over pleasure and reward.
Importance of Reward and Punishment in

Behavior. Almost everything that we do is related
in some way to reward and punishment. If we are
doing something that is rewarding, we continue to
do it; if it is punishing, we cease to do it. Therefore,
the reward and punishment centers undoubtedly
constitute one of the most important of all the
controllers ofour bodily activities, our drives, and
so forth.

Importance of Reward and Punishment in
Learning and Memory—Habituation or Rein-
forcement Animal experiments have shown that
a sensory experience causing neither reward nor
punishment is remembered hardly at all. Electri-

cal recordings show that new and novel sensory
stimuli always excite the cerebral cortex. But rep-

etition of the stimulus over and over leads to
almost complete extinction of the cortical response
if the sensory experience does not elicit either a
sense of reward or punishment. Thus, the animal
becomes habituated to the sensory stimulus, and
thereafter ignores it.

However, if the stimulus causes either reward
or punishment rather than indifTerence, the corti-

cal response becomes progressively more and more
intense with repeated stimulation instead offading
away, and the response is said to be reinforced.
Thus, an animal builds up strong memory traces
for sensations that are either rewarding or punish-
ing but, on the other hand, develops complete
habituation to indifferent sensory stimuli. There-
fore, it is evident that the reward and punishment
centers of the limbic system have much to do with
selecting the information that we learn
Effect of TranquUizers on the Reward and

Punishment Centers. Administration of a tran-
quilizer, such as chlorpromazme, inhibits both the
reward and punishment centers, thereby greatly
decreasing the affective reactivity of the animal.
Therefore, it is presumed that tranquilizers func-
tion in psychotic states by suppressing many of
the important behavioral areas of the hypothala-
mus and its associated regions of the brain, a
subject that we will discuss more fully later.

An emotional pattern that involves the hypo-
thalamus and has been well characterized is the

pattern. This can 6e descrihed as /bffows:

Strong stimulation of the punishment centers of
the brain, especially the periventricular zone of the
hypothalamus or in the lateral hypothalamus.

causes the animal to (1) develop a defense posture,

(2) extend its claws, (3) lift its tail, (4) hiss, (5)

spit, (6) growl, and (7) develop piloerection, wide-

open eyes, and dilated pupils. Furthermore, even
the slightest provocation causes an immediate sav-

age attack. This is approximately the behavior
that one would expect from an animal being se-

verely punished, and it is a pattern of behavior
that is called rage.

Stimulation of the more rostral areas of the
punishment areas—in the midline preoptic areas

—

causes mainly fear and anxiety, associated with a
tendency for the animal to run away.

In the normal animal the rage phenomenon is

held in check mainly by counterbalancing activity

of the ventromedial nuclei of the hypothalamus.
In addition, the hippocampus, the amygdala, and
the anterior portions of the limbic cortex, espe-

cially the limbic cortex of the anterior cingulate

gyrus and the subcallosal gyrus, help suppress the
rage phenomenon. Conversely, if these portions of

the limbic system are damaged or destroyed, the

animal (also the human being) becomes far more
susceptible to bouts of rage.

Placidity and Tameness. Exactly the opposite

emotional behavioral patterns occur when the re-

ward centers are stimulated: placidity and tame-
ness.

function of the Hypothalamus and
Other Umbic Areas In Sleep, Wakefulness,

Alertness, and fxdtement

Stimulation of regions of the hypothalamus dor-

sal to the mammillary bodies greatly excites the

reticular activating system and therefore causes

wakefulness, alertness, and excitement In addi-

tion, the sympathetic nervous system becomes ex-

cited in general, increasing the arterial pressure,

causing pupillary dilatation, and enhancing other

activities associated with sympathetic activity.

On the other hand, stimulation of some areas in

the septum, in the antenor hypothalamus, or In

isolat^ points of the thalamic portions of the

reticular activating system often inhibits the mes-

encephalic portion of the reticular activating sys-

tem, causing somnolence and sometimes actual

sleep. Thus, the hypothalamus and other limbic

structures indirectly contribute much to the con-

trol of the degree of excitement and alertness.

SPECIFIC FUNCTIONS OF OTHER
PARTS OF THE LIMBIC SYSTEM

FUNCTIONS OF THE AMYGDALA

The amygdala is a complex of nuclei located immedi-

ately beneath the medial surface of the cerebral cortex

in the imtenor pole of each temporal lobe, and it has
abun^nt bidirectional connections uith the hypothal-

amus In lower animals, this complex is concerned to a
great extent with association of olfactory stimuli with
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stwnuU from other parts of the brain. Indeed* {I is painted

out in Chapter 62 that one of the major divisions of the

olfactory tract leads directly to a portion of the amygdala

c^Ied the eorltcomedial nuclei that lie immediately

beneath the cortex in the pynform area of the temporal

lobe However, in the human being, another portion of

the amygdala, the luxsalateral nuclei^ has become much
more highly developed than the olfactory portion and
plays important roles in many behavioral activities not

generally associated with olfactory stimuli

The amygdala receives impulses from all portions of

the limbic cortex, from the orbital surfaces of the frontal

lobes, from the cingulate gyrus* from the parahippocam-

pal gyrus, and from the neocortex of the temporal,

parietal, and occipital lobes, especially from the auditory

and visual association areas Because of these multiple

connections, the amygdala has been called the “window"
through which the lirabic system sees the place of the

person in the world In turn, the amygdala transmits

signals fa) back into these same cortical areas, (b) into

the hippocampus, (c) into the septum, (d) Into the thal-

amus, and fe) especially into the hypothalamus
Effects of Stimulating the Amygdala. In general,

stimulation in the amygdala can cause almost all the

same effects as those elicited by stimulation of the
hypothalamus, plus still other cfTecta The effects that

are mediated through the hypothalamus include (1)

increases or decreases in arterial pressure, (2) increases

or decreases in heart rate, f3) increases or decreases in

gastrointestinal motility and secretion, (4) defecation

and micturition, (5) pupillary dilatation or, rarely, con-

striction. (6) piloerection, (7) secretion of the vamus
anterior pituitary hormones, including especielly the

gonadotropins and ACTH
Aside from these effects mediated through the hypo-

thalamus, amygdala stimulation can also cause different

types of involuntary movement These include (1) tome
movements, such as raising the head or bending the

body, (2) circling movements, 13) occasionally dome,
rhythmic movements, and (4) different types of move-
raents associated with olfaction and eating, such as
licking, chewing, and swallowing

In addition, stimulation of certain amygdaloid nuclei
can, rarely, cause a pattern of rage, escape, punishment,
and fear similar to the rage pattern elinled from the
hypothalamus as described earlier. And stimulation of
other nuclei can give reactions of reward and pleasure,

Finally, excitation of still other portions of the amyg-
dala can cause sexual activities that include erection,

copulatory movements, ejaculation, ovulation, uterine
activity, and premature labor.

Effects of Bilateral Ablation of the Amygdala

—

The KlOvcr-Bucy Syndrome. iVhen the anterior por-

tions of both temporal lobes are destroyed in a monkey,
this not only removes the temporal cortex but also the
amygdalae that lie deep in these parts of the temporal
lobes This causes a combination of changes in be^vior
called the KlQver-Buey syndrome, which includes (1)

excessive tendency* to examine objects orally, (2) loss
fear, (3) decreas^ aggressiveness, (4) tameness, (5)

changes in dietary habits, even to the extent that a
herbivorous animal frequently becomes carnivorous, f6)

sometimes psychic blindness, and (7) often excessive sex
drive. The charactenstic picture is of an animal that is

not afraid of anything, has extreme curiosity about
everything, forgets very rapidly, )ias a tendency to place
everything in its mouth and sometimes even tnes to eat
hd objects, and, finally, often has a sex drive so strong

that It attempts to copulate with immature animalv

animals of the wrong sex, or animals of a differen!

species

Though similar lesions in human beings are n't

allbrted persons respond in a manner not too differtrt

from that of the monkey.
Overall Function of the Amygdala, llie aniyg<Ia!i

seems to be a behavioral awareness area that eperatfs

at a semiconscious level. It also seems to proj^ Icu

the limbic system one’s present status in relation boi'i

to surroundings and thoughts Based on this infonsa-

tion, the amygdala is believed to help pattern the per-

son’s behavioral response so that it is appropriate for

each occasion

FUNCTIONS or THE HIPPOCAMPUS

“nie hippocampus is an elongated structure cottiposcil

of a modified type of cerebral cortex. In fact it iJ that

portion of the temporal lobe cortex that folds inward la

form the ventral surface of the inferior horn of the

lateral ventricle. One end of the hippocampus abuts the

amygdaloid nuclei, and it also fuses along one ofitJ

borders with the parahippocampal gyrus, which is the

cortex of the ventromedial surface of the tcroporfll lobe

The hippocampus has numerous connections wiA

most portions of the cerebral cortex as well aswi^^f
basic structures of the limbic system—the amygoal**

the hjiwthalamus. the septum, and the maraiplllaiy

bodies Almost any type of sensory experience cau»
instantaneous activation of different parts of the hip

pocampus, and the hippioeampus in turn dislrioutes

many outgoing signals to the hypothalamus and othfi

parts of the limbic system, especially through ihefornu,

one of its ni^or output pathways. Thus, the hip^e®"
pus, like the amygdala, is an ed^tional channel through

which incoming sensory signals can lead to appropnate

limbic reactions, but perhaps for different purposes as

we shall gee later

As in other limbic structures, stimulation of different

areas in the hippocampus can cause almost any one cl

different behavioral patterns, such as rage, pa^'ity'

excess sex dnve, or so forth.

Another feature of the hippocampus is that very weai

electneal stimuli can cause local epileptic seizures that

pereist for many seconds after the stimulation is oven

suggesting that the hippocampus can perhaps give off

prolonged output signals even under normal functsomng

conditions During the hippocampal seizures, the person

experiences various psychomotor effects, including ®‘*

factory, visual, auditory, tactile, and other types «

hallucinations that cannot be suppressed even though

the person haa not lost consciousness and knows these

hallucinations to be unreal. Probably one of the reasow

for this hyperexcitability of the hippocampus is that It

is compost of a dUTerent type of cortex from that

elsewhere in the cerebrum, having only three neuronal

layers instead of the six layers found elsewhere
Effect of Bilateral Removal of the Hippocampi"

Inability to Learn. The hippocampi have been sur-

gically removed bilaterally in a few human bein^
the treatment of epilepsy. These persons can perform

most previously learnt activities satisfactorily. Ho*'

ever, they can learn essentially nothing new. In mot-

they cannot even learn the names or the faces ofper»M
with whom they come in contact every day. Yet, wry

canremember for a moment or sowhat transpires during

the course of their activities. Thus, they do have a tyP®
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if short-term primary memory even though their abUity
0 establish new long-term secondary memories is either

ompletely or almost completely abolished, which is the
ihenomenon called anterograde amnesia that was dis-

! in Chapter 54.

Destruction of the hippocampi also causes some deficit

n previously learned memories (retrograde amnesia), a
ittle more so for recent memories than for memories of
he distant past.

Theoretical Function of the Hippocampus in
Learning. The hippocampus onginated as part of the
ilfactory cortex. In the very lowest ammals it plays

Essential roles in determining whether the animat will

‘at a particular food, whether the smell of a particular

ibject suggests danger, whether the odor is sexually
nviting, and in making other decisions that are of bfe
uid death importance Thus, very early in the develop-

nent of the brain, the hippocampus presumably became
1 critical decision-making neuronal mechanism, deter-

nining the importance and type of importance of the
ncoming sensory signals. Presumably, as the remainder
>f the brain developed, the connections from the other
iensory areas into the hippocampus have continued to

itilize this decision-making capability.

Earlier in this chapter (and also in the previous
:hapter), it was pointed out that reward and punishment
slay a major role in deterzmning the importance of
information and especially whether or not the informa-
tion will be stored m memory. A person rapidly becomes
tiabituated to indifferent stimuli but learns assiduously
uiy sensory expencnce that causes either pleasure or
punishment, Yet, what is the mechanism by which this
Dccura? It has been suggested that the hippocampus
provides the drive that causes translation of primary
memory into secondary memory—that is, it transmits
some type of signal to the long-term memory storage
area directing that permanent storage shall take place.

^Vhatever the mechanism, without the hippocampi
conso/idarion oflong-term memories does not take place
piis b especially true for verbal information, perhaps
because the temporal lobes, in which the hippocampi
are located, are particularly concerned with verbal in-
formation.

fUSCTiON OF THE UMBIC CORTEX
Probably the most poorly understood portion of the

entire limbic system is the nng of cerebral cortex called
the limbic cortex that surrounds the subcortical limbic
structures. This cortex functions as a transitional zone
“Uuugh which signals are transmitted from the remain-
der of the cortex into the hmbic system. Therefore, it is

presum^ that the limbic cortex functions as a cerebral
^^iation area for control of behavior.
Stimulation of the different regions of the lirobic

wrtex has failed to give any real idea of their functions.
However, as is true of so many other portions of the
hmbic system, essentially all Ae behavioral patterns
that have already been described can also be elicited by
stimulation m different portions of the limbic cortex.
Likewise, ablation of a few hmbic cortical areas can
^use persbtent changes m an animal's behavior,
t™ugh ablation in most areas has little effect. Some of
me areas that have been noted to cause specific changes
include:

Ablation of the Temporal Cortex. When the ante-
rior temporal cortex is ablated bilaterally, the amygdala
IS almost invanably damaged as well. This was dis-

cussed earlier, and it was pointed out that the Kluver-
Bucy syndrome occurs. The animal develops consum-
matory behavior especially, investigates any and all

objects, has intense sex drives toward inappropriate

animals or even inanimate objects, and loses all fear

—

thus develops tameness as well.

Ablation of the Posterior Orbital Frontal Cortex
Bilateral removal of the posterior portion of the orbital

frontal cortex often causes an animal to develop insom-
nia and an intense degree of motor restlessness, becom-
ing unable to sit still but moving about continually.

Ablation ofthe Anterior Cingulate CyTt and Sub-
catlosaJ Gyri. The anterior cingulate gyri and the

subcallosal gyri are the portions of the limbic cortex

that communicate between the prefrontal cerebral cor-

tex and the subcortical limbic structures. Destruction of

these gyn bilaterally releases the rage centers of the

septum and hypothalamus from an inhibitory influence.

Therefore, the animal can become vicious and much
more subject to fits of rage than normally.
Summary- Until further information is available, it

IS perhaps best to state that the cortical regions of the
Umbic system occupy intermediate associative positions

between the functions of the remainder of the cerebral

cortex and the functions of the subcortical limbic struc-

tures for control of behavioral patterns. Thus, in the

antenor temporal cortex one especially finds gustatory

and olfactory associations In the parahippocampal gyri

there is a tendency for complex auditory associations

and also complex thought associations derived from

Wernicke's area of the posterior temporal lobe. In the

cingulate cortex, there is reason to believe that senso-

rimotor associations occur.

FUNCTION OF SrtClFiC CHEMICAL
TRANSMIHER SYSTEMS FOR
BEHAVIOR CONTROL

In previous chapters it has already been pointed out

that several special collections of neurons in the brain

stem radiate to multiple areas of the forebram, each

releasing a specific chemical transmitter substance.

Three of these special chemical transmitter systems

have received particular attention as behavior modiflers;

these are the norepinephnne system, the serotonin sys-

tem. and the dopamine system.

The Norepinephrine and Serotonin Systems and
Their Belationship to Depression and Manic-De-

pressive Psychoses. In the previous chapter it w'as

pointed out that large numbers of norepinephnne-se-

creting neurons are located m the reticular formation,

especially in the locus ceruleus, and that these send

fibers upward to most parts of the limbic system, the

thalamus, and cerebral cortex Also, many serotonin-

producing neurons are located in the midhne raphe

nuclei of the lower pons and medulla and also project

fibers to many areas of the limbic system and to some
other areas of the brain as well.

In the past few years much evidence has accumulated

to show that the menial depression psychosu, which

afUicts about 8 million people m the United States at

anyone time, might be caused by diminished formation

of either norepinephnne or serotonin or both. These
patients cxpenencc symptoms of grief, unhappiness,

despair, and misery. In addition, they lose their appetite

and sex dnve and also haie scicre insomnia. And
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stimuli from other parts ofthe brain. Indeed, it is pointed
out in Chapter 62 that one of the major divisions of the
olfactory tract leads directly to a portion ofthe amygdala
ulled the corticomedial nuclei that he immediately
beneath the cortex tn the pyriform area of the temporal
lobe. However, in the human being, another portion of
the amygdala, the basolaUral nuclei, has become much
more highly developed than the olfactory portion and
plays important roles in many behavioral activities not
ge^rally associated with olfactory stimuli
The amygdala receives impulses from all portions of

Uic limbic cortex, from the orbital surfaces of the frontal
Iol»s. from the cingulate gyrus, from the parahippocam-

Iti
ncocortex of the temporal,

parietal, and occipital lobes, especially from the audTton^
and visual as^iation areas Because of these mulUple

through which the hmbic system sees the place of theperson in the world. In turn, the amygdala transmits
si^gnals (a) back into these same cortical areas, (b) Into

wptum. (d) into the thal-amus. and (e) especially into the hypothalamus
fcfTecta of Stimulating the Amygdala. In eeneral

the amygdala can cause almost^ll the
as those elicited by stimulation of thehypothalamus, plus still other effects The effects that

hn«thalamus InchSe^!
decreases in arterial pressure. (2) increasesor decreases in heart rate. (3) increases deereSS^

gastrointeslina motility and secr<ifin«

•trieUon, (6) piloorection, (?) secretion of the vanou«

SoUpSiSJcs;?”"'

Srmll?''’
movement Those include (1) toJim

licking, chewing, and swallowing
“

to addition, stimulation of certain amygdaloid nuclei

|S“;=5-~HS
reactions of reword and pleasure

I. h7es“s~- ,h srsi.®

ss-SESs-sss;
=&iE"!3“;SS:-S

lid abjoct,. .„d. ^

that It attempts to copulate with immature .

•

animals of the wrong sex, or animals of a ait
species.

TTiough similar lesions in human beings are nr*
afflicted pe^ns respond in a manner not too diCcrty
from that of the monkey.
Overall Function of the Amygdala. The amjriali

seems to be a behavioral awareness area that operata
at a semiconscious level It also seems to project mo
the itmbic system one’s present status in relation boli
to surroundings and thoughts Based on this inform*-
tion. the amygdala is believed to help pattern the per
son s behavioral response so that it is appropnate far

each occasion.

ruNcnoNs or the hippocampus
The hipporampus is an elongated structure composed

or a modifi^ type of cerebral cortex. In fact it is that
^rtion ofthe temporal lobe cortex that folds inward tafom the ventral surface of the inferior horn of the
te^ ventricle. One end of the hippocampus abut* tie

^ygdaloid nuclei, and it also fuses along one of Hi
r ers with the parahippocampal gyrus, which is tieco^x of the ventromedial surface of the temporal lobe.

ine hippocampus has numerous connections with
mwt portions of the cerebral cortex as well as with ie

tl’® limbic system—the amy^ala,

septum, and the mamimlW
In!r*.f**

Almost any type of sensory experience eaura
^tentaneous activation of different parts of the hii

hippocampus in turn distribute

signals to the hypothalamus and othe

system, especially through the fomv

«»! 1 L pathways Thus, tha hippocan

wkt.L
amygdala, is an additional channel throng

i.«v
sensorj' signals can lead to appropnat

«eJlirUe?lS’r''“*
purposes*

»i.^»Vr
^''rit'o structures, stimulation of diJferen

HifTe^
«»Ppocampu3 can cause almost any one o

miierent behavioral patterns, such as rage, passivity
cxress sex dnve. or so forth

feature of the hippocampus is that very weal
ncal stimuli can cause local epileptic seizures thal

seconds after the stimulation is over,

hippocampus can perhaps give oil

prolonged output signals even under normal functioning
ttons During the hippocampal seizures, the person

various psychomotor effects, including el-

lai^ry, visual, auditory, tactile, and other types of

ucinauons that cannot be suppressed even though
e person has not lost consciousness and knows these

naiiucinations to be unreal. Probably one of the reasons
lor this hy^rexcitebihty of the hippocampus is that it

a composed of a different type of cortex from that
elsewhere m the cerebrum, having only three neuronal

six layers found elsewhere
. Bilateral Removal of the Hippocampi—
nabuily to Learn. The hippocampi have been sur-
pcalty removed bilaterally in a few human beings for

e treatment of epilepsy. These persons can perfonn
most previously learned activities satisfactonly How
ewr, they can learn essentially nothing new In fart,
“ley cannot even loam the names or the faces ofperson*
with whom they come in contact every day. Yet. they
can remember for a moment or so what transpires during
the course of their activities. Thus, they do have a typo
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i short-tenn primary memory even though their ability

I establish new long-term secondary memories is either

impletely or almost completely abolished, which is the
henomenon called anterograde amnesia that was dis-

issed in Chapter 54.

Destruction of the hippocampi also causes some delicit

1 previously learned memories (retrograde amnesia), a
ttle more so for recent memories than for memories of
le distant past
Theoretical Function of the Hippocampus in
earning. The hippocampus originated as part of the
[factory cortex. In the very lowest animals it plays
isenli^ roles in determining whether the animal will

it a particular food, whether the smell of a particular
bject suggests danger, whether the odor is sexually
iviting, and in making other decisions that arc of life

nd death importance. Thus, very early m the develop-
lent of the brain, the hippocampus presumably became
critical decision-making neuronal mechanism, deter-
lining the importance and type of importance of the
laming sensory signals. Presumably, as the remainder
f the brain developed, the connections from the other
msoiy areas into the hippocampus have continued to
tilue this decision-making capability.

Earlier in this chapter (and also in the previous
bapter), it was pointed out that reward and punishment
lay a major role in determining the importance of
ifonnation and especially whether or not the informa-
ion will be stored in memo^. A person rapidly becomes
abituatcd to indifTerent stimuli but learns assiduously
ny seasory experience that causes either pleasure or
uaishment. Yet, what is the mechanism by which this
ccurs? It has been suggested that the hippocampus
'Fovidea the drive that causes translation of primary
oemory into secondary memory—that is, it transmits
ome typo of signal to the long-term memory storage
0^ directing that permanent storage shall t^e place
\Vhatever the mechanism, without the hippocampi

onso/idaljon of long-term memories does not take place
i^s is especially true for verbal information, perhaps
lecause the temjxiral lobes^ in which the hippocampi
^re located, are particularly concerned with verbal ui-
onaation,

TlNCnON Of THE UMBIC CORTEX
Probably the most poorly understood portion of the

limbic system is the ring of cerebri cortex called

^ Umbic cortex that surrounds the subcortical limbic
‘^ctures. This cortex functions as a transitional zone
^ugh which signals are transmitted from the remain-
der of the artex into the Umbic system. Therefore, it is
presumed that the limbic cortex functions as a cerebral
«SMia(ion area for control of behavior.
otiramation of the diiferent regions of the limbic

»rtex has failed to give any real idea of their functions,
owever, as is true of so many other portions of the

V
essentially all the behavioral patterns

at iwve already been described can also be elicited by
> 'mutation in different portions of the limbic cortex.

,

®wise, ablation of a few limbic cortical areas can
^use persistent changes in an animal's behavior,
ough ablation in most areas has Jittle effect. Some of

includ^^
^hat have been noted to cause specific changes

of the Temporal Cortex. When the ante-
artex is ablated bilaterally, the amygdala

almost invariably damaged as well. This was dis-

cussed earlier, and it was pointed out that the KlQver-
Bucy syndrome occurs. The animal develops consum-
matoiy behavior especially, investigates any and all
objects, has intense sex dnves toward inappropriate
animals or even inanimate objects, and loses all fear
riius develops tameness as well.

Ablation of the Posterior Orbital Frontal Cortex.
Bilateral removal of the posterior portion of the orbital
frontal artex often causes an animal to develop insom-
nia and an intense degree of motor restlessness, becom-
ing unable to sit still but moving about continually.

Ablation of the Anterior Cingulate Gyri and Sub-
callosal Gyri. The antenor cingulate gyri and the
subcallosal gyri are the portions of the limbic cortex
that ammunicate between the prefrontal cerebral ar-
tex and the subcortical limbic structures. Destruction of
these gyn bilaterally releases the rage centers of the
septum and hypothalamus from an inhibitory miluena.
Therefore, the animal can beame vicious and much
more subject to fits of rage than normally.

Suminary. Until further information is available, it

IS perhaps best to state that the artical regions of the
hmbic system occupy intermediate associative positions
between the functions of the remainder of tha cerebral
artex and the functions of the subartical limbic struc-

tures for control of behavioral patterns. Thus, in the
antenor temporal cortex one especially finds gustatory
and olfactory associations In the parahippocainpal gyn
there is a tendency for complex auditory as^ctciations

and also complex thought associations derived from
Wernicke's area of the postenor temporal lobe. In the
cingulate cortex, there is reason to believe that senso-
nmotor associations occur

FUNCTION OF SPECIFIC CHEMICAL
TRANSMIHER SYSTEMS FOR
BEHAVIOR CONTROL

In previous chapters it has already been pointed out
that several special collections of neurons in the brain
stem radiate to multiple areas of the forebrain, each
releasing a specific chemical transmitter substana.
Three of these special chemical transmitter systems
have received particular attention as behavior niodifiers;

these are the norepinephnne system, the serotonin sys-

tem, and the dopamine system.

The Norepinephrine and Serotonin Systems and
Their Relationship to Depression and Manic-De-
pressive Psychoses. In the previous chapter it was
pointed out that large numbers of norepinephrine-se-

creting neurons are located in the reticular formation,

especially in the locus ceruleus, and that these send

fibers upward to most parts of the hmbic system, the

thalamus, and cerebral cortex. Also, many serotonin-

pmdimng neurons are located in the midlirte raphe

nuclei of the lower pons and medulla and also project

fibers to many areas of the hmbic system and to some
other areas of the brain as well.

In the past few years much evidence has accumulated

to show that the mental depression psychosis, which

affUcts alwut 8 million people in the United States at

any one time, might be caused by diminished formation

of either norepinephnne or serotonin or both. These

patients expenence symptoms of gnef, unhappiness,

despair, and misery. In addition, they lose their appetite

and sex drive and also have severe insomnia. And
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associated with all these is a state of psychotnotor

agitation despite the depression

A pnncipal reason for believing that depression is

caused by diminished activity of the norepinephnneand

serotonin systems is that drugs that block the secretion

of norepinephrine and serotonin, such as the drogrescr-

pine, frequently cause depression. Conversely, about 70

per cent of depressive patients can be treated very

effectively with one of two types of drugs that increase

norepinephrine and serotonin at the nerve endings (1)

monoamtne oxidase inhibitoTs that block destruction of

norepinephrine and serotonin once they arc formed, and
(2) tricyclic antidepressants that block reuptake of nor-

epinephrine and serotonin by the nerve endings so that

these transmitters remain active for longer periods of

time after secretion.

(Mental depression can also be treated effectively by
electroconvulsive therapy—commonly called “shock

therapy" In this therapy an electric shock is used to

cause a generalized seizure similar to that ofan epileptic

attack. This causes considerable retrograde memory loss

that recovers m about two to three weeks Mental
depression is one of the very few mental illnesses m
which such shock therapy is of real value However, the

reason for its value is still to be determined

)

Some patients with mental depression alternate be-

tween depression and mams, which is called the manic-
depnsstw psychosis, and a few persons exhibit only

mama without the depressive episodes. Drugs that block

the formation or action of norepinephrine and serotonin,

such as lithium compounds, can be effective in treating

the mame condition

Therefore, it is presumed that the norepinephrine and
serotonin systems normally function to provide motor
drive to the Umbvc eystem to increase a person's sense
of well being, to create happiness, contentment, good
appetite, appropriate sex drive, and psychomotor bal-

ance, though too much of a good thing can cau^ mama
The Dopamine System and Its Relationship (o

Schizophrenia. There are many reasons to behove that
schizophrenia might be caused by excess secretion of
dopamine in the brain In Chapter 57 we discussed the
dopaminergic neurons that project from the substantia
nigra to tbe basal ganglia and exert an important
iTiVnbitory restraint on basal gangbat activity tn addi-

tion to the dopaminergic neurons in the substantia
nigra, still other dopaminergic neurons are located in

the ventral tegmentum of the mesencephalon medial
and superior to the substantia mgra These neurons give
nse to the so-called mesolimbic dopaminergic system
that projects nerve fibers mainly into the medial and
anterior portions of the limbic system, especially into
the amy^ala, the anterior caudate nucleus, and the
anterior cingulate gyrus of the cortex, all of whidi are
powerful behavioral control centeR
Some of the reasons for believing the roesolimbic

dopaminergic system to be related to schizophrenia are
the following: When Parkinson's disease patients are
treated with 1,-dopa, which releases dopamine in the
brain, the parkinsonian patient sometimes develops
schizophrenic symptoms, indicating that excess do{^
minergic activity can cause dissociation of a person’s
drives and thought patterns However, an even nmre
compelling reason for believing that schizophrenia
might be caused by excess production of dopamine is

that those drugs that are effective in Ireating schizo-
phrenia, such as chlorpromazine and halopendol, all

' u secretion ofdopamine by the dopsmtnergie

nerve endings or decrease the effect of dopamine c

Subsequent neurons

Almost certainly there are other factors in «
phrenia besides excess secretion ofdopamine, but, n

thcless, the symptoms of schizophrenia are behev

be similar to tbe behavioral effects of excessive >

mine es follows- (1) a sense of persecution from ou

sources, 12) hearing of voices, (3) incoherent spcee

dissociation of ideas and abnormal sequences oftho

and (5) sometimes abnormal postures or rigidities

The Enkephalin-Endorphin System. Very lit

yet known about the behavioral functions of the i

phalin-endorphin system. However, the probable r

this system for suppression of pain was di8ciis&

Chapter 50 It presumably has many other activiti

well, because it is secreted in many areas of the

stem and thalamus
Effects of the General Hormones on Beha

Several of the general hormones have specific elfei

behavior Some of the«e are:

Thyroid hormone increases the overall melatoli

the body and increases overall activity of the ne

system as well.

Both testosterone in the male and estrogen ii

female increase libido. Also, inj'ection of a minute i

tity of estrogen into the anterior hypothalamus of

lower animals will cause estrous behavior fheat)

sex drive of the human female seems to be inn
near the time of ovulation when estrogen secret

high

A small, 6 or 7 ammo acid fragment ofACTU,
injected into the brain of an animal, can cause U
fear.

Injection of norepinephrine, or excess secretion o

epinephrine or epinephnne by the adrenal med
increases the overall activity of the brain, whi

essentially the same effect es stimulating the rcti

activating system
Thus, It is becoming clear that various chemica

transmitter systems play important roles in detenr

an animal’s behavior. Furthermore, abnormalit

some of the brain’s chemical transmitter systems

to be the bases of some of the common psychoses

rSYCHOSOMATIC EFFECTS
OF THE BEHAVIORAL SYSTEM

We are all familiar with the fact that abnort^

function in the central nervous system can frequef’ ?

lead to serious dysfunction of the different

organs of the body. This is olso true in experirne”

animals Indeed, prolonged electrical stimulation io

punishment regions of the brain can actually

severe sickness of the animal, culminating in d®“

within 24 to 48 hours. We need, therefore, to ^i®^

briefly the mechanisms by which stimulatory effect®

the brain can affect the peripheral organs. Ordina*''
J-

this occurs through three routes: (1) through the w®.,}

nerves to the skeletal muscles throughout the

through the autonomic nerves to the different

organs of the body, and (3) through the

creted by the pituitary gland .in response to
„

activity in the hypothalamus, as will be explained

Chapter 74
j,

Psychosomattc Disorders Transmitted Thro^
the Skeletal Nervous System. In neurotic and P®“'
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hotic states such as anxiety, tension, and mania, gen-
ralized overactivity of both the muscles and sytnpa-

heUc system often occurs throughout the body. This in
urn results in intense feedback from the muscle t>ro-

Tioceptors to the reticular activating system, and the
lorepmephrine and epinephrine circulating in the blood
;s a result of the sympathetic activity also excite the
eticular activating system, all of which undoubtedly

lelp maintain an extreme degree of wakefulness and
ilertness that characterizes these emotional states Un-
brtunately, though, the wakefulness prevents adequate
deep and also leads to progressive bodily fatigue and
Dental dissociations

Transmission of Psychosomatic Effects Through
he Autonomic Nervous System. Many psychosomatic
ibnormalities result from hyperactivity of either the
jympathetic or parasympathetic system In general,

lyperactivity of the sympathetic system occurs in many
u^as of the body at the same time rather than in focal

ireas, and the usual eftiects are (1) increased heart rate
iometimes with palpitation of the heart, (2) increased
irtenal pressure, (3) constipation, and (4) increased
netabolic rate. On the other hand, parasympathetic
signals are likely to be much more focal. For instance,
itimulalion or inhibition of specific areas in the dorsal
notor nuclei of the vagus nerves can cause more or less
specifically (1) increased or decreased heart rate or
palpitation of the heart, (2) esophageal spasm. (3) m*
:reased peristalsis in the upper gastrointestinal tract,

3r (4) increased hyperacidity of the stomach with resul-
tant development of peptic ulcer Stimulation of the
sacral region of the parasympathetic system, on the
other hand, is likely to cause extreme colonic glandular
secretion and peristalsis with resulting diarrhea
One can readily see, then, that emotional patterns

controlling the sympathetic and parasympathetic cen-
ters of the hypothalamus and lower brain stem can
cause wide varieties of peripheral psychosomatic effects

Psychosomatic Effects Transmitted Through the
Anterior Pituitary Gland. Electrical stimulation of
the midbasal hypothalamus increases the secretion of
corticotropin (ACTH) by the anterior pituitary gland (as
explained earlier in the chapter! and therefore indirectly
increases the output of adrenocortical hormones One of
the effects of this is a gradual increase in stomach
n>T)cracidity because of the effect of glucocorticoid^ on
stomach secretion. Over a prolonged period of time Uiis
obviously could lead to peptic ulcer, which is a wol|.
known effect of hypersecretion by the adrenal cortex.
Likewise, activity in the prcoptic area of the hypothal-
ami increases the pituitary secretion of thyrotropin,
which in turn increases the output of thyroxine and

t
fo an elevated basal metabolic rate. It is \vell

known that different tj-pcs of emotional disturbances
canjead to thyrotoxicosis (as will be explained in diap-
er 76), this presumably resulting from ovcractivity m
the hypothalamus.
Prom these examples, therefore, it is evident that

many types of psychosomatic diseases of the body can
oc caused by abnormal control of antenor pituitary

secretion. These will be discussed more extensively m
the section on endocrinology later m this text.
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The Autonomic
Nervous System; The
Adrenal Medulla

The portion of the nervous system that controls

tht^visc?ral,functions.of.the_bqdy is^cailed jlhe

autanamic nenvus system. This system helps con-

trol arteriafpriifiSure. gaslrointestmal motihty and
secretion.'^urlnaiy bladder 'emptying, sweating,

body tempcratjTre, an^ ma'nj'JotheV activities, some
of which are controlled almost entirely and some
only partially by the autonomic nervous system.

One of the most striking charactenslics of the
autonomic nervous system is the rapidity and
intensity with which it can change visceral func-

tions. For instance, within 3 to 5 seconds it can
increase the heart rate to two times normal, and
the artenal pressure can be doubled within as
little as 10 to 15 seconds; or, at the other extreme,
the artenal pressure can be decreased low enough
within 4 to 5 seconds to cause a faint Sweating
can begin within seconds, and the bladder may
empty involuntarily, also within seconds Thus,
the nervous system, acting through the autonomic
nerve fibers, can exert rapid and efTeclive control

of many if not most of the internal functions ofthe
"body It j8 t^iese extremely rapid changes that are
measured by the lie detector polygraph, reflecting

the innermost feelings of a person.

GENERAL ORGANIZATION OF TOE
AUTONOMIC NERVOUS SYSTEM

The autonomic nervous
. system -ja_activoted

mainly By^nlirSTocat^in the spinof cord, brain
stem, and Hy^thalam us.^i^so, portions of the cer-

ebral cortex"and especially of the limbic system
can transmit impulses to the lower centers and in

this way influence autonomic control. Often the
autonomic nervous system also operates by means
of viscenl regexes. That is, sensory signals enter
the centere ofthe autonomic_ggnglia, cord, brain
.stem, or hypothalamus, and these m turn transmit
appropriate reflex responses back to the visceral

organs to control theilLoctiyitios.

^c autonomic signals are transmit^ to
%• through two maior^gu^iyisidns catirf~the.

sympathetic and parasympathetic systems, ^
characteristics and lunctions of^Ich follow.

fffW/OlOC/C ANATOAfY Of 77/£

5YAirA7Wn7C NUtVOUS SYSTEM

Figure 57-J illustrates the general organizatioP '

the i^nnpathetic nervous system, showing one of the ”
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paravertebral sympathetic chains to the side of the spinal

column and nerves extending to the different interned

organs. The sympathetic nerves onginate_in the spinal

cord between the segments T-1 and L-2 and
here first into the s^palheti'^'idiamT^HInce to the

tbsues and organs that are stimulated by_the sympa*
tfietic nerves.

Preganglionic and Postganglionic Sympathetic
Neurons. The sympathetic nerves are different from
skeletal motor nerves in the following way Each motor
pathway from the cord to a skeletal muscle is comprised

of a single fiber. Each sympathetic pathway, on the

other hand, is comprised of two frbers, a png^gltomc
neuron and a postganglionic neuron. The celLimdy of a

preganglionic neuron Vies in.thc^ interm ediolalernl horn
ofUie^ilhal cordj and itTfiber passes, as illustrated in

Figure 57-2, through an anterior root of the cord_into a

spinal nerve.
‘j

Immediately alter the spinal nerve leaves the spinal

column, the p^ganglionic sympathetic fibers leave the

Qerve and pasaThltraglfthe while ramus into one_,^ the
ganglia of the sympatheti^hain. Then the course of the
fibers tertife oneoitKefolIowTng three: (1) It can synapse
with postganglionic neurons in the ganglion that it

enters. (2) It can pass upward or downward in the chain
and synapse in one of the other ganglia of the cham Or
(3) it can pass for variable distances through the cham
and then through one of the nervSs radiating outward
from the chain, finally terminating in' an outlying sym-
pathetic ganglion.

The postganglionic neuron, therefore, can originate

either in one of the sympathetic cham ganglia or in one
ofthe outlying ganglia. From either of these two sources,

the postganglionic fibers then travel to their destina*

tions in the various organs.
Symoathetfe Nerve Fihera In the Sk*>lgtai Nervgg.

Many of tne^stganglionic ffbeis pass bacK irom the

sympathetic chain into the spinal nerves through gray
rami (see. Fig. 57-2) at all levels of the cord These
pathways are made up of type C fibers that extend to

all parts of the body in the skeletal nerves They control

the blood vessels, sweat glands, and piloerector muscles
of the hairsi Approximately 8 per cent of the hbers ID

sympatfittic cJwin. spinal nenfcs. and pertphera! sympathedc
oeivei.

the average skeletal nerve are sympathetic fibers, a fact

that indicates their importance.

Segmental Distribution of Sympathetic Nerves.
The sympathetic pathways originating in the different

segments of the spinal cord are not necessarily distnb-

uted to the same part of the body as the spinal nerve
fibers from the same segments. Instead, the sympathetic

fibers from T-1 generally pass up the sympathetic chain
into the head; from T-2 into tKe ne<;hTT^\ T^'.T-S.'and
T-6 into the thorax; T-7\ T-8, T-9, T-IOfdhd'T-11 into

the ab^jnerr; and T-^. If-1^andjj'-2 into the legs. This
distribution is only approximate and overlaps greatly.

The distribution of sympathetic nerves to each organ
IS determined partly by the position in the embry'o at

which the organ originates For instance, the heart
receives many sympathetic nerves from the neck portion
of the sympathetic chain Oec^use the heart oripinntpa

in^the neck of tEe emuryg. Likewise, the abdominal
organs rewive tneir sympathe^c innervation from the
lower thoracic segments because the primitive gut orig-

inates m this area.

Special Nature ofthe Sympathetic Nerve Endings
in the Adrenal Medullae. Preganglionic sympathetic
nerve fibers pass, without synapsing, all the way from
the mtermediolateral horn cells of* the spinal cord,

through the sympathc^c chains, through the splanchnic
nerves, and fuially into the adrenal medullae. There
they end directly on special cells that secretd epineph'

nne and norepinephrine directly into the circulatory

blood..These secretory cells embryologically are derived

from nervous tissue and are analogous to postganglionic

neurons; indeed, they even have rudimentary nerve

fibers, and it is these fibers that secrete the hormones.

PHYSIOLOGIC ANATOMY OF THE
PAJtASYMPATHETIC NERVOUS SYSTEM

The parasympathetic nervous system is illustrated in

Figure 57-3, showing that parasympathetic fibers leave

the central nervous system through several of the cra-

nial nerves, the second and third sacral spinal nerves,

and occasionally the first and fourth 'sacral nerves.

About 75 per cent of all parasympathetic nerve fibers

are m the"va^s3ervcC passing to the entire thoracic

and abdominal regions of the body Therefore, a phys-
iologist speaking of the parasympathetic nervous system
often thinks mainly of the two vagus nerves. The vagus
nerves supply parasympathetic nerves to the heart, the

lungs, the esophagus, the stomach, the small mtesUne,
the proximal half of the colon, the liver, the gallbladder,

the pancreas, and the upper portions of the ureters.

Parasympathetic fibers in the third nerte flow to the

pupillary sphincters, and ciliary muscles of the eye.

Fi^rsfrom the seventh nene pass to the lacrima], nasal,

and submandibular glands, and fibers from the ninth

nemrpass to the paro^ gland.

The sacral parasympa^etic bbers congregate in the

fonn of the nent engentes, also called the peli ic nerves,

which leave the sacral plexus on each side of the cord

and distribute their penphcral fibers to the descending
colon, rectum, bladder, and lower portions of the ureters.

Mso, this sacral gro^_j>f parasympj^crics. supplies

fibers to tbs' external gemUiia~fQ~(au^ yanous sexual
reactions.

Preganglionic and Postganglionic Parasympa-
thetic Neurons. The parasympalhcuc syslcfn, like the
sympathetic, has both prcgangiionic ancTpostganghcnic
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neurons, but, except in the case of a (ev/ cranial para-
sympathetic nerves, the pnganiUonic fibers pass unin-
terrupted to the organ that is to be controlled In the
wall of the organ are located the postganghonic neurons
of the parasympathetic system The preganglionic fibers

synapse with these; then short postganglionic fibers, I

millimeter to several centimeters in length, leave the
neurons to spread in the substance of the organ. This
location of the parasympathetic postganglionic neurons
in the visceral organ itself is quite different from the
arrangement of the sympathetic ganglia, for the cell

bodies ol the sympathetic postganglionic neurons arc
almost always located in ganglia of the sympaOietic
chain or in various other discrete ganglia in the abdo-
men rather than in the excited organ itself

BASIC CHARACniUSTICS OF
SYMPATHETIC AND
PARASYMPATHETIC FUNCTION

CHOUStRGlC AND ADRINIRGIC nSCftS—
SICRETION OFACmiCHOLm OR
NORiriNlTHRiNt BY THE
POSTGANGLIONIC NIURONS

Tho gympathetic and parasvmpathet lg nerve
endings secrete one of the two svnnptie ^ranstnitfer

substances ,
acetylcholine or norepinephrine. Those

fibers that secrete ocetyl^tine are tiaid to be
cholin^j:k._Thos^batjegr^joigpineplnine are
said to bejtf/rencngic. a ten^det~ro5<r ffom odren-

"^icbjsjhiiliftjtishjiame foc.£pmephrine'

All preganglionic neurpjis are cholinereic'm botti I

the sympathetic and paT v̂mp^hSCTgfi^rvoujsy?-

1

tents7^fiere|bi'e,‘ acefvfcholine' or_~acett'Ichg!irfr I

fi&e subFtances, when applied to the ganglia, vul!
|

excite both sympathetic and parasympathetic^
ganglionic neu rons.

The postganglionic neurons of fhe parasywpo-

thetic system are also allyhpliner^i c. On the otlitr
j

hand, most of the oosti^'^lwm^vmvatheUcM'i-

,

rgnsjirsJidrensrgic, though ‘Utis_.isjiot-fiziliKll!-5«
|

because the sympathetic nerve-fibersda-the_rwat

glahds._to the piloerector muscles^ and to g.feff

blood-vessels are cholinergic.

Thus, in general, the terminal nerve endinES-O^

the parasympathetic system secrete-acfitvJcholipgi

and most of the symp^athetve nerve endings sgCKte

norepinephrine These hormones, in turn.^clop

sympathetic and sympathetic effects. Theralbre.

these substances are often called respeertiyeb-f®^

asympathetic and sympathetic transmitters. tSS®
are the molecular structures of acetvlcholinfeJP^

norepinephrm e-

I
/CH,

CH.—C-0-CH,-CH^N\
ll (

CH.
0 - cih

Acetylcholine

HO

Norepinephrine

Mechanism of Secretion of Acetylcholine,®''*^

Norepinephrine by Autonomic Nerve End*”?*-

Some of the autonomic nerve endings, especially thoK

of the parasympalhetic nerves, are similar to but

emaJleim size than those of the skeletal neuromu^ul^'
junction However, most of the sj-mpathctic nerve

merely touch the effector cells of the organs that thej

innervate as they pass by; m some instances they

mmate in connective tissue located adjacentW the 56*“

that are to be stimulated. Where these filaments

over or near the effector cells, they usually have bul*“*“

enlargements called varicosities, and it is in these vsn-

cosities that thc'lransriutK^vesicles of acetylch*'""^

aiul norepinephrine are found. Also in the varicosity*

are large numbera of nutochotidna to supply the ATr

required to energize acetylehobne-iar
,

poreptnephn**^

synthesis
.

.

When an action potential spreads over the terminal

fibera. the depolarization process increases the pen"®®'

bility of the fiber membrane to calCtnW lonS. thus all®*'*’

ing these to diffuse in moderate numbShS Wto the nerve

terminals There they interact with the vesicles

to the membrane, causing Thertrtu fusg-wrth-the

branc and to empty their contents to the extenor. Thus,

the transmitter substance is secreted

Synthesis of Acetylcholine, Its pestruction Auer
Secretion, nnd Duration of Action. Acetylchojinc.**



>tper few seconds. Therefore, the action of acctjLlchoj.i

;elease(l_by cRoli^rgi^ner\-e fihera usually lasUjpr
ew seconds at most.

S)ii^esi$ of Norepinephrine, Its Removal, and
Duration of Action. Synthesis of norepinephnne be-

pna in the axoplasm of the terminal nerve endings of

*“^Prgic_nerve_fiber3 but is completed insjde the
ves^s. The basic steps are the following:

I. TVro.ir.

3. TransjNrt ofdopamine into the vesicles

A n hydroxylalion
’• t^opamine —* Norepinephrine

In^the adrenal medulla this reaction goes stil l one
fuller to tbrm epinephnne, as"follows

5. Norepinephrine— Epinephrine

Follqmngjecreti_on ^norepinephrine by ^e terminal
nene_endmgs, it is_iremoYed from ^he secretory site m
fhrge different wavs: (1) re-uptake into the adrener^c
neryg^endings th^rnsclvcs by'an active transport prw-—accounting for remqyal^r50 to 80 per cent ofthe
secreted norepinephrinp; (2j djlTusion away ltem_tfie
nerve_endinga into the surrounding body, fluids and
thence infotha'blo^—arrmtntingfnrremoval of jnqst
ofthe remainder of the norepinephnne; and (3)des^c-
“00 by,gnzyme3 to a slight extent (one of these enzymes
is_mgnoa;7nne oxidase, whfch is found in the~nerve
endm^^themselves. and another is catecKol^O-m^Kyl
tr^^crose. which is present diflusely ii^all tissue8)*^7>
Ordinanly, tKe'norepmiphnne secreted directly in a

tissue^y adrenergic nerve endings remains active for
onlya few seconds, illustrating that its re-uptake and
duiusion away from the tissue are rapid.*Ho^eve5 the
Poryir^phrine and epinephnne secreted into^^blood
oy the^^nal^medullaeremain active until they difluse

mmish influx of sodium ,,

c

hloride..or.ca}cium ions

into thi^e]] or to alter the efflox^ofPo^Wium id^
out of the ce lj'l^hese ionic c'

ter the membVane
increased negativity (hyperpolarizationj or at
otherTimes casing decreased negativity (depolar*
ization) to, elicit action potentials (as occiirs In
some smooth muscle ceils) and at other timea
causing electroJoDit^ffects on the cells (sahe^rs

ects 'within'~tKe

promote smooth muscle corilraction.

Another way that the receptor can function.

besides changing the membrane permeability , is

to activate an enzyme in the cell membrane; this

enzyme in turn promote chemical ^eartions
within the cell. For instance, epinephnne iiicr^ses
the activity of adenyl cyclase m some cel l mem-
branes. and thfsthen causes the formation ofcyclic
AMP at the inner surfaces of the membrapes: the
cyclic AMP then initiates many intraceir[il^r~ac-

tivities.

The ^ect that occurs in each instance is deter-

mined by the nature of the receptors, as vye shal l

see in the Ibllpwing paragraphs.

The Acetylcholine Receptors—“Muscarinic”
and “Nicotipje” Receptors. AcetylcK^Tne acti-

vates two different types of reciptors. 'these are

called mHsrormtc-and ntcofintc receptors, "i he rea-

son for these names is that miiscaring. a,~^ison
from toadstools, also activates the mUscarjnicT^
ceptors but will not activate the ni^imc receptors,

whereas mcotine will afctivate only tEe~ot}^r re-

ceptors; acetylcHoline_acttvatea.t>oth of them.

The musgarinicl5ceptors''are found ih all the

effector cells stimulated by the postganglioi»c neu-

rons of th~e~parasympathetic nervous system, as
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well as those stimulated by the postgangboiMc

chohneTgic neurons of the sympathetic Byswm.

liie nicotinic recej^ors arlTound in the_^napses

between the pre- and pDstganghonic__neuron^ of

botiriHe sympathetic 'and p^as^-mjiathetic^sys-

tems an3aT£oT8~th'e^enibranes bfg1ce)eta7_p>uscle

fibers at the n&oroinuVcuIar junction (discussed m
Chapter 12).'^ '

An understanding of the two different types of

receptors is_especially_impprtant because specific

dni^ are frequently used in the practice of mMi-
cine to stimulate or t^foch one or the other of

the two types of receptors

The Adrenergic^ Receptors—"Alpha^ and
“Beta” Receptors. Research* experiments using

difierenTTrjJgs (called sympathomimetic drtinst

that mimic the action of norepinephrine on s^rn-

pathetic effecMr organa have shown that there are

two major ^es oflidrenergic receptors, called

o/pj^Q receptors and'befg itceplots. (The.beta recep-

torsIn tuntafe divided into beta, andji^jijjecep-

tors because certain drugs affect some beta recep-

tors hut not^n
No^pmephrme and epinephrine, both of,which

are^Mreted by the 'ailr^al m'^uUfl, have some-
what 'dlflerent-efrectg''tn‘exciring the alpha and
beta receptoH. T^orepiyplirine excites' maToly al-

pha receptors buTexcItes the beta^receptore to a
ve^~8ll|ht” extent as w^l ‘Ori''thV other hand,
epinephrlfre"excites ^Oi types ofj^.cepror5j9pprox-

imately equally^ Therefore, the relative effects of
ttorepiciephrme ai^ epmephnne ou different effec-

tor organs is determined by the_type.s.of rgeeptors

m the organs Obviously, if they are alljjeta

receptors, epinephrine will be the more"enecnve
excitant.

Table S7-1 gives the distribution alpha and
beta receptora in some of the o^ans and ^sterns
'MantroUed'by the sympathetica. Notejhat cettam
ilpha^jictidns are exeftatory while others are
nhibitory. jjkewiscrcertain'betaTunctiona are
‘Xcitatory anJ 65iers_areJn'hibLtory. Therefore,
Jpha and l»ta receptors are not necessarily asso-

,iat^with cxcliation or inhibition butsimpiy with
he affinity of the hormonV fbr the receptore in a
nven eTTector^organ
A synthetic hormone ghemically_sunilarjto ^j-

iephnne_flnd_norepinephnne, isanroovl nprent-

tephnne, haa aifextremely^sfrong action on beta

Table 57^1 ADRENERGIC RECEPTORS AND rUNCTION

Alpha ftMeptor fteu AccetMor

VasoconiWKttor* I VaioOtUutlon
' Iris OlUCdUori i CaxOIoacceleration (p,l

loteitlnal feU*ador> 3 IncxeaseO myocardial streosth (0,)
Intestinal sphincter ^ Intesdna! reUxarion (0,;

comracfiCMt S Uterus reUxarton (p,l
POomoior contraction i DrMythodilatadori (p,)
Bladder sphincter ^ Calodger«sJs (0,)

corteacBon e- Clycogerwlysls (0,)

3 U|»tysls{0.)
'

t. Bladder relaxation tp,)

receptors ^ut essentially no action on alpha receg-

tors. Later ihlhe chap^ we will discuss varioia

drags tliat can mimic the adrenergic acti ons' i

epm^hnne and norepinephrine or thatwill

specifictll3fie5^K2EEjK]cfi«eptors.

PCOTATORYAND iSHIBtrORYACTIONS
Of Sr«rA7H£T7CAyO PARASYMPATHTTIC
STJMUtATlON

Table 57-2 lists the effects on different visceral

functions of the b^y caused by sUmulatinglb

para^mpathetic and sympathetic nen^sT^om
ihisJaBleTt can. be^eenJhat sympathetic stima

lation causes exetfatorv effects in some areans but

inhibitory effects in others. Likewise, parasympa-

thelic slimumion causes excitatton tn some oriaa
but tnJuhitton in pothers. A\so, when svmpath&Pe

stimulation excites a particular organ, parasyn-

pathetic stimulation sometimes inhibifOtTlIIus

tratiDg that, the two systems occasionally aetjr-

ciprocallv to e.ich other. However, most orgapLare

dominantly controlled by one or the othfif-oUte

two£ystems
There is no generalitation one can use to explain

whethec-sympatEifitic or parasyinpathe,Uc_8tmiU'

lalion will cause excitotion or inhibition of a par-

ticular organ. Therefore, to understand"sympa
thetic and parasympathetic function, one tnusl

learn Vunctions oriheso two nervous systena

as. listed in' T^le 57-2 S^e of theseTimctioM
need tobe flan£ed_in0lill greater detail a^SHows'

miCTS or SYMPATHETIC AND
PARASYMPATHETIC STtMUlATION ON
SPECinc ORGANS
The Eye. Two funrtiona of the eye are Mntrolled by

the autonomic nervous system '

these are the p.ugfl^

op^ing and the focus'bi iKe lens .
SvmDathetic_ftitnu

latwn contracta the meritfiona l

therefore, dH^ea {He pupil, while parasympathetic sUa-

ulation contraefsthe ci/iv/ar mttsc/e of
strict the pupil The paTasYttvo^geilra that confeljpt

pupd are reflexly Btimulated when cxcesa light enW
the.eye8Ttt»s rettex t^uegs the pumlla^ opening aiw

decreases the amount of light that_stnfce3 the retiM
On the other hanSTThe sympa^tKeCics^li^cQTOe stiPiulatgu

the pupiUa^ opiening at thea^times
Fociiaing ol the jena iS-Controlled almost entirelyjy

the jwrasyropathetic nervous avstem The lens is

malty KeldTrrg flattened'^tc hylensrpn ontTradiai

ligamen ts. Parasympathetic excitation contract ttiee«‘

lary muscle, which releases.this tension and allg^Js'^
lens tdhecome more convex. This iausea the eye to fpcas

cn^bjecta near at hand. The focusi'tig tnecna^ig.^

discussed in Ch^tei^58 and 60 in relation to functiwi

of the eyes a
el The Glands of the Body. The nasai. lacnmal,

PBfy, and many gastrom/cfttmij glands are ail strongly

^stigiulated~by the parasympathetic nervous system, r^

suiting in cooioua ounntiti^ oT secretion. Tne
the aJimentarv tract most strongly etimu}at^_by,dhe

)
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Table 57-2 AUTONOMIC EfFECTS ON VARIOUS ORGANS OF THE BODY

Eye^PupU

CUndsi

muscle
'Nasal

Ucrlmal

Taroild

Submandibular

Gastric
'

^arvcreatic

Sweat Jands - —
Apocnne glands

Heart. Mt^e

I Dilated

^ Slight relaxation

C
Vasoconsttlctlcm and sli^A
seuedon

'

I
Constricted

^.Constricted

C
Stimulation of copious (except
panaeas) seaetlon (containing many
eniymes for enzyme-secreting

.
glands)

Coronaries<~
C Lungs. Bronchi

2 Blood vessels

Cut Lumen y

^ Sphincter a
* Uver -—
5 Gallbladder and bQe ducts -

)» Wdney

ll Bladder: Detrusor —
,, Trigone,

Penis <_
li Systemic arterioles.

Abdominal .

Muscle —

-

— Copious sweating (chollnergk) None—»^lck. odoriferous secrenofl< >None
Increased rate — Slowed rale— Increased foice of contracdon Decreased force of contraction

(especially of atrium)—
•> Dilated (Pj). coitstrlcied (a) e > Dilated— Dilated Constricted

— Mildly coftstricted _ ? Dilated

Decreased peristalsis atsd tone Increased perfstalsis and tone—a Increased tone (most times) Relaxed (most times)— Glucose released Slight glycogen synthesis— Relaxed Contracted

_ I
Deaeased output arsd terJn — None
C seaetlon— Relaxed {sbght) - — Exated
_Exaied Relaxed

> tjaculadon < . > Erecdon

Blood. CMgulation <

-

Glucose .

Basal meubdism -

I i Adrenal medullary secretion •

I 7 Mental aedvity < _
1^ nioerector muscles —
I ^ Skeletal muscle -

— Constricted

—Constricted (adrenergic o)
— Dilated (adrenergic pj

Dilated (cholinergic)

— Constricted

->lncreased<
Inaeased -

•»lnaeased up to 100%' ' —
— Inaeased -

—# inaeased < '
—

—* Excited •

^ Inaeased glycogenolysis
^ Increased strength

- None
» None
- None
* None
*Nene
» None

5
P^ras^Tnpgtthctics are those of the upper tract, espectally

I
ffiose of the mouth and stomach. The elands of the ^a ll

'} large intestines are controlled princiMlly by l^al
\

factors in the intestinal tract Itself and not by

;
ajitonomie

5ygipaChetic stimulation has a slight direct effect on
i glandular celU in causing formation of a concentrated

sgerefipn. Ho-fteve r. it also causes vasoconstncUon of

\
tc^lood vfCQolg Biipplving the glands and in this waV
oSgJi reduces their rates of secretion .

T The^sa-eof filan^ secrete~Targe~quantities of sweat
'WQen the sympatheti^nerves are stimulated , but no

f
Bueci 13 caused bv'ltirndlatfff^'the^parasvrntMthetic

i DtQes. Howfiyer. the sympathetic fibers to most sweat

f
glands are cholinereic (except fqr^a few adrenergic fibers

'» ^altnsofthe hand and theses ^the feet), in contrast

1 other sympathetic fibers, which are adrenergic.

i ^.^Hhermore, the sweat glands are stimulated pnmanlv
} P^^nters in the ($^Ifialatnu3^Lar£JlSlimlbLgQPa>d-

5 be parasympathetic centers. Therefore, sweating
coidd belralled abarasympathetic junction.)

^
.

.^^Mo^nne glands s'^rite a ihiciCodonferous secre-

^
hop ap a result ot sympathetic StttftUlation. buC they do

1 1*^ foact to parasympathetic stimulation. Furthermore

^
apocnoe glands, despite their close enibp'olomcal

^
^iMLOnship to sweat~glands. arc controlled bv adrCT-

ergic fil>crs rather than by cholinergic fibers and are

controlled by the sympathetic centers of the central

nervous system rather than bv the parasympathetic
centers.

O The Gastrointestmal System. The gastrointestinal

system has its own intrinsic set ofnerv^ known as the

mtramural plexus. However, both’DafassTPpathetic and
sympath'elic stimuIatiQn_can.^ect gastrointestinal ac-
tivity--para3ympathetic especially. Parasympathetic
stimulation, in general, increases the.Qyer.4lLdegrce of

activity of the gastrointestinal tract by promoting per-

islal$i3 and relaxing the sphincters, thus allowing rapid

propuliion'oT contents’aloPg'the^tra ct. This propulsive
effect is associated with simultaneous increasesjn rates

of secretion by_m8uiy_of.the gastrointestinal glands,

which, descnbed_eariier.

Normal function of the gastrointestinal tract is not
very dependent on_sympathetic stimulation. Hqwey^er,
strong sympathetic stimulation inhibits penstaUis and
increases the tone of the sphincters. The net resuir is

greatly BloweJ^rbpulsloH'of food'through the tract.

4 TTie Heart liTgeneral, syrop^FpIc^timuration in-

creases the over^l activity oflhe heart This is accom-
plished fay increasing lx>tK~the rate and force orihe
heartbeat. Parasympathetic stimulatIon_causes'nmihly
the_op|wi^_efl«ts, decreasing the.overall activity of
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icd parasympathetic functions. Forinstance,
^gh^lwarv secretion can occur independently

_gastnc_8ecretion, these two often also" occur
gethcr, and pancreatic secretion frequently oc-

at the same time. ATsoTthe rectal emptying
flex often initiates a liTadder emptying reflex ^

sul ting in simultaneous^ emptj^g of ooth ttie

adder and rectum?Conversely, the bladder emp*

ing reflix can help initiate rectal emptying.

lARM” OR “STRESS- RESPONSE Of THE
'MPATHETIC NERVOUS SYSTEM

When lai^e portions of the sympathet ic nervous
stem discharge at the same time—

t

hat is
,
amass

scharge—th isjncrcascs in many different wavs
e capability of the body to~perform vigorous
uscle activity. Let us quickly summarize these
lys:

1. increased arterial pressure
2. increased blood flow to active muscles concur*
nt with decreased bl^d flow to organs that arc
itlieedod for rapid activity

3. iacraasfd ra^ _meUbolism
cayghout the body^
4. increaseybl^d glucose concentration
5. incigascd gly^ysis in muscle
6. increased muscle strength
7. increased mental activity
8. increased rata of blood coagulation
The sura of these eflecta permits^he person to

iriorm'farniore sUehuousjhysrcaLactrvity than
oul3~5thervi'i80 be possi ble. Since it la physica l

res8 that usually excites the sYmoathetic system .

.irfreouentiv Mid that the purpose of the sym»
uhetic system is to provide extra activation of
le body in stress: thiiiajlftcii calledJhe
'Tnpathetic stress response.
The sympathetic system is_also_strongly acti-

|ted in many emotional states. Forjnstance, in

i®_state_ofrage, which is elicited mainly by
unulating the hypothalamus, signals are trans-
litted downward through the reticular formation
nd spinal cord to cause massive sympathetiFdis-

aarge. and all nf the sympathetic events listed
^Sve ensue immediately. This is ca lled the syni-

athgtic alarm reaction. It is also^equently called

Igjjghf or flight reaction because an ammal in

state decides' almost instantly whether to

ahd~tight or to^run. In^eitheE_eventj the
ympalhetic alarm reaction makes the animal’s

medullary, PONTINE, AND
EESENCEPHALIC control of THE
^TONOMIC nervous SYSTEM

Many areas in the reticular substance of the
medulla, pons, and mesencephalon, as well as
sany specianuicTeTfs^ Fig. 57-5), control differ-
•it autonomic functions such as arterial pressure,
leart rate, glandular secretion ii^the uppgr part
f the gastrointestinal tract;‘gastFomtestinar per-

Hcel control

Sytrpolhelic \ Porovyirpottietic

Hsure S7-5. Autonomic control centers ol the brairj stem.

istalsis, the degree of contraction of the urinary
bladder, and many others. TKeTonTfoToreach of
these is discussed in detail at appropriate points
in this text. Suffice it to point out here that the
most important factors controlled in the lower
brain stem are arterial pressure, heart rate , and
respiration. Indeed, transection of the brain stem
atlbe midpontine.Ievel allows normal basal con-
trol of arterial pressure to continue as belbre but

prevents ito modulation bv higher nervous centers,
particularly the hypothalamus. On the other hand^
transection immediately below the medulla causes
the arterial pressure to lall to about one-Half nlir*
raal lor several hours or several davs aRpr the
transection .

Closely associated with the cardiovascular reg*
ulatory centers in the medulla are the medullary
and pontine centers for regulation of respiration

discussed m detail in Chapter 42. Though this is

not considered to be an autonomic function, it is

one of the involuntary functions of the body.

Control of Lower grain Steni Aufonnmfn
Center^bj^ High^er Areas. Signals from'lEe^y-
pothalamus and even from the cerebrum can affect

the activities of almost all the lower brain stem
autonomic control centers. For instance, stimula-
tion in appropriate areas of the hypothalamus can
activate the medullary cardiovascular control cen-
ters strongly enough to increase the arterial pres-

sure to more than double normal. Likewise, other
hypothalamic centers can control body tempera-
ture, increase or decrease salivation and gastroin-

testinal activity, or cause bladder emptying. To
some extent, therefore, the autonomic centers in

the lower brain stem act as relay stations for

control activities initiated at higher levels of the
brain.

Ill the previous chapter it was also pointed out
that many ofthebehavioral responses ofan animal
are mediated through the hypothalamus, reticular

formation, and the autonomic nervous system. In-

deed, the higher areas of the brain can alter the
function of the whole autonomic nervous System
or of portions of it strongly enough to cause severe
autonomic-induced disease, such as peptic ulcer
constipation, heart palpitation, and even heart
attacks.



X
THE SPECIAL SENSES

58 The Eye: I. Optics of Vision

59 n The Eye: II. Receptor and Neural Function of the

Retina

60 H The Eye: HI. Central Neurophysiology of Vision

61 The Sense of Hearing

62 The Chemical Senses—Taste and Smell



The Eye: I. Optics of
Vision

PHYSICAL PRINCtPLES OF OPTICS , ,light traiels is always

svftem^oriV*
“> “"‘le'stand the optical be°nl/™ownIi'a'rd

niust be thoroughly The tendina ofli.M
1

physical principles of op- knowiTarfefmcnrie I
tics, including the physics of refraction, a knowh' refractioiTmcreasea
edge of focusing, depth of focus, and so forth refmHivp nij;
Therefore, in the present study of the optics of the “"j de£iw-«>£-i
eye, a bnef review of these physical prmciolcs is

the entering wave

, ArmCATIONorKtl

mm.ojucHT r^mrusTouss
The Convexiena~

IhsJJefractly^JndM of a Transparent Suh- ^2 shows parallel l i

light tmie/s IS always perpendicular to the plane o
uaie front, the direction of travel of the light beam
pends downward
The bendin^f light ra.ys^Uan nngulatcd4ptfii&

known as rdbiction. Note particularly that the tie

01 refraction increases as a function of (1) Ihfijai
refrnH ivc indice<» of the two

and 12) the d£gr i?e-af.an|nilafi;S3K.twfF.n-thi» intPi
find the entering wave

application or RtritACTJVi
PRINUPUS TO UN5U

§8-2 shows parallel llphfVav* BnFainng a Pfinves 1

illustrated in the lower part of Figure 68-1,

faaigaiwiwirarag!
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Note particularly that concave tensea can “ncurtral-

e" the refractive power of convex lenses. Thus, plactne

1 diopter concave lens immediately in front of a 1

lopler convex lens results in a lens system with zero

ifractive power.
The strengths of cylindrical leases are computed in

IS same manner as the strengths of sphcncai lenses. If

cylmdneal leas focuses parallel light rays to a line

|eus 1 meter beyond the lens, it has a strength of +1
iopter. On the other hand, if a cylindneal lens of a
mcave type diierget light rays os much as a 1 diopter

irlindrical lens cani«r;ges them, it has a strength of -* 1

iopter.

HE OPTICS OF THE EYE

miYlASA CAMERA

The eye, as illustrated in Figure 5&-9, is opti-

ally equivalent to the usual photographic camera,
or it has a lens system, a variable aperture system
the pupil), and a retina that corresponds to the
ilm. The lens system of the eye is composed of
our refractive interfaces: (1) the interface between
dr and the anterior surface of the comea, (2)^e

1 meler

njure se-a. Effect of lens strength on the focal distance

intei:lacfe.between thnjn-ttprinr gnrfarg of the cor-

ner and thc-aqueous humor^ (3) th^ interfaee

beto'een the aqueous humor and the anteijor sur.

face of_the crystalline lens of the^eye, and (4) the-

interfac? between the posterior sjuTace of.thB.lei)a

and the yitreou^humor. The refractive index qf
air is fj^h&com^rSfi; the aqueous humor. l.SST^
tnficry8taiJine.Jenaion the average). 1.40; and the
vito^us humor. 1 34. —

' Thn He>Hu£pdRvf> If g]i the refractiveaurfaces
nf lha evQ arg ai^pbraicallv add^ together and
then considered to be 6n6 single lens, the optics of
th'e normal eye may be simplified and represenfeti’

schematically as aJVeducedjiyp.” This is useful in

simple calculations. In the TeducRd eye , a single

lens is considered to exist with its central point 17
mm in front of the retina tn h.ivf» n total

refractive power of approximately 59 diopt^
vvhen the lens is accommcKlated lor distant vision.

:tiyg power of the eve is pro-

vided_not.by-the 'crystalline l^ens but insteaoby
the anterior surface of the cmTiea.*lhe principal

reason for this is that the refraptive ipdex oOhe
cornea is markedly different from that of air.

Oo the other hand, the total refractive power of
tljie crystalline. Igns of the eve

,
as it nomi.iiTvnies^

iq fhp pyff Mirmiinded by flin'H nn fiarh side, is nnlv

15 diopters, about one fourth the total refractive.

ToIqI refractive powers 59 diopters

134 140 L33 L38 LOO

figure SS-9. The eye is a camera. The numbeis are (he

refractive Indices.
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pov.er of **y<^*^ \pr'«vRtftta If this lens were
remored from the eye and then surrounded by ^r.

its refractive oowetLwould be afiut six times as

g^t The reason for this^Bffference is that the

fluids surrounding thelens have refractive indices

not greatly different from the refractive index of

the lens itself, and the smallness of the differences

greatly decreases the amount of light refraction at

the lens interfaces. But the importance of the

crystalline lens is that its curvature can be in-

creased markedly to provide “accommodation,”
which will be discussed later in the chapter.

Formation of an Image on the Retina. In

exactly the same manner that a glass lens can
focus on image on a sheet of paper, the len^ system
of the eye can focus an image on the retina ,The
image is inverted and reversed with'respe^ to the.

object. However, the mujd perceives objects in the
upright position despite the ^side-down orienta-

tion on the retina because tHe or^in is trainedTo

consider an inverted image as normal

THiMlCHANISM OfACCOMMODATION

The refractive power of the crystalline lens of
the eye can be voluntarily increased from 15 diop-

ters to approximately 29 diopters m young chib
dren; this is a total

“^commodatian" nf

ters. To do this, the sh^ of the lens is changed
froInThat of a moderately convex lens to that of a
very convex lens. The mechanism of this is the
following:

In the young person,. the lens is composed Qf a
strong elastic capsule filled with viscous, protein-
aceous, but transparent fibers. When the lens )s iix,

a relaxed state, with no tension on its capsule, u
assumes a spherical shape, owing entirely to the
elasticity of the lens capsule However, as illus-

trated in Figure 68-10, approximately 70 liga-

ments attach radially around the lens, pulling the
lens edges toward the edge of the choroid. These
ligaments are constantly tensed by the elastic pull

lljvre Sa-IQ. McchMibm of accommodation (focusing)

oftheir attachments to the choroid, and the tensict

on the ligaments causes the lens to remain reh

lively flat under normal resting conditions oftte

eye At the insertions of the ligaments in lit

choroid is the ciliary muscle, which has two sets

of smooth muscle fibers, the meridional fibers sd
the circular fibers. The meridional fibers extend

from the corneoscleral junction to the insertions d

the lens ligaments in the choroid approximately 2

to 3 mm behind the corneoscleral junction Whsa

these muscle fibers contract, the insertions of Uk

ligaments are pulled forward, thereby releasings

certain amount of tension on the crystalline lens

The circular fibers are arranged circularly all thi

way around the eye so that when they contract

»

sphincter-hke action occurs, decreasing the diam

eter of the circle of ligament attachments ari

allowing the ligaments to pull less on the lem

capsule.

Thus, contraction of both sets of smooth musclf

fibers in the ciliary muscle relaxes the Ugamenli

to the lens capsule, and the lens assumes a mon

spherical shape, like that of a balloon, because e

the natural elasticity of its capsule. IVhen Ihi

ciliary muscle is completely relaxed, the dioptii

strength of the lens is as weak as it can become

On the other hand, when the ciliary’ muscle wn
tracts as strongly as possible, the dioptric strengtl

of the lens becomes maximal.
Autonomic Control of Accommodation. Thi

ciliary muscle is controlled almost entirely by th

parasympathetic nervous system. Stimulation o

the parasympathetic nerves to the eye contract

the aliary muscle, which in turn relaxes the len

ligaments and increases the refractive power. Wid

an increased refractive power, the eye is capabi

of focusing on objects nearer at hand than whei

the eye has less refractive power. Consequent!)

as a distant object moves toward the eye,

number of parasympathetic impulses impingin;

no /.be ndift’7' .miiKil? .miyV pri's^rotsa'-valv u
creased for the eye to keep the object constantlj

in focus. {Sjmjpathetic stimulation has a weal

effect in relwing the ciliary muscle but this play

almost no role in the normal accommodation rn^
anism, the neurology of which will be discussed n

Chapter 60.)

Presbyopia. As a person grows older, the len

loses its elastic nature and becomes a relati'di

solid mass, partly because of progressive denfltuf

ation of the lens proteins. Therefore, the ability e

the lens to as^me a spherical shape progressive!:

decreases, qnd the power of accommodation «
creases from approximately 14 diopters in th

young child to less than 2 diopters at the age o

45 to 50. Thereafter, the lens may be consider^

to be almost totally nonaccomraodating, a condi

tion known as “presbyopia."

Once ft person has reached the state of presby

opia, each eye remains focused permanently at

almost constant distance, this distance depends w



^Sure 5»-l I . tffect of small and Uiae pupillary apertures on trop^ behind the retina in hypermetropia, and in front of the
the depth of focus.

myopia.
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njuTt 3. Conectton c( n^opla wl^h a <onc2ve tcRs, and
conwrton of hypermefropta v«fih a eortve* lem

away from the eye at this point is knonn as the “^car
jwir)t*nf VTaton
* In old age. when the lens becomes uresbyopic. ihe far-

fighted person often is not able to accommodate his or

her lens sunieiently to focus e>en distant objects, much
less to focus near objecla

Myopln. In mj-opia, or “near-sightedness." when the

ciliary muscle is completely related , the light rays

ctnunR from distant objects ate focused m fron^ of the
retina, as shown In the tower panel et Figure 5^l2.
This IS usually due to too tong an eyeball but it can
occasionally result from much reftactive power of
the lens system of the eye
Ko mechanism exists by which (he eye can decrease

the strength of tt^lens to less than that wliuh exists

when the ciliary muscle is completely' relaxed there-
fore, the myopic person has no mechanism by which he
can escr focus distant objects sharply on hts retina
However, as an object comes nearer to his eye it finally

comes near enough that its image will focus on the
retina then, when the object comes still closer to the
ej c, the person can use hts mechanism of accommodation
to keep the image fijcu*cd clearly Therefore, a myopic
person has a definite limiting “far nmnt" for clear vision

ns well asa tncarywint
" *

Correction ofilfyopM nnd Uypermetropia by life
of Ceases. U will be recalled that light rays passing
through a concave lens diverge. Therefore, if the refrac-

tive surfaces of the eye have too much refractive power,
as in myopia, some of this excessive refractive prwer
can be ncutralirod by placing in front of the eye a
concave spherical lens, which wnll diverge rays On the
other hand, in a person who has hypermctropia—that
ts. someone who has too weak a leas system>-the ab-
normal vision can be corrected by adding refractive
power with a convex leas in front of the eje These
corrections arc illustrated in Figure 5ft-13. One usually
drtcrminw the strength of the concave or convex lens
needl'd for clear vision by "trial and error"—that is, fay

trying first a strong lens and then a stronger or weaker
lens until the one that gives the best visual acuity is
found

Asfigmafiifn

Astigmatism it a refractive error of the lens system,
rauved usually by an oblong shape of the cornea or,

y, an oblong shape of the lens. A lens surface like

the side of an egg lying edgewise to the incoming

would ^ on example of an astigmatic lens. The

of curvature m the plane through the long axis of

egg is not nearly so great as the degree of curvaturejj

the plane through the short axis. Because the cirvits^

of the astigmatic lens along one plane is less than

curvature olong the other plane, light rays strikiniili

peripheral portions of the lens in one plane are not l**i

nearly so much as are rays striking the penphria!

portions of the other plane.

This IS illustrated in Figure 58-14, which shows nj»

of light emanating from a point source and pasinj

through an oblong, astigmatic lens. The light rays u

the vertical plane, indicated by plane BD, arereffsctsi

greatly by the astigmatic lens because of the greatsi

curvature in the vertical direction than In the horizonii

direction However, the light rays in the horiiotih

plane, indicated by plane AC, are bent not nearly »

much as the light rays in the vertical plane. It b obnoti

therefore, that the light rays passing through an aslj

matlc lens do not all come to a common focal poia

because the light rays passing through one plane of tlii

lens focus far in front ofthose passing through the cthi

plane.

The accommodative powers of the eyes can iwi'e

compensate for astigmatism because, during aecomiw

dation, the curvature of the eye lens changes equally i

both pianos Therefore, when the aceoinniodatjeB mi

reels the refractive error in one plane, the error in Ik

other plane is not corrected That is, each of the te

planes requires a different degree of accommodation I

be corrected, so that the two planes arc never eorrw
at the tame lime Thus, vision never occurs with $ shsi

focus

CorreeWon of Astigmatism with n Cyilhdnt.

Lens. One may consider an astigmatic eye as h*'”'’?

lens system made up oftwo cylindrical lenses ofdiffc^i

strengths and placed at right angles to each otb*

Therefore, to correct for astigmatism the usual pnjc

dure IS to find a spherical lens by "trial and error Ih:

corrects the focus in one of the two planes of ll

astigmatic lens Then an additional cylindrical 1^
used to correct the error In the remaining plane. To i

this, both the oxw and the tlrenglh of the requin

cyfmdhcaf I'ens must 6e u'eterminerf.

There ore several methods for determining the 6i

ofthe abnormal cylmdnca) component of the lens syste

of an eye. One of these methods is based on the u.%

.
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‘ figure SS-IS. Chart composed of parallel black bars (or de-
: terminlng the iuls of asclgrrudsni

parallel black bars as shown jn Figure 5ft-15. Some of
these parallel bars arc vertical, some horizontal, and
,8ome at various angles to the vertical and honzontal
_«es. After placing various spherical lenses in front of
the astigmatic eye by tnal and error, a strength of lens
usually will be found that will cause sharp focus of one

;

set of these parallel bars on the retina of the astigmatic
eye but will cause fuzziness of the set of bars at nght

’ angles to the sharp bars.
It can be shown from the physical pnnaples of optics

uscussed earlier in this chapter that the axis of the out-

[

c/'/bcas cylindncal component of the optical system is

parallel to the bars that are fuzzy Qnce this axis is

found, the examiner tnes progrwsively stronger and
weaker positive or negative cylindrical lenses, the axes
of which are placed parallel to the out*of-focus bars,
until the patient sees all the crossed bars with equal
clanty. When this has been accomplished, the examiner
directs the optician to gnnd a special lens having the
spherical correction as well as the cylindrical correction
at the appropriate axis.

Correction of Optical Abnormalities by Use
of Contact Lenses

In recent years, either glass or plastic contact lenses
f^ve been fitted snugly against the anterior surface of
the cornea These lenses are held in place by a thin
j^yer of tears that fill the space between the contact
leiu and the anterior eye surface.
A special feature of the contact lens is that it nullifies

"Hiost entirely the refraction that normally occurs at
anterior surface of the cornea. The reason for this is

^at the tears between the contact lens and the cornea
have a refractive index almost equal to that of the
cornea so that no longer does the antenor surface of the
cornea play a significant role in the eye’s optical system,
ustead, the anterior surface of the contact lens now
plays the major role and its posterior surface a minor
jjole. Thus, the refraction of this lens now substitutes
tor the cornea’s usual refraction. This is especially im-
^rtantm persons whose eye refractive errors are caused
hy an abnormally shaped cornea, such as persons who

have an odd-shaped, bulging cornea—a condition called

kemtoconus. Without the contact lens the bulging cornea
causes such severe abnormality of vision that almost no
glasses can correct the vision satisfactorily; when a
contact lens is used, however, the corneal refraction is

neutralized, and normal refraction by the anterior sur-

face of the contact lens is substituted m its place.

The contact lens has several other advantages as well,

including (1) the lens turns with the eye and gives a
broader field of clear vision than do usual glasses, and
(2) the contact lens has little effect on the size of the

object that the person sees through the lens; on the

other hand, lenses placed several centimeteis in front

of the eye do affect the size of the image m addition to

correcting the focus.

Cataracts

Cataracts are an especially common eye abnormality
that occurs in older people A cataract is a cloudy or

opaoue area in the lens. In the early stage of cataract

formation the proteins in lens^fibers immediately
beneath the capsule become denatured. Later, these

same proteins coagulate to form opaque areas in place

of the nonnal transparent protein fibers of the lens.

Finally, in still later stages, calcium is often deposited

m the coagulated proteins, thus further increasing the

opacity.

When a cataract has obscured light transmission so

greatly that it seriously impairs vision, the condition

can be corrected by surgical removal of the entire lens.

When this is done, however, the eye loses a large portion

of Its refractive power, which must be replaced by a

powerful convex lens (about -klS diopters) m front of

the eye. or an artificial lens may be implanted inside

the eye m place of the removed lens

VISUALACUITX^

Theoretically, light from a distant point source,

when focus_ed_Qn_tha-retiBa, 8hould-b&4nfimlely

small. However, since the lens system of the eye

IS not perfect, such a retinal spot ordinarily has a

total diameter of about lUjnicrons even with

maximal resolution of the^ optical system. How-
ever, it IS brightest in its very center and shades

off gradually toward the edges, as illustrated by
the two point images in Figure 58-16.

iisfit.
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Thc__av£La^e diameter of cones m the nf
thejetina, the central part of thp r^Unn
vision is moatjiighli' developed, is approximately
1.5-microns, whichisoae-saventh the diameter4)f
lho_spotj)£_Ught. Nevertheless, since the_spDi_o£.
lighUias-a-brjght center point and shn rfpH edges,
a person can distinguish two separpte points jf
their centers lie approximately^jmcrons^part on
the retina, which is slightly greater than the width
01 a fo^al cope This discrimination between,
points IS illustrated in Figure 58-16.
The maximum visual acuity of the human eye

for diynmin̂ atingjiehveen point sources of

.
’?'^HJ££2^0hat IS. when light rpys fromltivo
separate points strike the eve with an angle of at
least S^econdsJ^etween them, they can usually
be reco^ired as two pbihts instead of one. Thilmeans that a person with maximal acuity looking
at two bright pinpoint spots of .light 10 meterlaway can barely distinguish.the spots as .separatetn^ies when they are 1 millimeter apart

.

The fovfa,l5>^^ thnn fine hilf iLjnillimetor in
diarneiaii^ylu^^enn^thntmn

degrees ofO^de this ioygd^a the.visual acuity is re-ducFd five- t^Bfo!?^d it be'comeTprorrtfccit.'I] ..

apji^ched Th rlscaused by the connection of

Chlpler eT
Clinical Mclhod for StotinB Visual Acullv

J^ually the test chan for testing eyaTiVlaccd 20feet away from the tested person, and if the personcan see the letters „f the" site that he shoK
able to see at 20 feet, he is said to have 20/20
vision, that 18 , normal vision If he can see onlv
letters that he should be able to see at 200 feet

the clinical method for expressing visual acuity isto use a mathematical fraction that expresses theratio of two distonces, which ,s niso ^rrSo „fones visual acuity to that of the normal person

DntRAUNATION OF DISTANCE
OFAN OBJECT FROM THE EYE—
DEPTH PERCimON

The visual apparatus normally perceives dis-tance by three major means. This phenomenon «known as depth perception These means are ri)

.he ph™"'reZ7s.en"pT^"°™"“' ™
Determination of Distance by Sires of RpII

Objects. Ifone knows thatn man whom he is viewing is 6 feet tall, he can
‘ho man is simply by thesue of the man’s image on his retina. He doM not

Err. ' "’'"k “» but his hraT haslearned to calculate automatically from imaee
'b' dimeSs

Determination of Distance by Moving Par-
allax. Another important means by which the era
determine distance is that of moving parallax. IT
a perron looks off into the distance with his eves
rompletely still, he perceives no moving parallax

,u
his head to one side or the

0 er, the images of objects close to him jnov?
rapidly across his retinae while the images of

distant objects remain rather stationary. For in-

stance, if he moves his head 1 inch and an object

®^hi9 eye, the image moves
almost all the way across his retinae, whereas the
image of an object 200 feet away from hla eyn
dMs not move perceptibly. Thus, by this mccha

I

n sm of moving parallax, one can tell the relative

is u7ed'
though only one i

Determination of Distance by Stereopai*-
inocular Vision. Another method by which ear

perceives parallax is that of binocular viaion. Be
® little more than 2 inches to one

®y®r the images on the two retinae
are different one from the other—that is, an object
inat js 1 inch in front of the bridge of the nose
rms an image on the temporal portion of the

f
'’'hereas a small object 20 feet

ront of the nose ha.s its image at closely conr-
fading points in the middle of each retina. Thu

'® illustrated in Figure 58-17.
" shows the images of a black spot and a

^uare actually reversed on the two retinas be*

different distances in front of the

In fu
* "*® ® ‘yP® of parallax that is present

ail the time when both eyes are being used. It is

entirely this binocular parallax {or sterop*
8WI that gives a person with two eyes far greater
aoiniy to judge relative distances when objects are
eoroy than a person who has only one eye. How-

ever, stereopsis is virtually useless for depth per-
ception at distances beyond 200 feet.

OmcAL INSTRUMENTS

fUEMTHTHALMOSCOPl
Ophthalmoscope is an Instrument through which

an observer can look into another person’s eye and see
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he retina with clanty. Though the ophthalmoscope

[
ippears to be a relatively complicated instrument, its

mnciples are pimple. The basic components are illus-

xated in Figure 5^18 and may be explained as follows.

M If a bright spot of light U on the retina of an emme-

tropic eye,
light rays from this spot diverge toward the

“ens system of the eye, and, after passing through the
^.ens system, they are parallel with each o.ther because
the retina is located exactly one focal lengt^ distance
behmd the lens. Then, when these parallel^ave pa»
into an emmetropic eye of another person, they focus

back again to a point focus on the retina of the second
person because his retina is also one focal length dis-

>3 tance behind the lens. Therefore, any spot of light on
^ the retina of the observed eye comes to a focal spot on

the retina of the observing eye. Likewise, when the
inbnght spot of light is moved to different points on the
-^observed retina, the focal spot on the retina of the

^ also moves an equal amount Thus, if the retina
^jOf one person is made to emit light, the image of his
'^retina will be focused on the retina of the observer
'“provided the two eyes are simply looking into each other.

^
These principles, of course, apply only to completely

h emmetropic eyes.

To make an ophthalmoscope, one need only devise a
means for illuminating the retina to be examined Then,

jf the reflected light from that retina can be seen by the
observer simply by putting the two eyes close to each

y other. To illuminate the retina of the observed eye, arv

,, angulated mirror or a segment of a prism is pTaced m
“ front of the observed eye in such a manner, as illustrated

in Figure 56-18, that light from a bulb is reflected into
*’lhe observed eye. Thus, the retina is illuminated

through the pupil, and the observer sees into the sub*
jert’s pupil by looking over the edge of the mirror or
prism, or through an approprialely designed pnsm so

,j. the light will not have to enter the pupil at an

^ angle.

It was noted above that these principles apply only to

•i
with completely emmetropic eyes. If the refrac-

live power of either eye is abnormal, it is necessary to
^ correct this refractive power in order for the observer to

see a sharp image of the observed retina Therefore, the

usuqljaphthalmoscope has a series of about 20 lenses
[J mounteihon a turret so that the turret can be rotated

'f from one lens to another, and the correction for abnormal
jil refractive power of either or both eyes can be made by

, t
®®I®cting a lens of appropriate strength. In normal young

I
g

adults, when the two eyes come close together a natural
Mcommodative reflex occurs that causes an approximate

,1
*•2 diopters increase in the strength of the lens of each

' eye. To correct for this, it is necessary that the lens
r. turret be rotated to approximately —4 diopters correc-

i‘ tion.

Figure 58-19. The recinoscope.

THE RETINOSCOPE

The retmoscope, illustrated m Figure 5&-19, is an
instrument that can be used to determine the refractive

power of an eye even though the subject cannotconverse
with the observer. Such a procedure is valuable for
fitting glasses to an infant.

To use the retinoscope, one places a bright spot of

light behind and to one side of the observed eye, and
the observer stands 1 meter away, looking through a
hole m the middle of a small round mirror, 'Hie observer
then rotates this mirror from side to side, making a
reflected beam of light travel across the pupil of the
observed eye while the subject keeps his gaze intently

on the observer’s eye. If the observed eye is exactly
focused on the observer*;} eye, when the edge of this

beam of light flrst enters the pupil entire_pupil

suddenly glows red. If the eye has abnormal refractive

power, the red glow a ppears either on the side of the
pupil inta.aduch the light edge fiAt shines or on the

opposite side of the pupil—one or the other. In kyper-
melroDiaJhe first elotv appear^n the nt me dubii

from which the, lisht beam ts being moved. In mwDia
the tirsl slow gpoeors on tne opposite snip nf ihe nu^oi l.

The ^^e of this ditlerehce is thar^tne leps ini ttip

hvDcrooic eve is too weak and that of the myopic eye
too strong to fnnis-the lightTrom the nrthp pupil

on the refigg pvnotly injine wiih thi» nh'jfrvpr'fl For
a fuller understandmg of this effect, however, the stu-

dent is referred to texts on physiologic optics.

One can fit glasses to a patient by placing selected

lenses in front of the observed eye one at a time until

the glow suddenly covers the pupil over Us entire extent

rather than spreading from one side of the pupil to the

other However, It should be noted that in retinoscopy

one tests an eye that is focused on the observer’s eye at

1 meter’s distance. This must be taken into consideration

in prescribing glasses; 1 diopter strength must be sub-

tracted for far vision.

Observed eye Observer’s eye
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The Eye: 11. Receptor
and Neural Function
of the Retina

The retina is the light-sensitive portion of the
ye, containing the cones which are responsible
Dr color vision and the rods which are mainly
esponsible for vision in the dark. When the rods
nd cones are excited, signals arc transmitted
hrough successive neurons in the retina itself and
inally into the optic nerve hbcrs and cerebral
ortex. The purpose of the present chapter is to

xplain specifically the mechanisms by which the
ods and cones detect both white and colored light.

ANATOMY AND FUNCTION
OF THE STRUCTURAL ELEMENTS
OF THE RETINA

The Layers of the Retina. Figure 59-1 shows the
factional components of the retina arranged in layers
rom the outside to the inside as follows (IJ pigment
®yer, (2t layer of rods and cones projecting into the
ngment, <3i.outer lining membrane, (4^uter nuclear

(5) outer plexiform layer, (^J^ne?nuclear layer,
7) inner plexiform layer, (8J ganglionic layer, (9) layer
'f optic nerve fibers, and (10) inner limiting membrane.
After light passes through the lens system of the eye

ind then through the vitreous humor, it enlera the
etina from the inside (see Figure 59-1), that is, it

^sses through the ganglion cells, the plexiform layer,

.
® nuclear layer, and the limiting membranes before it

^lly reaches the layer of rods and cones located all
Jie way on the outer side of the retina. This distance is
1 thickness of several hundred microns; visual acuity is

)Dviously decreased by this passage through such non-
lomogeneous tissue. However, in the central region of
he retina, as will be discussed below, the initial layers
u’^ulled aside to prevent this loss of acuity.
the Foveal Region of the Retina and Its Impor*

l^ce in Acute Vision- A minute area in the center of
retina, illustrated in Figure 59-2, called the macula

^ occupying a total area of less than 1 square milli-
oter, is especially capable of acute and detailed vision-

I

central portion of the macula, only 0 4 millimeter
n diameter, is called the fovea-, this area is composed

th j
tb® cones have a special structure

aids their detection of detail in the visual image.

OUTSIDE
-^ig/nenled loyer

lllllllllllllllll ill
of rods ortd cones

iTlrllnUfJIlHI 111 .j-Ouler limiting membrane

[ilMlllTTlTtiTif All
nuclear layer <•

Ilifjlllxli ^V pleaferm layer

tl TLTliT AT^ Inner nuclear layer >

^
Inner plewform layer

‘‘Inner limiting membrone

DIRECTION
OF LIGHT

figure 59- 1 . Plan of the retinal neurons (Modified from Polyak:

The Retina. Chicago. University of Chicago Press

)

especially a long slender body in contradiction to much
larger cones located further peripherally in the retina.

Also, m this region the blood vessels, the ganglion cells,

the inner nuclear layer of cells, and the plexiform layers
are all displaced to one side rather than resting directly

on top of the cones. This allows light to pass unimpeded
to the cones rather than through several layers ofretina,
which aids immensely in the acuity of visual perception.
The Rods and Cones. Figure 59-3 is a diagrammatic

representation ofa photoreceptor (either a rod or a cone)
though the cones are distinguished by having a conical
upper end (the outer segment), as shown in Figure 59-
4. In general, the rods are narrower and longer than
the cones, but this is not always the case. In the
peripheral portions of the retina the rods are 2 to 5
microns in diameter whereas the cones are 5 to 8 microns

71
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m diameter; in the central part of tho retina, in the
fovea, the cones have a diameter of only 1 5 microns
To the nght in Figure 59-3 arc labeled the four major

functional segments of either a rod or a cone- tU the
outer segment. (2» the inner segment, «3» the nucleus
and 14) the aynaphe body. In the outer segment the
light-sensitive photochemical is found In the case ofthe
rods, this IS rWop^in. nnH m the cones it is one of

-T V isiounu in me case 01 the
rods, this IS rWop^in. nnH m the cones it is one of
several photochemicals collectively called todoosm
which are almost exactly the same us rliodopsin except
for dirTerencea in spectral sensitivity
Note both in Figures 59-3 and 59—4 the largo numbers

of discs m both the rods and the cones In the cones.

each of the discs is actually an infolded shelf ol

membrane, in the rods this is also true near the ba
the rod However, toward the tip of the rod the i

^araie from the membrane and are flat sacs I

totally inside the cell There are as many as lOOOi
in each^ or cone At the lips of the rods, the disci
continually degenerating, but new ones are also b
loimed at a rate of about 50 to 100 per day at the

!

ol the outer segment In the cones, similar degenera
and replacement occurs, but it occurs along the er

of the outer segment.
Both rhodopsin and lodopsin are conjugated proli

Uie» are incorporated into the membranes of the lim the wm of transmembrane proteins The cencen
tionsofthese photosensitive pigments in the disc ar
^cal that they constitute approximately 40 per ccr
th^ntirc mass of the outer segment

the inner segment contains the usual cytoplasn
the cell with the usual cytoplasmic organelles. Part

i*t
the mitochondria, for we shall

later that the mitochondria in this segment play
important role m providing most of the energy

of the photoreceptors.

Ik .

^J'noptic body is the portion of the rod and e
t^hat connects with the subsequent neuronal cells,
horizontal and bipolar ceils, that represent the n
stages m the vision chain.
The Pigment Uyer of the Retina. The black i

ment mHanin m the pigment layer, and still m
melanin in the choroid, preventlight reflection Ihrouj
out the globe of the eyeball, this is extremely importi
lor clear vision This pigment perform.s the same fu
twn in the eye as does the black coloring inside I

®f a camera. Without it, light rays would
reflected in all directions within the eyeball and woi
cause ftifTnuo _r .i_. . .t >

an uireciions wiinin me eyeball ana wov
cause diffuse lighting of the retina rather than t

contrast between dark and light spots required for f
tnation of precise images
The importance of melanin in the pigment layer a

choroid Is well illuslrated by its absence in albini
pei^na hereditaniy lacking in melanin pigment in i

parts of their b^ies When an albino enters a brig
area, light that impinges on the retina is reflected in <



;«fe S9^, Memb«*nous suuctyrej of the
r segments of i rod (left) And a cone (right)

rtesy of Dr. fUchiid Young

)

fctiona by the white surface of the unpigmcnted
roid so that a single discrete spot of light that would
mally excite only a few rods or cones is reflected

rywhcre and excites many of the receptors There-
the sisual acuity of albinos, even with the best of

ical correction, is rarely belter than 20/100 to 20/200

pigment layer also stores large quantities of
I'ftin A. This vitamin A 19 exchanged back and forth
ough the membranes of the outer segments of the
9 and cones, which themselves are embedded m the
ment layer. We shall see later that vitamin A is an
wrtant precursor of the photosensitive pigments and
t this interchange of vitamin A is very important for

ustment of the light sensitivity of the receptors
he Blood Supply of the Itctlna—^Thc Retinal
Icrial System and the Choroid. The nutnent blood
'ply for the inner layers of the retina is denved from
central retinal artery, which enters the inside of the

' along with the optic nerve and then divides to supply
' entire inner retinal surface. Thus, to a great extent,
' retina has its own blood supply independent of the
ler structures of the eye.
iowever, the outer layer of the retina is adherent to
' enoroid, which is a highly vascular tissue between
'retina and the sclera. The outer layers of the retina,
ludmg the outer segments of the rods and cones,
lend mainly on diffusion from the choroid vessels for
•ir nutrition, especially for their oxygen
Itetinai Detncbment. The neural retina occasionally
•^ches from the pigment epithelium In some in-
nces the cause of such detachment is injury to the
;oa!l that allows fluid or blood to collect between the

^nd the pigment epithelium, but often it is also
^sed by contracture of fine collagenous fibrils in the

vitreous humor, which pull the retina unevenly toward
the interior of the globe.

Fortunately, partly because of diffusion across the
detachment gap and partly because of the independent
blood supply to the retina through the retinal artery,

the detached retina can resist degeneration for days and
can become functional once again if surgically replaced
in its normal relationship with the pigment epithelium
But. if not replaced soon, the retina finally does degen-
erate and IS then unable to function even after surgical

repair

PHOTOCHEMISTRY OF VISION

Both the rods and cones contain chemicals that
decompose on exposure to light and, in the process,

excite the nerve fibers leading from the eye. The
chemical in the rods is called rhodopsin, and the
light-sensitive chemicals in the cones have com-
positions only slightly different from that of rho-

dopsin and are collectively called iodopsin.

In the present section we will discuss principally

the photochemistry of rhodopsin, but we can apply
almost exactly the same principles to the photo-
chemistiy of the iodopsin of the cones.

THE RHODOPStN.RETlSAL VISUAL CYCLE,
AND EXCfTATiON OF THE RODS

Rhodopsin and Its Decomposition by Light
Energy. The outer segment ofthe rod that projects
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into the pigment layer of the retina has a concen-

tration of about 40 per cent of the light-sensitive

pigment called rkodopsin, or visual purple. This

substance is a combination ofthe protein scotopsin

and the carotenoid pigment retinal (also called

“retinene*^. Furthermore, the retinal is a particu-

lar type called ll-cj5 retinal. This cis form of the

retinal is important because only this form can

combine with scotopsin to synthesize rhodopsin-

When light energy is absorbed by rhodopsin, the

rhodopsin immediately begins to decompose, as

shown at the top of Figure 59-6. The cause of this

is photoactivation of electrons in the retinal por-

tion of the rhodopsin, which leads to an instanta-

neous change (in the order of trillionths of a
second) of the cis form of retmal into an all-titms

form, which still has the same chemical structure

as the cts form but has a different physical struc-

ture—a straight molecule rather than a curved
molecule. Because the three-dimensional orienta-

tion of the reactive sites of the all-irons retinal no
longer hts with that of the reactive sites on the

protein scotopsin, it be^ns to pull away from the

scotopsin. The immediate product is prelumirho-
dopsin, which is a partially split combination of

the all-irons retinal and scotopsin. However, pre-

lumirhodopsin is an extremely unstable compound
and decays in nanoseconds to lumtrhodopsin. This
then decays in microseconds to metarhodopsin I,

then in about a millisecond to metarhodopsin 11,

finally, much more slowly (in seconds) into the
completely split products: scotopsin and all-trans

retinal. During the first stages of splitting, the rods
are excited and signals are transmitted into the
central nervous system, as we shall discuss later.

ts Hd (n «it)

LtlKfflHQDOPSni

(jr Ittl

MnMHosopsmi

(ml(«rt«| i"
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U<lifiET»l*L III lnt« fiETWM.

lUliRltm *11 tnn» RnwOt
(Viumlti Up

59-S. fnoiochenMstty of tK« ihodop^tn-KClnU vusnln
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Reformation of Rhodopsin. The first sia

reformation of rhodopsin, as shown in Figuf

5, IS to reconvert the all-irans retinal into

retinal. This process is catalyzed by the efi

retinal isomerase. Once the 11-crs retinal is fc*'

it automatically recombines with the scotop

reform rhodopsin, an exergonic process ('

means that it gives off energy). The product

dopsm, is a stable compound until its decoi^

tion is again triggered by absorption of lig^

ergy.

The Role of Vitamin A in the Format!'

Rhodopsin. Note in Figure 59-5 that ther''

second chemical route by which all-trares ri

can be converted into ll-c« retinal. This

conversion of the all-irons retinal first inf*

trans retinol, which is one form ofvitamin A
the all-irans retinol is converted into 11-cist''

under the influence ofthe enzyme isomerase-

finally the 11-cis retinol is converted into •

retinal.

Vitamin A is present both in the cytoplif'

the rods and in the pigment layer of the reti

well Therefore, vitemin A is normally a’

available to form new retinal when needej

the other hand, when there is excess retinal
j

retina, the excess is converted back into vjl

A, thus reducing the amount of Iight-serf'

pigment in the retina. We shall see later th#

interconversion between retinal and vitamif

especially important in long-term adaptat*

the retina to difl'erent light intensities.

JVight D/mdness. Night blindness owirs in •

vitamin A deficiency. The simple reason for this i

not enough vitamin A is then available to form
quantities of retinal. Therefore, the amounts of r'

ein that can be formed in the rods, as well as the aif

of color-photosensitive chemicals in the cones, ^

depressed This, condition is called night blindn^

cause the amount of light available at night is th|

little to permit adequate vision, though in dayli^

rods and cones can still be excitrf despite their re3'

in photochemical substances.
For night blindness to occur, a person usuall/

remain on a vitamin A-dcficient diet for months, t'

because large quantities of vitamin A are no^

stored in the liver However, once night bhndne^
develop, it can sometimes be completely cured *

than an hour by intravenous injection of vitamin

Csc/tatfon of the Rod When Rhodopsin
Decomposes

Generation of the Rod Receptor Pote'

Generation of the rod receptor potential is eh'

different from the generation oCreceptor pole'

In almost all other sensory^recepto^ Tb'

excitation of the 'rod causes increased negati^

the membrane potential, which is a state ofA
poIarizQfjon, rather than decreased negat

which is the process of “depolarization” tP

characteristic ofalmost ell other sensory recci

But, how does the breakdown of rhodopsin

'
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hbyperpolarization? The answer to this is that when
’Jfhodopsin decomposes, it decreases the membrane
i'Sonductance for sodium ions in the outer segment

lof the rod. And this causes hyperpolarization of

; the entire rod membrane in the following way:
i- Figure 59-6 illustrates movement ofsodium ions

gin a complete electrical circuit through the inner

^^and outer segments of the rod. The inner segment
^continually pumps sodium from inside the rod to

. the outside, thereby creating a negative potential

on the inside of the entire cell. However, the

membrane of the outer segment, in the dark state,

jis very leaky to sodium. -Therefore, sodium contin-

. ually leaks back to the inside of the rod and
<, thereby neutralizes much of the negativity on the
,’inside of the entire cell. Thus, under normal con-

.jditions, when the rod is not excited there is a
‘.'reduced amount of electronegativity inside the
“membrane of the rod, normally about -30 milli*

. volts.

When the rhodopsin in the outer segment of the
..rod is exposed to light and begins to decompose,
^ however, this decreases the conductance of sodium
ijto the interior of the rod even though sodium ions
‘Continue to be pumped out. Thus, more sodium
,
ions now leave the rod than leak back in. Because

* these are positive ions, their loss from inside the
rod creates increased negativity inside the mem*
brane; and the greater the amount of light energy

_ striking the rod, the greater the electronegativ-
' ity—that is, the greater the degree of hyperpolar-
" uation. At maximum light intensity, the mem*

i«

a
[1

.(

1#

f

i

i

(!

*! TbeoreOul basis for the generaoon of a hyper-

^ receptor potential caused by thodopsln decomposJ-

brane potential approaches -90 millivolts, which
is the equilibrium potential for potassium ions
across the membrane.
Duration o£the ileceptor Potential-and Log‘

arithmic Relationship of the Receptor Poten-
tial to Light Intensity. When a sudden pulse of
light strikes the retina, the transient hyperpolar-
ization that occurs—that is, the receptor potential

that occurs—lasts for about one twentieth to one
half of a second, depending on the intensity of the
light and other factors. Therefore, a visual image
impinged on the retina for only a millionth of a
second nevertheless can still cause the sensation

of seeing the image sometimes for up to half a
second.

Another characteristic of the receptor potential

IS that it is approximately proportional to the
logarithm of the light intensity. This is exceed-
ingly important, because it allows the eye to dis-

criminate light intensities through a range many
thousand times as great as would be possible

otherwise
The Mechanism by Which Rhodopsin De-

composition Decreases Membrane Sodium
Conductance. Though it is now well known that

the decomposition of rhodopsin by light causes
decreased outer segment membrane conductance
for sodium ions, the basic mechanism of this is

still mainly theoretical. Two important theories

are the following:

(1) The discs inside the rods are actually large,

flat vesicles, and inside these is a high concentra-

tion of calcium ions. It has been postulated that
when the transmembrane rhodopsin molecule be-

comes activated by light, the breaking away of the

retinal molecule from the scotopsin molecule opens

a calcium channel through this scotopsin. There-

fore, quantities ofcalcium ions discharge instantly

from the vesicles into the cytoplasm of the outer

segment. These calcium ions in turn diffuse to the

cell membrane and bind with the inner surfaces of

the membrane’s sodium channels. This blocks the

sodium channels and decreases the sodium con-

ductance, thus leading to hyperpolarization.

(2) Another theory is that light activation of the

rhodopsin molecule triggers a sequence ofchemical

changes that causes closure of the sodium pores in

,the following way: (a) Splitting of the rhodopsin

activates a phosphodiesterase, (b) The phosphodi-

esterase causes the breakdown of cyclic GMP. (c)

The cyclic-GMP normally functions in conjimction

with a protein kinase to keep the sodium channels

open. However, when light activation diminishes

the quantity of cyclic GMP. this now makes it

impossible to keep the sodium channels fully

opened. Therefore, sodium conductance decreases.

Thus, it is not known exactly how light activa-

tion of rhodopsin decreases sodium conductance,

but it is this decrease in sodium conductance that
leads to the hypcrpolarization, which is the recep-

tor potential.
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PHOTOCMtAUSnY OF COLOR VISION BY
me CONES

It was painted out at the outset of this discussion

that the photochemicals in the cones have almost
exactly the same chemical composition as that of

rhodopsm m the rods The only difTerence is that
the protein portions, the opsins, called phofopstns
in the cones, are different from the scotopsin of

the rods. The retinal portions are exactly the same
in the cones as m the rods The color-sensitive

pigments of the cones, therefore, are combinations
of retinal and photopsins.

In the discussion of color vision later in the
chapter, it mil become evident that three different
types of photochemicals ore present in different

cones, thus making these cones selectively sensi-

tive to the dilTercnt colors of blue, green, and red.

These photochemicals are called respectively blue-
sensitivepigment, green-sensitivepigment, and red-
scnsifii-e pigment. The absorption characteristics
of the pigments in the three types of cones show
peak absorbancies at light wavelengths respec-
tively, of 445, 535, and 670 millimicrons These
are also the wavelengths for peak light sensitivity

for each type of cone, which begins to explain how
the retina differentiates the colors The approxi-
mate absorption curves for these three pigments
are shown in Figure 5&-7. Also shown is the
absorption curve for the rhodopsin of the rods,
having a peak at 505 miUimicrons.

AUTOmriC RECUIATJON OF RETINAL
SENSmVmr—DARK AND LIGHT
ADAPTATION

Relationship of Sensitivity to Pigment Com
centratlon. The sensitivity of rods is approxi-
mately proportional to the antilogarithm of the

rhodopsin concentration, and it Is assumed ll

this relationship also holds true in the con

Therefore, the sensitivity ofthe rods and cones c

be altered up or down tremendously by only sli;

changes in concentrations of the photosensit

chemicals.

Light and Dark Adaptation. If a person 1

been in bright light for a long time, large prep

tions of the photochemicals in both the rcas s

cones have been reduced to retinal and opsi

Furthermore, most of the retinal of both the r

and cones has also been converted into vitamin

Because of these two effects, the concentration;

the photosensitive chemicals are considerably

duced, and the sensitivity of the eye to light

even more reduced. This is called light adaptah

On the other hand, if the person remains

darkness for a long time, essentially all the reti

and opsins in the rods and cones become conver

into llgh^sen9itlve pigments. Furthermore, la

amounts of vitamin A are converted into retii

which is then changed into additional light-se;

tive pigments, the final limit being determined

the amount of opsins in the rods and cones

cause of these two effects, the visual recepl

gradually become so sensitive that even the

nutest amount of light causes excitation. Thi

celled darAr adaptation.
Figure 69-8 illustrates the course of dark

aptation when a person is exposed to total darkt

after having been exposed to bright light for i

eral hours. Note that sensitivity of the retin

very low on first entering the darkness, but wij

I minute the sensitivity has increased tenfol

that is, the retina can respond to light ofonete

the previously required intensity. At the end o

minutes the sensitivity hsa increased about 6(

fold, and at the end of 40 minutes it has incref

about 25,000-rold.

The resulting curve of Figure 59-8 is called

Mi(A)TES IN CURX

njure so-a. Da/k *daptarion. iKiwwtlng the

tor>« «d;>put1on to tod »d«ptadon.
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^'ark adaptation curve. Note, however, the infiec-

*<011 in the curve. The early portion of the curve is
' * ' by adaptation of the cones, for these adapt
^ auch more rapidly than the rods because of a basic

^dlTerence in the rate at which they resynthesize

heir photosensitive pigments. On the other hand,
cones do not achieve anywhere near the same

iregree of sensitivity as the rods. Therefore, despite

sapid adaptation by the cones, they cease adapting
after only a few minutes, whereas the slowly

adapting rods continue to adapt for many minutes
;iad even hours, their sensitivity increasing tre-

snendously. However, a large share of the greater
^nsitivity of the rods is also caused by conver-
i.jenceofasmany as 100 or more rods onto a single

S' cell in the retina; these rods summate to

increase their sensitivity, as will be discussed later

:n the chapter.

• Other Mechanisms of Light and Dark Adaptation.
..J1 addition to adaptation caused by changes m ccncen-
.jatioRS of rhodopsin or color photochemicals, the eye
I'iza two other mechanisms for light and dark adaptation,
^rhe first of these is the change in pupillary sue, which
^was discussed in the previous chapter This can cause a
degree of adaptation ofapproximately thirtyfold because
5of changes in the amount of light allowed through the
ipupiUary opening.
•' The other medianism is neural adaptation, involving
the neurons in the suttessive stages of the visual chain
;m the retina itself. That is, when Uie light intensity

increases, the intensities of the signals transmitted
,.by the bipolar cells, the honzontal cells, the amaenne
cells, and the ganglion cells are all very intense How*
ever, the intensities of these signals all decrease rapidly

Although the degree of this adaptation is only a fcwfold
J! rather than the many thousand'fold that occurs during
a adaptation of the photochemical system, this neuraJ

£( adaptation occurs in a fraction of a second, m contrast
jv lathe many' minutes required for full adapCafwn by the
.4 photochemicals.

Value of Light and Dark Adaptation in Vi*
sion. Between the limits of maximal dark adap-
tation and maximal light adaptation, the eye can
change its sensitivity to light by as much as
500,000 to 1,000,000 times, the sensitivity auto-

' roatically adjusting to changes in illumination.
Since the registration of images by the retina

r^mres detection of both dark and light spots in
' the image, it is essential that the sensitivity of the
retina always be adjusted so that the receptors
respond to the lighter areas but not to the darker

' areas. An example of maladjustment of the retina
occurs when a person leaves a movie theater and

^
enters the bright sunlight, for even the dark spots
'a the images then seem exceedingly bright, and,

^ a consequence, the entire visual image is

y
“leached, having little contrast between its difier-

' parts. Obviously, this is poor vision, and it
' ffniains poor until the retina has adapted suffi-

J ciently that the darker spots ofthe image no longer
stimulate the receptors excessively.

tyonversely, when a person enters darkness, the
sensitivity of the retina is usually so slight that

even the light spots in the image cannot excite the
retina. But, after dark adaptation, the light spots

begin to register. As an example of the extremes
ofTight and dark adaptation, the light intensity of
the sun is approximately 30,000 times that of the

moon; yet the eye can function well both in bright

sunlight and in bright moonlight.

Fusion of Flickering Lights by the Retina

In a fUckenng light, the light intensity alternately
increases and decreases rapidly. An instantaneous fl?gh

of light excites the visual receptors for as long as 0.05
to 0.5 second, and because ofthe persistence ofexcitation,
rapidly successive flashes of light become fused together
to give the appearance of being continuous. This eO'ect

13 well known when one observes motion pictures or
television. The images on the motion picture screen are
flashed at a rate of 24 frames per second, while those of
the television screen are flashed at a rate of 60 frames
per second. As a result, the images fuse together, and
continuous motion is observed.

The frequency at which flicker fusion occurs, called

the critical frequency for fusion, varies with the light

intensity Figure 59-9 illustrates the effect of intensity

of illumination on the cntieal fusion frequency. At a low
intensity, fusion results even when the rate of flicker is

as low as 2 to 6 per second. However, m bright illumi*

nation, the critical frequency for fusion rises to as great
as 60 flashes per second. This difference results at least
partly from the fact that the cones, which operate mainly
at high levels of illumination, can detect much more
rapid alterations m illumination than can the rods,

wbch are the important receptors in dim light.

COLOR VISION

From the preceding sections, we know that dif-

ferent cones are sensitive to different colors of
light. The present section is a discussion of the
mechanisms by which the retina detects the differ-

ent gradations of color in the visual spectrum.

njure 59—9. ReUtlonship of intensity of iliuminatlon to the
cnUcal frequency for fusion.
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THE TRI COLOR MECHANISM
OF COLOR riRCEmON

Many different theories have been proposed to
explain the phenomenon of color vision, but they

^^sed on the well-known observation that
the human eye can detect almost all gradations of
colors when red, green, and blue monochromatic
lights are appropriately mixed m different combi-
nations

The first important theory of color vision was
that ofYoung, which was later expanded and given
a more experimental basis by Helmholtz There-
fore. the theory is knowm as the Youn^-Helmhotu
th^ry. According to this theory, there are three
different types of cones, each of which responds
maximally to a different color
As time has gone by, the Young-Helmholtz the-

ory has been expanded, and more details havebwn worked out Jt now is generally accepted asthe mechanism of color vision
Spectral Sensitivities of the Three Types ofCones. On the basis of color vision tests, the

spectral sensitivities of the three different types of
proved lo be

for ihi'lh^ V o‘>soIpl>on curves
for the threetypes of pigment found in the respec-
tivc cones These were illustrated in Figure SsS
wo ‘".f'sure 59-10 These curves

Slor toIoJ!
of

S' ‘n "« Nervous Sys-tem. Referring to Figure 59-10. one can see that

of ''S''* 'vi‘1' > wavelengthof 680 millimicrons stimnletes the red cones to a

threat “'’'''‘’’‘"""elJ' Sf (99 per cent ofthe peak stimu ation at optimum waveleneth)whereas it stimulates the green cones to a stimulus

at all Thus, the ratios of stimulation of the threedifferent types ofcones m this instance are 99 42 0The nervous system interprets this set of ratios asthe sensation of orange On the other hand, a

500 600 700
LENGTHtwIllIfn icreni)

typLerl BLut
I aattw

I
Ttnow buNctj iico~|

monochromatic blue light with a wavelena
450 millimicrons stimulates the red cones
stimulus value of 0, the green cones to a vali
0, and the blue cones to a value of 97. Thiss
ratios—0:0.97—is interpreted by the nenous
tern as blue. Likewise, ratios of 83.83 0 are ii

preted as yellow and 31:67;36, as green.
This scheme also shows how it is possible I

pereon to perceive a sensation of yellow whfr^ light and a green light are shone into the
at the same time, for this stimulates the red
green cones approximately equally, which giv
sensation of yellow even though no wavelengt
light corresponding to yellow is present.
PercepUon of White Light, Approxima

equal stimulation of all the red, green, and 1

cones gives one the sensation of seeing white
there is no wavelength of light correspondinf
white, instead, white is a combination of all

wavelengths of the spectrum. Furthermore,
tensation of while can be achieved by stimulat
the retina with a proper combination of only th
chosen colors that stimulate the respective ty
of cones approximately equally.

COLOR BLINDNESS

Red-Green Color Blindness. When a single gnw color receptive cones is missing from the eye.

'

^rson is unable lo distinguish some colors from olhi
AS can be observed by studying Figure 69-10, if the i

missing, light of 525 to 675 milhraicro
avciength can stimulate only the green sewit

wnes. so that the ratio of stimulation of the diffen
wnes dees not change as the color changes from gre
ail the way through the red spectrum. Therefore, witl

*®^8length range, all colors appear to be the w
“color blind'' person

other hand, if the grcen-sensitive cones s

ef.*
colors m the range from green to red e

mutate only the red-sensitive cones, and the pera^am perceives only one color within these linui

i*’
'*'hen either the red or green types of con

person is said to be "red-green" col
ocind However, when one or more types of cones s
onormal but still function partially, a person has "col

wc^n.s.,-' m.tv.d of color bhndness.
l he person with loss ofrgicnaps is called a protanop

IS overall visual spectrum is noticeably shorted i

^e ‘Ong wavelength end because of lack of the red cone
e color bund person who lacks ^recn cones is-Called

this person has a perfectly normal vtsu:

fP®*"^** because the absent green cones opera!
•n the middle of the spectrum where red or blue cone
also operate.
Blue Weakness, Occasionally, a person has "blu

weakness, which results from diminished or absen
oiue receptors. If we observe Figure 69-10 still again
we can eee that the blue cones are sensitive to a spectra
range almost entirely different from that of both there:
and green cones. Therefore, if the blue receptors an
completely absent, the person has a greater preponder
ance of green, yellow, orange, and red in the visosi

spectium than of blue, thus producing this rarely ob-

served type of color weakness or blindness.
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arranged with a confusion of spots of several dilTercnt
colors In the top chart, the normal person reads "74 "

while the red-green color blind person reads "21 ” In the
bottom chart, the normal person reads “42,” while the
red blind protanope reads "2" and the green blind
rieuferanope reads "4 ”

If one w ill study these charts while at the same time
ob-,crving the spectral sensitivity curves of the different
cones in Figure 59-10, it can be readily understood how
excessive emphasis can be placed on spots of certain
color? hy color blind persons in comparison with normal

Genetics of Color Blindness. Color blindness is eex-
iinkcd and results from absence of appropriate color
genes in the X chromosomes This lack of color genes is
a recessive trait, therefore, color blindness will not
appear as long as another X chromosome comes thegenes necessary for development of the respective color-
receptive cones
Because the male human being has only one X chro-

mosome, all three color genes must be present in this
single chrornosome if he is not to be color blind In

^ chromosome
acks the red gene, in approximately I of every 16 itlacks the green gene; and. rarely, it lacks the blue gene

2 per cent of all men are
Iprotanopcs) and 6 per cent are greenwlor blind ideuteranopesl, making a total of apmoxi-

rfemalf
^ho nre red-green color blind bSsca female has two X chromosomes, red-green color blind-ness IS a rare abnormalitj in the female

NEURAL FUNCTION OF THE RETINA

NIUML OKGANtZATIOS OF THF RtTINA

The detailed anatomy of the retina was illus-
trated m Figure 59-1, Figure 59-12 illustrates thebasic essentials of the retina's neural connections,
to the left IS the general organization ofthe neural

elements in a peripheral retinal area and tot
right m the foveal area. Note that in the periphet

both rods and cones converge on btp^
cells which in turn converge on ganglion cells
the fovea, where only cones exist, there is Im
convergence; instead, the cones are repre.sentedl
approximately equal numbers ofbipolar andea
glion cells

Not emphasized in the figure is the fart that
Iwth the outer and inner plexiform layers {whe
the neurons synapse with each other) are mai
lateral connections between the different neur
elements. Many of these lateral connections a;

coliaterai branches of the dendrites and axons i

the bipolar and ganglion cells. But, in additiai
iw'O special types of cells are present in the inni

nuclear layer that transmits signals laterally: (1

the norzzonm/ cells, and (2) the amacrine cells

retina contains about 125 million rods ar

5Ajnilhop_ conag; yet, as cou^ed with th^igt
microscope, only 1.000.000 optic nerve fibers lea

*"2!” brain. Thus, an average

t

about 125 rods and 6 cones converge on each cpti

nerve fiber. However, there are major differencf
between the peripheral retina and the centra
retina, for nearer the fovea fewer and fewer rod
and cones converge on each optic fiber, and tb
TMs and cones both become slenderer. These tw
effects progressively increase the acuity of visioi

tovvard the central retina. In the very centra
j^rtion, in the foi'ea, there are no r^s at all Ab»
the number of optic nerve fibers leading from thii

part of the retina is almost equal to the numbei
^cones, as shown to the right in Figure 59-li
inis mainly explains the high degree of visual

acuity in the central portion of the retina in eont-

panson with the very poor acuity in the peripheral
portions

Another difference between the peripheral and
central portions of the retina is the considerably

0^the peripheral retina to weak
»eht This results partly from the fact that as

many as 300 rods converge on the same optic nerve
tiber in the most peripheral portions of the retina:

ine sipials from the rods summatc to give intense

stimulation of the peripheral ganglion cells. But.
in addition, rods are more sensitive to weak light

than are the cones because of intrinsic differences
m the receptors themselves.

STIMULATION OF THE RODS AND CONES

Neither the rods nor the cones generate action

potentials Instead, the hyperpolanzation receptor

potentials generated in the outer segments of lb®

rws and cones are transmitted through the bodiw
of these receptors to the synaptic b^ies at their

other ends by direct conduction of the electrical

witage itself, this is called electrotonic conductio’^
Then, at the synaptic body, the receptor potential

controls the release of a transmitter substance the
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'^;hemical nature of which is still not known. How-
i^sver, in the dark state, when the receptor is de-

7')olarized, the rale of transmitter release is great-
est, and its release decreases markedly as the

"•eceptor becomes hyperpolarized in the full light

J:ondition. The transmitter in turn induces signals
~ n the successive neurons, the bipolar and horizon-

.al cells. The signals in both these ceils are also

^^jansmitted by electrotonic conduction and not by
'action potentials.

^TIMUIATIOS OF THE BIPOLAR CELLS

t- The most direct pathway from the rods and cones
-to the ganglion cells is through the bipolar cells.

-'However, there are two different types of bipolar
-cells, the depolaruirtg bipolar cell and the hyper

-

~tx)larmng bipolar cell.

The depolarizing bipolar cell is stimulated by
cthe rods and cones when they are exposed to light

’sThe mechanism of this is peculiar in the following
:rway: The transmitter substance from the rods and
jxones inhibits the depolarizing bipolar cell There-
[;fore, in the dark, when the rods and cones are
jsecreting large quantities of the transmitter sub-
'pstance, the depolarizing bipolar cell is inhibited.
gsBut in the light stale, the reduction of transmitter
^substance from the rods and cones now' reduces
jjlhe inhibition of the bipolar cell, allowing it to

r-wcome excited.

The hyperpolarizing bipolar cell is excited, not
^jinhibited, by the same transmitter from the rods
jisand cones that inhibits the depolarizing cell be-
cause its receptors are of the excitatory variety,

,<
not the inhibitory variety. Therefore, m the light,

;,(«actly opposite events occur in the hyperpolanz-
mg cell to those in the depolarizing cell. That is,

the hyperpolarizing cell becomes inhibited.

^ Because of this difference between the two dif-

ji^ierent types of bipolar cells, both positive signals

^5
and negative signals can be transmitted through

^jdiiTerent bipolar cells from the rods and cones to
^jthe amacrine and ganglion cells (Both types of
^{bipolar cells release an excitatory transmitter at
jj^tneir endings that causes excitation of the ama-

and ganglion cells.)

^^MUIATION and [UNCTION OF THE
HOBIZONTAL CELIS

horizontaj cells, illustrated to the left in

5
igure 59-12, connect laterally in the outer piex-

^

norm layer of the retina. The input to these cells

principally from the rods and cones; in turn,

5 j
‘hey excite the dendrites of bipolar cells located

fmcrons laterally.

Vf horizontal cells respond to the transmitter

L®"*
^he rods and cones in the same manner as

me depolarizing bipolar cells. That is, they are
hy light. However, they in turn release an

V* |i

, transmitter that inhibits the laterally
iy' ‘displaced bipolar cells with which they connect

Therefore, the horizontal cells represent a lateral

inhibitory pathway in the retina.

STIMUIA riON AND FUNCTION OF THE
AMACRINE CELLS

The amacrine cells are excited by the bipolar

cells and they in turn excite the ganglion cells.

Many of their fiber pathways travel laterally in

the inner plexiform layer of the retina so that this

represents another pathway by which lateral sig-

nals can be transmitted, though this time the
signals are excitatory in contrast to the inhibitory

signals of the horizontal cells.

Perhaps the most important characteristic ofthe
amacrine cells is that when they are stimulated
by the bipolar cells, they at first respond very
strongly, but the signal dies away to almost noth-

ing m a fraction of a second. Therefore, it is

believed that_the amacrine cells send strong s

nals to the brain to indicate sudden changes
l ight intensity.^
' Another dilVeTence between amacrine cells and (
thg'faipolar~5n3~ horizontal cells is that amam^f
cellsolteir traf^mit'hction potentials (Out cani

trarishiil- signal^by felectrotonic conduction ^
w^tTr~the-sifnnfirance ol' tnis oinerence is not

known.

EXCITATION OF THE GANGLION CELLS

Spontaneous, Continuous Discharge of the
Ganglion Cells. The ganglion cells tronsmit their

signals through the optic nerve fibers to the brain

m the form of action potentials These cells, even
when unstimulated. transmit continuous nerve im-

pulses at an average rate of about 5 per second.

The visual signal is superimposed onto this basic

level of ganglion cell stimulation. It can be either

an excitatory signal, with the number of impulses
increasing to greater than 5 per second, or an
inhibitory signal, with the number of nerve im-
pulses decreasing to below 5 per second—often all

the way to zero.

Summation at the Ganglion Cells of Signals
from the Bipolar Cells, the Horizontal Cells,

and the Amacrine Ceils. The depolarizing bipo-

lar cells transmit the main direct excitatory infor-

mation from the rods and the cones to the ganglion

cells: the hyperpolarizing bipolar cells and the

horizontal cells transmit inhibitory information

from laterally displaced rods and cones to sur-

rounding bipolar cells and then to the ganglion
cells; the amacrine cells seem to transmit direct

but short-lived transient signals that signal a
change in the level of illumination of the retina.

Thus, each of these types of cells performs a sepa-

rate function m stimulating the ganglion cells.

Also, there are at least three different types of
ganglion cells, as we shall discuss in the following
chapter. Some of these transmit very discrete sig-

nals from narrow groups of visual receptors 0th-
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ers have widespreading dendritic tices that collect
visual information from larttP ureas of the retina
and therefore transmit Kcnenil information, such
as luminosity or a sudden chanf'e m the visual
scene, rather than transmuting the siiccific visual
pattern.

DimmST TYPES OF SICNAIS
TRANSMnriD BY THE GANGLION CELLS
THROUGH THE OPTIC NERVE

Transm/js/on of Signals Depleting
ContMsH In the VIsuaI Sccne->7he Rote of
LAterAl Inhibition

Most of the ganglion cells do not respond to Uie
actual level of illumination of the scene, instead
they respond only to contrast borders in the Mcne
Since it seems that this is the mryor means bj*
which the form of the scene is transmuted to the

“""fm
’ explain how this proees-s occurs

When flat light is applied tu the entire relinu->-
Inat IS, when all the pliutoreccpiurs are siimuluu-d
equa ly by the incident !ight~lho contrast Up,- of
ganglion cell is neither stimulated nor inhibited
The reason for this is that the signals iransmiited
aimlly from the photoreceptor, through the de-
polarizing bipolar cells are excitaior)

. wherca* the
tiffnals transmitted lolenlly through the hyper
polarizing bipolar cells and honronlal colls are
inhibitory Thus, the direct excitatory signal
t^hrough one pathway is hkely to be completely
neutralized by the inhibitory signals through the
lateral pathway.s One circuit for this is illustrated
in Figure j9-13. which shows three pholorcccp-
^rs, the central one of these receptors excites a
depolarizing bipolar cell However, the two receo-
tors on either side are connected to the same
bipolar coll through mhibiiory horizontal cells that
neutralize the direct excitatory signal if these
receptors are also stimulated by light
Now let us examine what happens when ocontrast border occurs in the visual scene Refer-

ring again to Figure 59-13, let us assume that the
central photoreceptor is stimulated by a bricht
spot of light while the two lateral receptors ore inthe dark The bright spot of light will excite the
direct pathway through the bipolar coll Then in
addition, the fact that the two lateral photorecJcD-
ors are in the dark causes the two horizontal celU
to be inhibited In turn, these cells lose Iheir
inhibitory effect on the bipolar cell, and this ullows
still more excitation of the bipolar cell Thus, when
heht js fvepwhere, the excitatory and inhibitoiy
si^gnals to the bipolar cells mainly neutralize each
ither, but where contrasts occur the signals
•hrough the direct and lateral pathways actually
accentuate each other.

^

Thus, the mechanism of lateral inhibition func-
-lons m the eye in the same way that it functions
n most other sensory systems as well—that is tojvide contrast detection and enhancement

’

Detection of Instantaneous Changes In Lifl
In(en«ity-Thc On-Off Response. Many of th

pnglion cells are i-speciolly excited by ehcngit
ugnl intensity For instance, the upper tracing®
rigurv 59-14 shows that when the light was fin

turned on the ganglion cel! became strongly «
cited for a fraction of a second, and then the Ic't

of excitation diminished The bottom tracing sho«;
that a second ganglion cell located in the dsri

“•p to the spot of light was marked!]
inhibited at the same time be«usc of lateral iS'

hibition Then when the light was turned off

exactly the opposite eflecta occurred Thus, thi

of these two types of cells are called llK

on-ofr and the “off-on” responses.

liiilMllllllllllllli I I MJ
C>Ci>aiion

LLU llllllllllllliJD
Ul'vrel

fisure 59-14. Rcipons«t of ganglion celts to Hght In |l}^
«•* excited by a spot of light and IZ) an a/ea lnimedUfe7
i^ent lo Ihe excited spot, the gangBon cells In this area ««
^led by the mechanKm of Uferal Inhftjltton. (Modified fro"

uartt fieceptors and Sensory Perception. A Olscusston ofW*
warts, and Results of EJcctrophystologica! Research mto if>*

Process of Reception. Yafe University Ptess. 1955

)
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This ability of the retina to detect and transmit

signals related to change in light intensity is

:auscd by a rapid phase of ‘'adaptation” ofsome of

die neurons in the visual chain. Since this effect

]S known to be extremely marked in the amacrine
:ells, it has been suggested that the amacrine cells

are peculiarly adapted to detecting light intensity

change.

This capability to detect change in light inten-

sity is cspcaally well developed in the peripheral

retina. For instance, a minute gnat Hying across

the peripheral field of vision is instantaneously

dctcried. On the other hand, the same gnat sitting

quietly in the peripheral field of vision remains
entirely below the threshold of visual detection.

Transmission of Color Signals by the Gan-
glion Cells. A single ganglion cell may be stimu-
lated by a number of cones or by only a very few.

When all three types of cones—the red, blue, and
green types—all stimulate the same ganglion cell,

'he signal transmitted through the ganglion cell

I the same for any color of the spectrum. There-
ire, this signal plays no role in the detection of
he diHerent colors. Instead, it is a “white" signal.

On the other hand, many of the ganglion cells

re excited by only one color type of cone but
nhibitcd by a second type. For instance, this

requcnlly occurs for the red and green cones, red
auring excitation and green causing inhibition—
If VIM versa, that is, green causing excitation and
cd, inhibition. The same type of reciprocal effect

ilso occurs between blue cones on the one hand
ind a combination of red and green cones on the
>_lher hand, giving a reciprocal excitation inhibi-

ion relationship between the blue and yellow
xilora.

The mechanism of this opposing cfiect of colors
B the following: One color-type cone excites the
JBnglion cell by the direct excitatory route through
1 ilspolarizing bipolar cell, while the other color

•ype inhibits the ganglion cell by the indirect
inhibitory route through a horizontal cell or a
^^rp^larizing bipolar cell.
The importance of these color-contrast mecha-
^ma is that they represent a mechanism^jshich.

retina itselfbegins to differentiate colorsJhus
each color-contrast tyne of ganglion celt is excited

^one color but inhibited bv the “opponentjioloc."
^erefore, t^ process of color analysis begins in
the retina and is not entirely a function of the
brain. ' ’
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The Eye: HI. Central
Neurophysiology of
Vision

WE VISUAL PAWWAY
Figure 6^1 illustrates the visual pathway from

the two retinas to the visual cortex After impulses
leave the retinas they pass backward through the
optic nen-es. At the optic chiasm all the fibers from
the nasal halves of the retinas cross to the opposite
side wheie they join the fibers from the opposite
temporal retinas to form the optic tracts. The fibers^ach optic tract synapse in the lateral geniculate

nf;
^ from here, the geniculocalcarme fibers

pass through the optic radiation, or geniculocalca-
rmc troct, to the primary visual cortex in the
calcarine area of the occipital lobe
In addition, visual fibers also pass to other areas

'•'f
“P*" to the supra*cA usniotic nucleus of the hypothalamus, presuX

t”"*? ‘S®
rhythms; (21 into thepretectal nuclei, for control of fixation of the eyes

on objects of importance and also for activa

i»
^‘Sht reflex; (3) into the supt

colliculus, for control of bilateral simullaiii

movement ofthe two eyes; and (4) Into thepuh
as a secondary visual pathway either directly f

the optic tracts or indirectly from the supe
colliculus.

THm OmiRENT TYPES Of RETINAL
GANGLIAL CELLS AND THEIR PROJECTIONS
The ganglion cells of the retina are not all

Mme type either anatomically or functions
They are mamly divided into three separate tyj

large, medium, and small.
About 65 per cent of the ganglion cells art

mMJum size, 10 to 15 microns in diameter. E)

of these is excited by a small, circumscribed gn

both. This is especially trui

the ganglion cells in the foveal region where e>

one connects with only a few cones. The-se mediu
sized ganglion cells then, after relaying their s

nals in the lateral geniculate body, transmit I

vi^I pattern to the visual cortex.

• ganglion cells, less than 10 mien
in diameter and representing about 40 per cent
all the ganglion cells, have very thin dendril
that spread widely in the retina. In turn, th(

axons project directly to the superior colliculus a

regions of the pretectal nuclei. The
small ganglion cells are especially important I

detecting movement in the visual image, and
•^poiue they cause turning of the eyes and he
toward the moving object.

“Hie very large ganglion cells, some having (

ameters as targe as 35 microns, represent only
^r cent of all the ganglion cells. They have a vei

broad dendritic field in the retina and therefoi

transmit general information into the visual pad

Thoy project to both the lateral genicutai
body and to the superior colliculus.
Thus, specific features of visual information b

gin to be dissected from other features before th
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^ual signals leave the retina; then the dinerent

TICS of information are transmitted through dif-

rent pathways to different brain areas.

uncdon of the LtterAl Geniculate Body

Each lateral geniculate body is located laterally

t the dorsal end of the thalamus. In this body the

pn'c tract terminates, and from here the visual

ignals are relayed through the geniculocalcanne

act to the visual cortex.

Each lateral geniculate body is composed of six

uclear layers. Layers 2, 3, and 5 {from ventral to

orsal) receive signals from the temporal portion

fthe ipsilateral retina, whereas layers 1, 4, and
' receive signals that cross in the optic chiasm
roiti the nasal retina of the opposite eye.

The respective retinal areas of the two eyes
onnect with neurons that are approximately su-

''^erimposed over each other in the paired layers.

3lnd the layers in turn connect with each other by
i-hort axons. Therefore, with a little imagination,

>«ne can postulate that the adjacent layers of the

-ateral geniculate body perhaps play roles in two
Jmportant processes: (1) fusion of vision, which
neans appropriate control of the directions of gaze
if the two eyes so that the two retinal images will

tuperimpose exactly onto each other, and <2) ster-

^vseopie depth perception, which depends on com*
taring the visual images of the two eyes and

Metermining their slight differences, as was dis-

'nissed in Chapter 58.
Relay Function of the Lateral Geniculate

^

Body. The lateral geniculate body does not change
Mhe “pattern" of the visual image significantly as
^it relays this image from the retina to the visual

, Xrtex. Also, the neurons in the lateral geniculate
'body respond in almost the same manner as the
medium-sized ganglion cells of the retina. That is,

i'lhey respond very strongly to contrast borders in
'the retinal image, to spots of light, and to opponent
>color8.

,

It is not known why the lateral geniculate body
''has three entirely different pairs of neuronal lay-
^ ers. However, the signals in layers 1 and 2 are
tinainly related to black and white vision, whereas
•'the color signals occur mainly in layers 3 and 4,
'".and layers 5 and 6.

'f

‘ fUNCTION OF THE PRIMARY VISUAL
‘'CORTEX

j The ability of the visual system to detect spatial

ti°^Sanization of the visual scene—that is, to detect

y
he forms of objects, brightness of the individual

of the objects, shading, and so forth—depends
jyOn function of the primary visual cortex, the anat-
omy of which is illustrated in Figure 60-2. This

iyF®a lies mainly in the calcarine fissure located
^bilaterally on the medial aspect of each occipital

Moculo 200 gQo gQo^

rigure 60-2. The visual cortex.

cortex. Specific points of the retina connect with
specific points ofthe visual cortex, the right halves
of the two respective retinas connecting with the

right visual cortex and the left halves connecting

with the leff visual cortex. The macula is repre-

sented at the occipital pole of the visual cortex and
the penpheral regions ofthe retina are represented

m concentric circles farther and farther forward
from the occipital pole. The upper portion of the

retina is represented superiorly in the visual cor-

tex, and the lower portion, inferiorly. Note the
large area of cortex receiving signals from the
macular region of the retina. It is in this region

that the fovea is represented, which gives the

highest degree of visual acuity. Based on foveal

area, the fovea has 35 times as much representa-

tion in the primary visual cortex as do the periph-

eral portions of the retina.

DETECTION OF UNIS AND BORDERS BY
THE PRIMARY VISUAL CORTEX

If a person looks at a blank wall, only a few
neurons of the primary visual cortex will be stim-

ulated, whether the illumination of the wall is

bright or weak. Therefore, the question must be
asked. What does the visual cortex do? To answer
this question, let us now place on the wall a large

solid cross such as that illustrated to the left in

Figure 60-3. To the right is illustrated the spatial

pattern of the greater majority of the excited neu-
rons that one finds m the visual cortex. Note that

imaqs Cortical stimulation

Hsufc 60-3. Pattern of excitation occuritns In the visual conex
In tespome to a retinal Imase of a dark cross
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the areas ofexcitation occur along the sharp borders
of the visual pattern Thus, by the time the visual
signal is recorded in the primary visual cortex, it
IS concerned mainly with the contrasts in the
visual scene rather than wth the flat areas. At
each point in the visual scene where there is a
change from dark to light or light to dark, the
corresponding area of the primary visual cortex
becomes stimulated The intensity of stimulation
is determined by the gradient of contrast. That is,
the greater the sharpness in the contrast border
and the greater the difference in intensities be-
tween the light and dark areas, the greater the
degree of stimulation.

Thus, the pattern of contrasts in the visual scene
IS impre.ssed upon the neurons of the visual cortex,
and this pattern has a spatial orientation roughly
the same as that of the retinal image

Detection of Orientation of Lines and
Borders—The Neuronal Columns

Not only does the visual cortex detect the exist-
ence of lines and borders in the difierent areas of
the retinal Image, but it also detects the onentation
of each line or border-that is, whether it is a
vertical or horizontal line or border, or lies at somede^ee of inclination The mechanism of this effect
IS the folloiving;

In each small area of the visual cortex the
neurons are arranged in columns, each column

a diameter
of 200 to 500 microns, extending downward from^e surface of the cortex through its six layers.The signals arriving in the cortex from the lateral
pniculate body terminate in layer 4, and fromhere secondary signals spread upward or down-ward m the column
Within each column of neurons, the neurons of

layer 4 respond to lines that (a) are located at
single positions on the retina and (b) are oriented
in a specific direction Thus, these neurons are line
detectors that are both direction-specific and posi-
tion-specific. They are called simple cells.

1?-^ V"® Even \Vhenthe Line Is Displaced Uterally. As the signal
progresses farther away from layer 4 of each col-umn, some of the neurons now respond to lines
still onented in the same direction but not nosi-
tion-s^cific. That is, the line can be displaced
aterally in either direction over a moderate dis-
Unce, and still the neuron will be stimulated.
I herefore. these cells are called complex cells
Detection of Unglh of Lines. Many of theneurons in the outer layers of each column of cells

are stimi^ted only by lines or borders of specific
lengths Thus, this is a still higher order for deci-
phering information from the visual scene: theseneurons are called hypercomplex cells

Orientation of the Lines from OneColumn of Neurons to the Next. When one

moves a recording electrode from one coluo
cells of the primary visual cortex to an a^ja

column, it is seen that now a different oriecla

of lines is required to excite the column, uaj
rotated about 10 degrees from those of the
column. And, when going to the next column,
lines are rotated still another 10 degrees T
the separate columns of cells detect images
ented in different directions.

The Neuronal Mechanism for Dcteci
Lines. The mechanism by which the neuron
the primary visual cortex detect lines rather t

spots of light IS believed to be the following* 1

believed that each linear group of ganglion (

in the retina project their signals to a sii

simple cell” in layer 4 of the primary tis

cortex When one ganglion cell of the grouj

stimulated but the rest are not, the signal inlen
is not strong enough to excite the simple c

However, when the entire group of ganglion c

in the linear sequence are stimulated, then
signal strength is great enough to excite thesl®
cell

Now. if We remember that each excitatory g
ghon cell of the retina is excited by light bul

also excited by darkness falling on the retiia

the Bides of the ganglion cell, then it becomes cl

that any contrast border in the visual image i

cause double excitation of the linear group
ganglion cells—that is, (1) direct excitation eao
by the light portion of the contrast border, and
excitation caused by lateral inhibition from i

laterally placed dark portion of the retina. Th
rt 18 this organization of the neuronal connectit
from the ganglion cells of the retina that sUff

the simple cells of the primary visual cortex

detect lines.

In a similar manner, the complex celb and t

hypercomplex cells are believed to receive conwi
ing excitatory and inhibitory neuronal sigm
from the lower order neurons, in this way da

phenng more and more complex information fro

the scene.

ANALYSIS or COLOg
BY THE VISUAL CORTEX

Some of the columns of cells in the visual corti

respond specifically to colors rather than sirapiy]

Imei However, as is true in the retina and also i

the lateral geniculate body, stimulation of

neurons in these columns usually requires effl

trasting opponent colors, especially the red-grt*

Opponent colors and the blue-yellow
rolors. The deciphering of color information I

believed also to become more complex at differtn

levels of neuronal organization. In fact, fuU app^
nation of color probably does not occur in t»'

primary vis^l cortex alone, for it has recent
been found in human beings that lesions on tb

ventral surface of the occipital lobe can cause lao
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xlor reception. It is suggested, therefore, that
s area might be a final region for color signal

cessing.

ntcraction of Visual Signals from the ’I\vo

Terent Eyes in the Primary Visual Cortex.
)m our earlier description of the lateral genic*
.te body, it will bo recalled that the visual

nals from the two separate eyes are relayed
ough separate lateral geniculate body neuronal
ers. These signals from the two eyes are still

larated from each other when they arrive in the
raary visual cortex. The cortex is interlaced
h zebra'Iikc stripes of neurons, each stripe
)ut0.5 mm wide; the signals from one eye enter
!ry other stripe, and the signals from the other
! the opposite set of stripes. The signals from
I two eyes remain separated from each other
cn they excite the layer *1 neurons; this is also
e for excitation of almost all the simple cells

it delect simple lino orientation. However, by
I time the complex, and especially the hypercom*
X, cells are excit^, many of the signals from
^ two separate eyes have by then begun to
iverge. As we shall see later in the chapter,
cn these signals are not “in register' —that is,

• both excited or inhibited together—in/crference
ierns develop and excite still other cells It is

!5um^ that these patterns are the basis for
itrolling fusion of tho visual images from the
> eyes, and they are likely also tho basis of
reopsis.

KOmON OF LUMINOSTTY

Very little is knovsTi about the way in which the
iin detects the level of luminosity. However, it

believed that this results at least partly from
i effect that luminosity has of increasing the
ensity of the visual contrasts caused by lines,

moving objects, and opponent colors in
- visual scene. That is, the greater the light

^nsity, the greater are the degrees of contrast
d therefore the more strongly the visual cortex
stimulated.
Ip addition, some of the ganglion cells of the
Lina do respond to luminosity, especially some of
6 very sm^l ganglion cells. These transmit lu*
inosity signals into the pretectal region of the

stem to control the size of the pupil. It is

ssible that this same information is used to help
® person appreciate the level of illumination.

OF REMOVING THE PRIMARY
SIMI CORTEX

Removal of the primary visual cortex in the
man being always causes loss of conscious vi-m However, psychological studies have demon-
;^ted that such persons can still react subcon-
lously to many aspects of vision, especially to
^nges in light intensity, and to crude aspects of

form as well. The reactions include turning the
eyes, turning the head, avoidance, and so on. In
some low-level mammals a large share of the
vision is still preserved even when the primary
visual cortex is completely removed. This vision is

believed to be subserved by neuronal pathways
from the optic tracts to the superior colliculi and
thence to the secondary visual cortical areas.

TRANSMISSION OF VISUAL INFORMATION
INTO OTHER REGIONS OF THE CEREBRAL
CORTEX

The primary visual cortex is located in the calcarine

(issun area, mainly on the medial aspect of each hemi-
sphere but also spreading slightly over the occipital

pole It IS known as Brodsnann area 17 of the cortex,

and It IS also called the striate area because of its striated

appearance to the naked eye.

Signals from the striate area project laterally in the

occipital cortex into area IS and then into area 19, as

illustrated in Figure 60-4. These areas are called the

secondary visual cortex, the penstriate area, or visual

assoctatton areas. In reality, they are simply the loci for

additional processing of visual information.

The visual projection images m areas IS and 19 are

organued mto columns of cells in the same manner as

described earlier for the pnroary visual cortex. There

are also as many as five diHerent topographic represen-

tations of the visual field as found m the primary visual

cortex. However, the neuronal cells are mainly of the

hypereomplex type and respond to more complex patterns

than do those m the primary visual cortex. Presumably,

these progressively more complex interpretations even-

tually decode the visual information, giving the overall

impression of the visual scene that the person is observ-

ing
Projection of Visual Information into the Tem-

poral Cortex. From areas 18 and 19, visual signals

next proceed to the posterior portion of the temporal

lobes, Drodmann areas 20 and 21. In these areas simple

visual patterns such as lines, borders, angles, and so

forth fall to cause excitation of specihc neurons. The
degree of integration of visual information at this level,

such as interpretation of letters or words, is presumably

much higher
Effects of Destruction of the Secondary Visual

Cortex. Human beings who have destructive lesions of

any of the visual association areas, areas 18 and 19 m
the occipital cortex or areas 20 and 21 in the temporal

fljiire 60-^. The visual association fields and (he cortical areas

for control ot eye movements.
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cortex, have difficulty with certain types of visual per-

ception and visual learning. For instance, destniction

in areas 13 and 19 generally makes it difficult to

perceive form, such as shapes of objects, their sizes, and

their meanings It is believed that this type of lesion In

the dominant hcmiaphere can cause the abnormality

known as dyslexia or uord blindness, which means that

the person has difficulty understanding the meanings of

words that are seen

Destruction of the temporal projections of the vi<mal

system makes it especially difficult for animalfi, and
presumably for human beings as well, to learn tasks

that are based upon visual perceptions For instance, a

person might be able to see a plate of food perfectly well

but be unable to utiluc this visual information to direct

a fork toward the food Yet, when the person feels the

plate with the hand, the fork can be directed accurately

by slDTeotactic information from the fiomeathetic cortex.

THE FIELDS OF VISION; PERIMETRY

The field of vision is the area seen by an eye at a
given instant. The area seen to the nasal side is called

the nasal field of vision, and the area seen to the lateral

side IS called the temporal field of vision

To diagnose hlindheas mTpecific portions of the reti-

nas, one charts the field of vision for each eye by a
process known as penmeiry This la done hy having the
sutiuect look with one eye toward a central spot directly

m front of the eye Then a small dot of light or a small
object is moved back and forth in ail areas of the field

of vision, both laterally and nasally and upward and
downward, and the person indicates when the spot of
light or object can be seen and w-hen it cannot At the
same time, a chart iFig. 60-51 is made for the eye.
showmg the areas in which the subject can and cannot
sec the spot Thus, the field of vision is plotted

In all penmetry chans, a blind spot caus^ by lack of
rods and cones in the retina over the optic disc is found
approximately 15 degrees lateral to the central point of
vision, as illustrated in the figure

Abnormalities in the Fields of Vision. Occasionally
yisvfi -MV IwsstA \ti VAivt Twnitmv tS \'ne tle^6 ol

vision besides the optic disc area. Such blind sprUi

called scotomata; they frequently result from slk*

reactionsTmTie retina or from toxic conditions, pid

lead poisoning or even excessive use of tobacco

Still another condition that can be diagnosed bf t

imetry is reltntlts pigmentosa. In this disease, pch-'

ofthe retina degenerate and excessive melanin pp
deposits in the degenerated areas Retinitis

generally causes blindness in the penpheral fcM

vision first and then gradually encroaches on theef^^

areas

Effect of Lesions in the Optic Pathway o’t

Fields of Vision. One of the most important gs®

penmetry is for localization of lesions in the

nervous palhw ay Lesions t n the optic nerve, in th#®:

chiasm, in the optic tract, and in the geniculocalc*

tract all cause blind areas m the visual fields, ai"

“patterns'* of these blind areas often indicate the lo«'

of the lesion

Destruction of an entire ophe nerte obviously f*-

blindness of the respective eye. Destniction of the^.

chiasm, as shown by the longitudinal line acros*

chiasm in Figure 60-1. prevents the passage of

from the nas.nl halve# of the two retinae to the efp®

optic tracts Therefore, the nasal halves arc bothhI‘t“

which means that the person is blind In both teiTP

fields of vision because the image of the field of

•nierted on the retina, this rendition is called biteii'P

hemianoptia Such le.sions frequently result frem tw

of the adenohypophysis pressing upward on the ®

chiasm
Iftlemiption of an optic tract, which U also Bho**

8 line in Figure 60-1. denervates the eorre«pondirf

of each retina on the same side as the lesion, and <

result, neither eye can see objects to the opposite 1

This condition is known os homonymous hemia/i^

Destfurtion of the optic radiotion or the lisuol co™

one side also causes homonymous hemianopsia A
|mon condition that destroys the visual cortex is^-*

bosis of the posterior cerebral artery, which infarft*

occipital cortex except for the foveal area, thus ®

Bpanng central vision.

One can diftcrentiatc a lesion In the optic trK

a. l«s.vwv \v. msss*

by determining whether impulses can still be tra®®

ted into the pretectal nuclei to initiate a pupilIaiT i

refiex

EYE MOVEMENTS
AND THEIR CONTROL

To make use of the abilities of the eye, aj"

equally as important as the system for inOT

tation of the visual signals from the eyes 1®

cerebral control system for directing the cy”

ward the object to be viewed. ,

Muscular Control of Eye Movements-
eye movements are controlled by three sep^*

pairs of muscles, shown in Figure 60-6: W
medial and lateral recti, (2) the superior end

rior recti, and (3) the superiorand inferiorooM'

Tlie medial and lateral recti contract recipi^'

to move the eyes from side to side. The sa^
and inferior recti contract reciprocally to mo'
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lervatioa

>69 upward or downward. And the oblique mus-
es function mainly to rotate the eyeballs to keep
le visual fields in the upright position

Neural Pathways for Control of Eye Move-
lents. Figure 60-6 aUso illustrates the nuclei of

le third, fourth, and sixth cranial nerves and
leir innen’ation of the ocular musclcs Shown,
w, arc the interconnections among these throe

uclei through the medial lonstiudinal (asciculus

iitherby way of this fasciculus or by way of other

loaely associated pathways, each of the three sets

r muscles to each eye is reciprocally innervated

so that one muscle of the pair relaxes while the

other contracts.

Figure 60-7 illustrates cortical control of the
oculomotor apparatus, showing spread of signals

from the occipital visual areas through occipitotec-

tal and occipitocollicular tracts into the 'pretectal

and superior colliculus areas of the brain stem. In

addition, a frontotectal tract passes from the fron-

tal cortex into the pretectal area. From both the

pretectal and the superior colliculus areas, the
oculomotor control signals then pass to the nuclei

of the oculomotor nerves. Strong signals are also

transmitted into the oculomotor system from the

vestibular nuclei by way ofthe medial longitudinal

fasciculus

ftXATION MOVEMENTS Of THE EYES

Perhaps the most important movements of the e>es

are those that cause the eyes to ''6x'' on a discrete

portion of the field of vision.

Fixation movements are controlled by two different

neuronal mechanisms The hrst of these allows the

person to move his eyes voluntanly to find the object

upon which he wishes to fix his vision; this is called the
voluntary fixation mechanism The second is an invol-

untary mechanism that holds the eyes firmly on the

object once it has been found; this is called the
imfary fixation mechanism.
The voluntary fixation movements are controlled by

a small cortical field located bilaterally m the premotor
cortical regions of the frontal lobes, as illustrated in

figure 60-7. Neural pathways for control
conlugate movement of the eyes.
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Figure 60-7. Bilateral dysfunction or destruction of
these areas makes it difficult or almost impossible for
the person to “unlock" the eyes from one point of Bxalion
and then move them to another point. It is usually
necessary for the person to blink eyes or put a hand
over the eyes for a short time, which then allows th-
eyes to be moved
On the other hand, the fixation mechanism that causes

the eyes to ‘‘lock ’ on the object of attention once it is
found IS controlled by the secondary cuiial area of the

corter-mainly area 19-which is also tllus-
trat^ m Figure 60-7. When this area u destroyed
bilateral y. an animal has difficulty keeping ,t» eyes
directed toward a given fixation point or becomes com-
pletely unable to do so

M,
the posterior eye fields automatically

l^ock the eyes on a given spot of the visual field and
"" ‘"‘Be mrOBS theretina To unlock thia visual fixation, voluntary (m-puIses must be transmitted from the -voluntniy- e.e

fields located in the frontal areas
^

Mechanism of Fixation. Visual fixation results froma neptive f^back mechanism that prevents the object^attention from leaving the foveal portion ofthe retinlTlie eyes even normally haie three types of contlnuou^but almMt imperceptible movements (tJ a confinuous
at a rate of 30 to 80 cycles per second^S^v

successive contractions of the motor units in the oculartnuscle, (2) a i/oui dr,fl of the eyeballs in ine d!S„
sudden mooements which ere

TsS mechanism WTien

il
movements cause the spot to

^ dnft slowTv

-?r
cones However, each time the spot of lightdrifts as far as the edge of the fovea, a sudden r»fle»reaction occurs, producing a flicking movement thnimoves the spot away from this edge back iS ti?!center J^us, whenever the image drifts awav from fh«^mt offixation, an automatic response moves the Imageback toward the central portion of the fovea Th^e

eoS K motions are illustrated in Figure

across the retina and by the solid lines the flicks thaf

1
Important Visual llich-Ught^nole of the Superior Colliculi. The eves hfv»an automatic capability for insUntaneously

import highlight in the visual field HovSfr^WsMpabihty w mc«tly lost when the supenor coinrai, ».!!
signals for fixation originate In the visualareas of the owipital cortex, primarily in the secondarvinsual areas, then pass to the supenor colliculi probaWvfrom there to reticular areas Vround the

^
nuclei, and thence into the motor nuclei themselves

Superior Colliculi In Tumlnif ofrte Eyes or the Head Toward a Visual Dlsiurlian

xiiddvX^^^^ “ SIJ
h?t sMeTn^HJ disturbance occurs onthat aide. In addition, signals ore transmitted from the

«|lictili through the medial longitudinal fas-

VnlTll
“^as of the brain stem to Su«of the whole head and perhaps even of Ttrk/,i

sounds or even stroking the side of the body. wiUcS

fljure 60-*. MovemcTwi of « spot of Bght on w few
sudden *11101103' movements to move the spot la

the center of the fovea whenever K d-ffa to the fcn
nhe dashed Ones represent slow drifting movenenu rsow Bnes repteseni sudden ficUng movements) {VoiSt

of rhysiotogy. Vet 2. Sec. I l£nwe Wa.li'm «. WlfUns. I960.p 1089 )

fmilar turning of the eyex. head, and body if t
supenor rolliculi nre intact This efTect also, is sbea
OT soverely disturbed when the superior eolbreli v
destroyed Therefort, ft is frequently said that them
^nor wllieuli play an important role in orienting Sh
eyes, the head, and the body with respect to ertwcf
9i^)$--visual signals, auditory lignaU, eoniat« «!|

nals. and perhaps even others.
Snccndic Movement of the Byea. WTien the risdwne is moving continually before the eyes, saeh «
en a person is ndmg in a ear or turning around, tlii

hx on one highlight after another in Ike raal

^ MXt at 8 rate of
t^r second The Jumps ore called »o«b&^^ the movements are called opticohnetie mocrwitt

xLI®.
so rapidly that not more lhaa 10 pc?

«ni of the toUl time is spent in moring the eyes, W

AiLT'.k ®f being allocated to the fixation sites

bram suppresses the visual image during tif

des BO that one b completely unconscious of th»

nw-ementa from point to point.

r®
^fovemenb During Deading. DuringtSe

« person usually makes several

<^dic movements of the eyes for each line. In tlus^ the visual wne is not moving past the eye*. W
trained to scan across the visual scene t«

^ract the important information Similar sacesdrt
f ® person observes a painting, except tist

nnl V
*** ®ne direction after another fro®

.
"*6h‘iKht of the painting to another, then another,

rad so forth

Fixation on Moving Object*—“Pursuit Move
”?"!*• .T".® con also remain fixed on a movicl

ject, which is called parsoif movement. A highly de
;

vciopetf cortical mechanism automatically detects the

'

wrw of movement of an object and then gradually

®
,

ops a similar course of movement of the e>ea For

nstoiiCT, if an object is moving up and down m *

aveiike form at a rate of several times per second, tk*

^es at first may be completely unable to fixate on it

However after a second or so the eyes begin to jump

.L
approximately thesame pattern ofmovement

as that of the object.Then after a few more seconds, the

eyes develop progressively smoother and smoother
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1

lOTfijnents and finally follow the course of movement
Imost exactly. This represents a high degree of auU>-

tatic, subconscious computational ability by the cere-

[
ral cortex.

Vestibular Control of Eye Movements. Another
fpe of eye movement is elicited by stimulation of the
estibular apparatus. The vestibular nuclei are coll-

ected directly with the brainstem nuclei that control

cular movements, and, whenever the head is acceler-

ted in a vertical, longitudinal, lateral or angular direc-

tion, an immediate compensatory motion of the eyes
,ccur3 in the opposite direction. This allows the eyes to

^emain fixed on an object of attention despite rapid
*novement3 of the body or head.

a Vestibular control of the eyes is especially valuable
. then a person is subjected to jerky motions of the body

^ j'or instance, when a person with bilateral destruction
* if the vestibular apparatuses rides over rough roads,
;?lxing the eyes on the road or on any horizontal scene is

r.ixtremely difficult. The opticokinetic type tif movement
s not capable of keeping the eyes fixed under such
xmditions because it has a latent period of about one-

3^ second before the direction of movement of the
risual scene can be detected and followed by the eyes
,0n the other hand, the vestibular type of eye movement

j
has a short latent period, measured in thousandths of a
^second rather than one-fifth second,

j
Pathologic Nystagmus. Occasionally, abnormalities

pOccur in the control system for eye movements that
.cause continuous nystagmus (back and forth move-
ments) despite the Cact that neither the visual scene nor
toe body is moving. This is likely to occur when one of
jtoe vestibular apparatuses is damaged or when severe

' IS sustained in toe deep nuclei of the cerebellum
pThis was discussed further in Chapter 53.

j

Another pathologic type of eye movement that i»

Sometimes called nystagmus occurs when toe foveal
•regions of toe two eyes have been destroyed or when
the vision in these areas is greatly weakened In such a

__
condition the eyes attempt to fix the object of attention
on the foveae but always overshoot the mark because of

^
foveal insensitivity. Therefore, they oscillate back and

Morth but never achieve foveal fixation

^
rUSION OF THE VISUAL IMAGES

(I To make the visual perceptions more meaningful and
(I also to aid in depth perception by the mechanism of
6! stereopsis, which was discussed in Chapter 58, the visual
( images in the two eyes normally fuse with each other

f ^”_“*^®sponding points" of the two retinas

i visual cortex plays a very important role in fusion.

i pointed out earlier in the chapter that correspond-
f points of the two retinas transmit visual signals to

neuronal layers of the lateral geniculate body,
1 and these signals m turn are relayed to parallel stripes

^ M neurons in the visual cortex. Interactions occur be-

f.

ween the stripes of cortical neurons; these cause tnier-

5
* ference patterns of excitation in some of the local neu-

^ renal cells when the two visual images are not precisely

f
re register”—that is, not precisely fused. This excitation

'i

provides the signal that is transmitted to

(j
uie oculomotor apparatus to cause convergence or divcr-

i' Of rotation of toe eyes so that fusion can be_ re-
fi siablished. Once the corresponding points of the retinas

register with each other, the excitation

i
01 the specific cells in the visual cortex disappears.

if

The Neural Mechanism for Stercopsis. The visual
images that appear on the retina during the process of
stereopsis were discussed m Chapter 58. It was pointed
out that because the two eyes are a little more than 2
inches apart the images on the two retinas are not
exactly the same. The closer the object is to the eye the
greater is the dispanty between the two images. Con-
sequently, it is impossible for all corresponding points
in the visual image to be in complete register at the
same time. Furthermore, the nearer the object is to the
eye, the less the degree of register. Here again, specific

cells in the primary visual cortex are believed to become
exated in the areas of the visual field where highlights
are out of register. Presumably, this excitation is the
source of the signals for detection of the distance of the
object m front of the eyes, this mechanism is called

stereopsis

Strabismus. Strabismus, which is also called squint
or eross-eyedness. means lack of fusion of the eyes in

one or more of the coordinates described above. Three
basic types of strabismus are illustrated in Figure 60-
9 horuonial strabismus, vertical strabismus, and tor-

sional strabismus. However, combinations oftwo or even
of all three of the different types of strabismus often

occur

Strabismus is perpetuated by an abnormal “set” of

toe fusion mechanism of the visual system That is, in

toe early efforts of the child to fixate the two eyes on
the same object, one of the eyes fixates satisfactorily

while toe other fails to fixate, or they both fixate satis-

factorily but never simultaneously Soon, the patterns

of conjugate movements of the eyes become abnormally
“set” so that the eyes never fuse

Frequently, some abnormality of the eyes contributes

to the failure of the two eyes to fixate on the same point.

For instance, if at birth one eye has poor vision in

comparison with the other, the good eye tends to fixate

on the object of attention while the poor eye might never
do so Also, m hypermetropic infants, intense impulses

must be transmitted to the ciliary muscles to focus the

eyes, and some of these impulses overflow into the

oculomotor nuclei to cause simultaneous convergence of

the eyes, as will be discussed later As a result, the

child’s fusion mechanism becomes “set” for continual

inward deviation of the eyes
Suppression of Visual Image from a Repressed

Eye. In many patients with strabismus the eyes alter-

nate m fixing on the object of attention. However, in

other patients, one eye alone is used all the time while

the other eye becomes repressed and is never used for

vision. The vision m the repressed eye develops only

slightly, usually remaining 20/400 or less If the domi-

nant eye then becomes blinded, vision in the repressed

eye can develop only to a slight extent m the adult but

far more in young children. This illustrates that visual

acuity 18 highly dependent on proper development of the

central synaptic connections from the eyes

Horizontal

strabismus

© Q)
Torsional

' Vertical

strabismus strabismus

Hgure 60-9. The three basic types of strabismus.
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Preteefol

region

Edtnger-Wesfphol

/ wcfeus

•-Cervlcol sympofhelic Irur*

Upper Jhofocic segment*
of ^inat cord

autonomic control
OF ACCOMMODATION
AND PUPItlARV APERTURE

The Autonomic Ncr\-es to the Eyes. The eve
18 inncn'alcd by both parasympathetic and svm
pathetic fibers, as illustrated in Figure 60-10

fvE'J'l?'’',"/'
flbers arise m the

the third nenei and then pass in the l/itrd nmr
k

lira about : eenU-melcr behind the eye. Here the preganeliomc fihers synapse n ith postpangiionic parasympatheticneon,ns that, in turn, send f.bem SZgh therUicjy „mes into the eyebaii. These ncrve.fescitethe Ciliary mu«le and the sphincter of the insThe s)TOpnthetic mnen-ation of the eye orierinate<5 in the tnlermedmlateral horn celU of the fimthoracic segment of the spinal cord From heresympathetic fibers enter the sympathetic chain

where they symapse with postganglionic neSff.^rs from these spread along the carotiyme,i

the eZ There^’tr“"" “i"'’ •’’'T

the' rJLT''r;£r^'rX'’ta s
cxtraocular stractures around the eye. tvh“h'a'SJiscu..xed shortly in relation to Homcr’isvSm?
^haVm'XsS'’^'^ >—'h tTe

”'5'>»"ixm_thal is, the• ism that tase, ,ho ^j.

eye—is essential for a high degree of visual g:A^mmodation results from contraction or r
ation of the ciliary muscle, contraction ca'
increased strength ofthe lens system, as e«!i
in Clmpter 58, and relaxation causing dem
strength. The question that must be answered
IS How does a person adjust accommodafio
keep the eyes m focus all the time?
Accommodation of the lens is regulated 1

negative feedback mechanism that automatii
adjusts the focal power of the lens for the hie
degree of visual acuity. \Vhen the eyes ha;e

'

hxed on Mme far object and then suddenly fi:

a near object, the lens accommodates for
acuity of vision usually within one second. T:
the precise control mechanism that causes
rapid and accurate focusing of the eye is

;

unclear, some of the known features of the mi
anism are the following:

First when the eyes suddenly change the'
tance of the fixation point, the lens always chac

strength In the proper direction to achiei
ew state of focus In other words, the lens d

not hunt back and forth on the two sides off)m an attempt to find the focus.

types of clues that can help!
^n^nge its strength in the proper direct

ude the following fl) Chromatic abeml.
important. That is, the red light ri

slightly posteriorly to the blue light ra
Ihe eyes appear to be able to detect which oflhi

of rays is in better focus, and this cl

i”^®™®tion to the accommodation meet

lot wi'
"® stronger or weaki

filiate on a near object they el

nic»«**^P
toward each other. The neural mech™ ‘Or coru'crgr/ice cause a simultaneous sign

,« 1
the lens of the eye. (3) Since the foo

r
area, the cfonCy offocus in the dept

tersas the clanly offocus on Iheedg
oe different It has been suggested that th

clues as to which way the strength i

b E

*0 be changed. f4) It has been foun
inai the degree ofaccommodation of the lens osa.

f
^‘^shtly all of the time, at a frequency up t

VO times second It has been suggested tha
nc visiml imnge becomes clearer when the csal

®‘ ‘he lens strength Is in the appropriat
oirection and poorer when the lens strength is ii

na^i
direction. This could give a rapid CU'

to which way the strength of the lens needs h
cnange to provide appropriate focus.

It ispresumed that the cortical areas that centre
accommodation closely parallel those that centre!
nxation movements of the eyes, with final integra-
tion of the visual signals in areas 18 and 19 and
transmission ofmotor signals to the ciliary muscle
through the pretectal area and Edinger-Westphal
nucleus.

CONTKOl OF THE PUmtARr DIAMETIR
Sti^lation of the parasympathetic nerves ex-

cites the pupillary sphincter, thereby decreasiri
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*Jie pupillary aperture; this is called miosis. On
he other hand, stimulation of the sympathetic

lenr-es excites the radial fibers of the ins apd
auses pupillary dilatation, which is called my-
inasis.

The Pupillary Light Reflex. When light is

hone into the eyes the pupils constrict, a reaction

hat is called the pupillary light reflex The neu-

ronal pathway for this reflex is illustrated in Fig-

ire 60-10. When light impinges on the retina, the

resulting impulses pass through the optic nerves

ind optic tracts to the pretectal nuclei. From here,

impulses pass to Ihe Edinger-Wesiphal nucleus and
Snally back through the parasympathetic nenes to

Mustrict the sphincter of the iris. In darkness, the

reflex becomes inhibited, which results m dilata-

The function of the light reflex is to help the eye

idapt extremely rapidly to changing light condi-

tions, the importance of which was explained m
relation to retinal adaptation in the previous chap-
ter. The limits of pupillary diameter are about 1 5
mm on the small side and 8 mm on the large side

rherefore, the range of light adaptation that can
be eflected by the pupillary reflex is about 30 to 1

Pupillary Reflexes in Central Neni'ous System
Disease. Certain central nervous system diseases block

the transmission of visual signals from the retinas to

the EdingcF'-Wcstphal nucleus. Such blocks frequently

Jccur as a result of central nerxous system syphth^-

jlnholism, encephalitis, or so forth The block usually
ticcurs m the pretectal region of the brain stem, though
it can also result from destruction of the small afferent

fibersm the optic nerves
The nerve fibers to the Edmger-Westphal nucleus

from the pretectal area are of the inhibitory t> pe There-
fore, when they are blocked, the nucleus becomes chron-
ically active, causing the pupils thereafter to remain
partially constricted in addition to their failure to re-

^nd to light.

When the light reflex is lost, the pupils can stiH

oonstnet an additional amount if the Edmger-Westpbal
nucleus is stimulated through some other pathway for

imtance, when the eyes fixate on a near object, the

Signals that cause accommodation of the lens (and also

those that cause convergence of the two eyes) causo a

^\d degree of pupillary constnction at the same UiO®
13 called the accommodation reflex Such a pupil

fhat fails to respond to light but does respond to acco®'
laodation and also is very small (an Argyll Eobertsou

is an important diagnostic sign ofcentral nervtfus

sy^m disease—very often syphilis.
Horner’s Syndrome. The sympathetic nerves to th®

^are occasionally interrupted, and this interruption

fluently occurs in the cervical sympathetic chain. TJj*®

results in Horner’s syndrome, which consists of the
following effects: First, because of interruption of fibers

to the pupillary dilator muscle, the pupil remains per-

sistently constricted to a smaller diameter than that of
he pupil of the opposite eye. Second, the superior eyelid

droops because this eyelid is normally maintained in an
open position during the waking hours partly by con-

traction of a smooth muscle embedded m the Iid and
innervated by the sympathetics. Therefore, destruction

of the sympathetics makes it impossible to open the
superior eyelid nearly as widely as normally. Third, the
blood vessels on the corresponding side of the face and
head become persistently dilated. And, fourth, sweating
cannot occur on the side of the face and head affected

by Homer’s syndrome
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per second, which allows almost full utilization of

the energy in the incoming sound waves.

In the absence of the ossicular system and tym*
panum, sound waves can travel directly through

the air of the middle ear and can enter the cochlea

at the oval window. However, the sensitivity for

hearing is then 15 to 20 decibels less than for

ossicular transmission—equivalent to a decrease

from a loud voice to a very low voice level.

Attenuation of Sound by Contraction of the
Stapedius and Tensor Tympani Muscles. When
loud sounds arc transmitted through the ossicular

system into the central nervous system, a reflex

occurs after a latent period of 40 to 80 milliseconds

to cause contraction of the stapedius and tensor

tympani muscles. The tensor tympam muscle pulls

the handle of the malleus inward while the sta-

^ pedius muscle pulls the stapes outward. These two
‘‘forces op^se each other and thereby cause the

entire ossicular system to develop a high degree of

'^rigidity, thus greatly reducing the ossicular con*
• duction oflow frequency sound, mainly frequencies

below 1000 cycles per second.
- This attenuation reflex can reduce the intensity

of Mund transmission by as much as 30 to 40
f decibels, which is about the same difference as
* that between a loud voice and the sound of a

whisper. The function .of this mechanism is prob-
i ably twofold:
s 1. To protect the cochlea from damaging vibra-
^ tions caused by excessively loud sound. It is mainly
3 low frequenqr sounds (the ones that are atten*

i' i^ted) that are frequently loud enough to damage
» the basilar membrane of the cochlea. Unfortu*
' nately, because of the 40 or more millisecond
ji latency for reaction of the reflex, the sudden. loud,
•' thunderous sounds that result from explosions can
J still cause extensive cochlear damage.

2. To mask low frequency sounds m loud envi-
•( ronments. This usually removes a major share of

3 the background noise and allows a person to con-

centrate on sounds above 1000 cycles per second
.» frequency. It is in this upper frequency range that

i most of the pertinent information in voice com-
i munication is transmitted.
f Another function of the tensor tympani and
* stapedius muscles is to decrease a person’s hearing

^ sensitivity to his or her own speech. This effect is

activated by collateral signals transmitted to these
1 muscles at the same time that the brain activates

(he Voice mechanism.
/

! ^MSMISSION OFSOUND
' through BON£

.
because the inner ear, the cochlea, is embedded

^
jn a bony cavity in the temporal bone called the

#
bony labyrinth, vibrations of the entire skull can

? wuse fluid vibrations in the cochlea itself. There*

1? *®re, under appropriate conditions, a tuning fork

i electronic vibrator placed on any bony pro-
5“ ^'^berance of the skull causes the person to hear

the sound. Unfortunately, the energy available

even in very loud sound in the air is not sufficient

to cause hearing through the bone except when a
special electromechanical sound-transmitting de-

vice is applied directly to the bone, usually to the

mastoid process.

THE COCHLEA

FUNCTIONAL ANATOMY OF THE COCHLEA

The cochlea is a system of coiled tubes, shown
m Figure 61-1 and in cross-section in Figures

61-2 and 61-3, It is comprised of three different

tubes coiled side by side: the scala vestibuli, the

scala media, and the scala tympani. The scala

vestibuli and scala media are separated from each

other by Reissner's membrane (also called the ues-

tibular membrane), and the scala tympani and
scala media are separated from each other by the

basilar membrane. On the surface of the basilar

membrane lies a structure, the organ of Corti,

which contains a series of mechanically sensitive

cells, the hair cells. These are the receptive end-

organs that generate nerve impulses in response

to sound vibrations.

Figure 61-4 diagrams the functional parts of

the uncoiled cochlea for conduction of sound vibra-

tions. First, note that Reissner’s membrane is

missing from this figure. This membrane is so thin

and so easily moved that it does not obstruct the

passage of sound vibrations from the scala vesti-

buli into the scala media at all. Therefore, so far

as the conduction of sound is concerned, the scala

vestibuli and scala media are considered to be a
single chamber. The importance of Reissner’s

membrane is to maintain a special fluid in the

scala media that is required for normal function

ofthe sound-receptive hair cells, as discussed later

in the chapter.

Sound vibrations enter the scala vestibuli from
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SJ.S'!’’'”*' ’“f” ““ ‘he oval wmdovv The

hy a relatively looae otinular

»' h the'“.„t5'‘vraZ7 ’hi*"''
causes the fluid to move into the scata*”^SubulIund scala media, which immediately increases thepressure in the entire cochlea

‘"'^®«5es the

Note in Fi^re 61-4 that the distal ends of the

through the helicotrema into the Saend the fluid m the ecala tymnani ih™
backward toward the baae ofL cochlea™ here ucauses the membrane ofthe round window to bnli

Bttuno wtrxJtAv ScaUrympan. Basilar Hfl.cotffm

outward. However, if the stapes vibrates inwar

rapidly, the fluid simply does nc

through the helict
rema to the round window, and then bock egaii

,r.k .

a^'o! window between each two successiw
rations Instead, the fluid wave takes a shortcu

Ke.!o j 1^® basilar membrane, causing it to bulgi
and forth between the scala vestibuli and thi

scaia tyrapani with each sound vibration. We sha)

nTm each frequency of sound causes l

crent pattern” ofvibration in the basilar mem

«Fk"k the important means bj
icn the Bound frequencies ore discriminaUd

Irom each other
Basilar Membrane and Resonance in

e Cochlea. The basilar membrane is a fibrous
membrane that separates the scala media and the
^la tympani. It contains 20,000 to 30,000 basilar

rL-kf
^ project from the bony center of the

wtiiea. the modiolus, toward the outer wall. Thesenb^ are stiff, elastic, reedlike structures that are
nxM at their basal ends but not at their distal
en s except that the distal ends are emb^ded in
ine loo^ basilar membrane Because the fibers are
Wfand also free at one end, they can vibrate like

»^ds of a harmonica.
he lengths of the basilar fibers increase pro-

p«3ively as one goes from the base of the cochlea
to Its ape.x, from a length of approximately 0.04mm near the oval and round windows to 0 6 mffli
at the helicotrema. a 12-fold increase in length.



61 The Sense of Hearing m 737
The diameters of the fibers, on the other hand

lecrease from the base to the hclicotrema, so that
heir overall stiffness decreases more than lOO*
bid As a result, the stiff, short fibers near the
lasc of the cochlea have a tendency to vibrate at
i high frequency, whereas the long, limber fibers
icar the hclicotrema have a tendency to vibrate
it a low frequency.

In addition to the differences in stiffness of the
oasilar fibers, they are also differently “loaded’* by
the fluid mass of the cochlea. That is, when a fiber
vibrates back and forth, all the fluid between the
vibrating fiber and the oval and round windows
must also move back and forth at the same time
For a fiber vibrating near the base of the cochlea
(near the two windows), the total mass of moving
fluid is slight in comparison with that for a fiber
vibrating near the hclicotrema. This difference,
too, favore high frequency vibration near the win-
dows and low frequency vibration near the tip of
the cochlea.

Thus, high frequency resonance of the basilar
membrane occurs near the base, and low frequency
finance occurs near the apex beciusc of fl)
different m stiffness of the fibers and (2) differ-
etice in loading."

a>CHiu-me -ritAvumc vmw

•mSS S'"0“ 'tio fluid

'"indow
thi,

•'olicotrema to the round

•,
la the dir«Hon oVlh

oochloa to bulge

.'•lleelasSn. "'ndow. However,
‘‘fibers as they basilar

^ huUates a wfv
^ward the round window

membrane
towa'rd^tvf

^'o"e the basilar
" in Figure 6 ^ ?^ hclicotrema, as illustrated

^
f
high freouenrJ^'^'^

61^A shows movement of
hmne; Fi^re r>/=:n^'®

basilar mem-
\ fnd Figi^e 6l-=;o

’ ^ frequency wave;

^ MovementofthD.,., ^ frequency wave.
'

comparable tnii,
'®®^°"Sthebasilarmembrane

,
the artenal P'’®*stire wave

Chapter ig q-
which was discussed in

' ‘hat
travels to the wave

1 Pattern of ofa pond. .

: Fn
p*'® for DiffVrt^f1?” °{ Basilar Mcm-

®f'5 tho ft!fr
Frequencies. Note

,

for sound wav^f patterns of transmis-
IS

relauvelv J frequencies. Each

’ mem? "'ho't it reachpi^tk^
outset but becomes

^ fhat hafp of fhe basilar

' Sintt^
‘he frequency

I’ forth ^^®.hosilar^memK frequency. At this

•r

^h With such srelS vibrate back andSreatease that the energy in the

High frequency

'€E3EzD
Medium frequency

Low frequency
flaure 61-5. Traveling waves along the basilar membrane

tor high meUium and low ftequency sounds

wave IS completely dissipated. Consequently, the
wave ccasc.s at this point and fails to travel the
remaining distance along the basilar membrane.
Thus, a high frequency sound wave travels only a
short distance along the basilar membrane before
It reaches its resonant point and dies out, a me-
dium frequency sound wave travels about halfway
and then dies out. and. finally, a very low fre-
quency sound wave travels the entire distance
along the membrane
Another feature of the traveling wave is that it

travels fast along the initial portion of the basilar
membrane but progressively more slowly as it goes
farther and farther into the cochlea The cause of
this is the high coefficient of elasticity of the
b.isilar fibers near the stapes and a progressively

decreasing coefficient farther along the membrane
This rapid initial transmission of the wave allows

the high frequency sounds to travel far enough
into the cochlea to spread out and separate from
each other on the basilar membrane Without this

spread, all the high frequency waves would be

bunched together within the first millimeter or so

of the basilar membrane, and their frequencies

could not be discriminated one from the other.

Amplitude Pattern of Vibration of the Basi-

lar Membrane. The dashed curves of Figure 61-

6A show the position ofa sound wave on the basilar

membrane when the stapes (a) is all the way

inward, (b) has moved back to the neutral point,

(c) IS all the way outward, and (d) has moved back

again to the neutral point but is moving inward.

The shaded area around these different waves

shows the maximum extent of vibration of the

basilar membrane during a complete vibratory

cycle. This is the amplitude pattern of vibration of

the basilar membrane for this

frequency.
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of vIbMtkjrt Of the luslar

for f,

froq«''«y sound e. Amptlwdo patterns
^ ^ frequencies benveen 200 and 8000 per «cofHj

fnwjmum amplitude (the resonwe po^lon the basilar membrane fot the different frequencies
’

Figure 61-eB shows the amplitude patterns of
tnbration for different frequencies, showing that
the mpimum amplitude for 8000 cycles occurs
near the base of the cochlea, whereas that for
frequencies less than 200 cycles per second is all
the way at the tip of the basilar membrane near
the helicotrema.

Note m Figure 61-6B that the basal end of the
basilar membrane vibrates weakly for all frequen-
cies. However, beyond the resonant area for eachpen frequency, the vibration of the basilar mem-
brane cuts off sharply The principal method by
which sound frequencies, especially those above
200 cycles per second, are discriminated from each
other is based on the “place" of maximum stimu-
lation of the nerve fibers from the organ of Corti
lying on the basilar membrane, as will be ex-
plained m the following section.

TUNcnoN or the organ or corti

The organ of Corti, illustrated in Figures 61-2,
61-3, and 61-7, is the receptor organ that gener-
ates nerve impulses in response to vibration ofthe
basilar membrane. Note that the organ of Corti
lies on the sOTface of the basilar fibera and basilarmembr^e. The actual sensory receptors in theorgan of Corti are two types of hair cells, a sinele
row of internal hair cells, numbering about 3600
and measuring about 12 microns in diameter, and

Off
external hair cells, numbering

about 20,000 and having diameters of only about
a microns. TOe bases and sides of the hair cells
wSynapse with a network of cochlear nerve endings

Inner hair cell

Bsillar fiber

Spirot ganglion
^

Cochlior nerve

tljure 6f-7. The organ of Corti. showing especially '!’*

I

cells and the tectorial membrane against the pre^eetirg hefs

^ese lead to the spiral ganglion of Corti, whi
in the modiolus (the center) of the coeWe

The spiral ganglion in turn sends axons into tl

cochlear nerve and thence into the central nerw
system at the level of the upper medulla. H
relationship of the organ of Corti to the spfr

ganglion and to the cochlear nerve is illustrati

>n Figure 61-2.

^*‘^*tation of the Hair Cells. Note in Fipa
61-7 that minute hairs, or cilia, project upwai

1^ cells and either touch or are erabe
ded m the surface gel coating of the tectoru

"'cmbr^e which lies above the cilia in the seal

media. These hair cells are similar to the hair cel

lound in the macula and cristae ampullaris of th

vestibular apparatus, which were discussed i

Chapter 52. Bending of the hairs in one directie

aepolanzes the hair cells, and this in turn exck*
the nerve fibers synapsing with their bases.
Figure 61-S illustrates the mechanism by

vibration of the basilar membrane excites the hai

endings. This shows that the upper ends of tin

hair cells are fixed tightly in a very rigid stnictw
composed of a fiat plate called the reticular lamiK
supported by tnangular rotis of Corti that in wn
are attached tightly to the basilar fibers. Tbert
tore, the basilar fiber, the rods of Corti, and ti*

reticular lamina all move as a rigid unit.
Upward movement of the basilar fiber rocks tw

retiwlar lamina upward and inwai^. Then, when
the basilar membrane moves downward, the rctiC"

figure Sl-8. Stimulation of the hair cells by the lo-jw'*''’

movement of the hairs In the tectorial membrane
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Jar lamina rocks downward and outward. The
award and outward motion causes the hairs to

bear back and forth against the tectorial mem-
irane, thus exciting the cochlear nerve fibers

vhenever the basilar membrane vibrates.

Mechanism by Which the Hair Cells Excite
'

*, Nerve Fibers—Receptor Potentials. Back-
ind-forth bending of the hairs causes alternate

:hanges in the electrical potential across the hair

:ell membrane. This alternating potential is the
•eceptor potential of the hair cell, and it in turn
stimulates the cochlear nerve endings that termi-
late on, the hair cells.

When the basilar fiber bends toward the scala

/estibuli (in the upward direction in Figure 61-8),

be hair cell becomes depolarized, and it is this

lepoJarization that generates action potentials m
be nerve fiber. When the basilar fiber moves in
be opposite direction, the hair cell becomes hy-
perpolarized, and the number of action potentials

iecreases.

The Endacochlear Potential. To explain even more
iiUy the electrical potentials generated by the hair cells.

*e need to explain still another electrical phenomenon
ailed the endocochJear potential: The scala media is

Mled with a fluid called endolymph m contradistinction
to the perilymph present in the scala vestibuli and scala

tyiopant. The scala vestibuli and scala tympani m most
I'oung children and in some adults communicate directly

wth the subarachnoid space around the brain, so that
me penlymph is almost identical with cerebrospinal
fluid. On the other hand, the endolymph that Alls the
Bcala media is an entirely different fluid probably se*

wetedby the stna vascularis, a highly vascular area on
the outer wall of the scala media. Endolymph contains
a very high concentration of potassium and a very low
concentration of sodium, which is exactly opposite to the
penlymph.

^ electrical potential of approximately +80 roiUi'

volts exists all the time between the endolymph and the
penlymph, with positivity inside the scala media and
negativity outside. This is called the endocochlear poten-
^uil, and it is believed to be generated by continual
^retion of positive potassium ions into the scala media

stria vascularis.
^e importance of the endocochlear potential is that

fhe tops of the hair cells project through the reticular
lam^ into the endolymph of the scala media while
^nlymph bathes the lower bodies of the hair cells,
r urthenaore, the hair cells have a negative intracellular
PctenUal of -70 millivolts with respect to the pen-
ympl^ but -150 millivolts with respect to the endo-
y®Ph at their upper surfaces where the hairs project

the endolymph. It is believed that this high electri-

^ potenUal at the hair border of the cell greatly
^''siiizea the cell, thereby increasing its ability to
®pond to slight movement of the hairs.

°^^INATJON OFSOUND FRIQUENCY—
‘‘lACr PRINCIPU

earlier discussions in this chapter it is

apparent that low frequency sounds cause

activation of the basilar membrane near
® epex of the cochlea, sounds of high frequency

activate the basilar membrane near the base of
the cochlea, and intermediate frequencies activate
the membrane at intermediate distances between
these two extremes. Furthermore, there is spatial

organization of the cochlear nerve fibers from the
cochlea to the cochlear nuclei in the brain stem,
with the fibers from each respective area of the
basilar membrane terminating in a corresponding
area of the cochlear nuclei. We shall see later that
this spatial organization continues all the way up
the brain stem to the cerebral cortex. The record-

ing ofsignals from the auditory tracts in the brain
stem and from the auditory receptive fields in the
cerebral cortex shows that specific neurons are
activated by specific sound frequencies. Therefore,

the major method used by the nervous system to

detect dj/Terent frequencies is to determine the
position along the basilar membrane that is most
stimulated. This is called the place principle for

determination of frequency (or of sound “pitch”).

Yet, referring again to Figure 61-6, one can see

that the distal end of the basilar membrane at the
helicotrema is stimulated by all sound frequencies

below 200 cycles per second. Therefore, it has been
difficult to understand from the place principle

how one can diCTerentiate between very low sound
frequencies. It is postulated that these low fre-

quencies are discriminated mainly by the so-called

frequency principle. That is, the low frequency
sounds cause volleys of impulses at the same low
frequencies to be transmitted by the cochlear nerve
into the cochlear nuclei. And it is believed that

the cochlear nuclei then distinguish the different

frequencies. In fact, destruction ofthe entire apical

half of the cochlea, which destroys the basilar

membrane where all the low’er frequency sounds

are normally detected, still does not completely

eliminate the discrirmnation of low frequency

sounds.

DETERMINATION OF LOUDNESS

Loudness is determined by the auditory system

in at least three different ways; First, as the sound
becomes louder, the amplitude of vibration of the

basilar membrane and hair cells also increases so

that the hair cells excite the nerve endings at more
rapid rates. Second, as the amplitude of vibration

increases, it causes more and more of the hair cells

on the fringes of the resonating portion of the

basilar membrane to become stimulated, thus

causing spatial summation of impulses—that is,

transmission through many nerve fibers, rather

than through a few. Third, certain hair cells do
not become stimulated until the vibration of the

basilar membrane reaches a relatively high inten-

sity, and it is believed that stimulation of these

cells in someway apprises the nervous system that

the sound is then very loud.

Detection of Changes in Loudness—The
Power Law. It was pointed out in Chapter 48
that a person interprets changes in intensity of
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sensory stimuli approximately in proportion to a

power function of the actual intensity. In the case

of sound, the interpreted sensation changes ap-

proximately in proportion to the cube root of the

actual sound intensity. To express this another

way, the ear can discriminate dirferonccs m sound

intensity from the softest whisper to the loudest

possible noise, representing an opprouniofc one

trillion times increase in sound energy or one

million times increase in amplitude of movement
of the basilar membrane. Yet the ear inlerprels

this much difference in sound level as approxi-

mately a 10,000-fold change Thus, the scale of

intensity is greatly “compres-sed" by the sound
perception mechanisms of the auditory system

Tins obviously allows a person to interpret differ*

encos in sound intensities over an extremely wide

range, a far broader range than would be possible

were it not for compression of the scale

The Decibel Unit. Because of the extreme
changes in sound intensities that the ear can detect

and discriminate, sound intensities are usually

expressed in terms of the logarithm of their actual

intensities. A IQ-fold increase in sound energy <or

a vTo-fold increase in sound pressure, because
energy is proportional to the square of pressure) is

called 1 bel, and 0 I bcl is called I decibel. One
decibel represents an actual increase m sound
energy of 1 26 times.

Another reason for using the decibel system in

expressing changes in loudnos.s is that, m the usual
sound intensity range for communication, the cars
can barely distinguish approximately a I decibel

change in sound intensity
The "Zero” Decibel Reference Level. The usu.il

method for expressing the intensity of sound ix to state

the pressure difference between the peak of the sound
compressjon wave and the trough of the wave A pres-

sure difference of 0 0002 dyne per iqueire centimeter is

considered by audiologists to be unit intensity, and this

Tis i«n> dwbeta -w'wsn tmwxftVei \t> Vne
decibel scale This sound level is also approximately the
minimum that can be detected by the normal car at the
optimal frequency of 3000 cycles per second
Threshold for Hearing Sound at Different Fre-

quencies. Figure Gl-9 shows the energy ihreshokt at
which sounds of different frequencies can barely be
heard by the ear This figure illustrates that a 3000
cycle per second sound can be heard even when its

intensity is as low as 70 decibels below 1 dyne'em* sound
pressure level, which is one ten-mdUonth micro*
watt/cm’ On the other hand, a 100 cycle per second
sound can be detected only if its intensity is 10,000
times as great as this

Frequency Range of Hearing. The frequencies of
sound that a young person can hear, before aging haa
occurred in the ears, is generally stated to be between
20 and 20.000 cycles per second However, referring
again to Figure 61-9, we see that the sound range
depends to a great extent on intensity If the intensify
IS 60 decibels below the I dyne/cra’ sound pressure level,

the sound range is 500 to 5000 cycles per second, and
only vfith intense sounds can the complete range of^

20,000 cycles be achieved In old age, the frequency
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range falls to 50 to 8000 cycles per second or less,

discussed Infer in the chapter

CENTOAL AUDITORY MECHANISMS

TH£ AUD/TORF PATHWAY

Figure 61-10 illustrates the ma;or auditory pathnV'

It shows that nerve fibers from the spiral

Com enter the donnl and itnlra! cochlear nuclei Icr

in the upper pirt of the medulU. At thi# pemt, #1!

fibers synapse, and second order neurons pas*

the opposite side rjf the brain stem through ihefrtfxv

body to the superior ofiixiry nucleus. A*
second order fibers also pass ipxilateralJy to the iup»^

olivary nucleus on the same side From the

olivary nucleus the auditory pathway then pas**?
^

ward through the lateral lemniscus, and many o*
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.a terminate in the nucleus of the lateral lemniscus.

klany bypass this nucleus and pass on to the infenor

olliculus where most terminate; a few pass on without

erminating to higher levels A few fibers cross from the

lucleusofthc lateral lemniscus through the commissure

>f
Probst to the contralateral nucleus, and still other

Ibers cross through the infenor collicular commissure
rom one inferior colliculus to the other From the

nferior colliculus, the pathway passes to the medial
teniculate nucleus, where all the fibcn synapse From
lere, the auditory pathway proceeds by way of the

ludilory radiation to the auditory cortex located mainly
in the superior gyrus of the temporal lobe

Several points of importance jn relation to the

auditory pathway should be noted First, signals

from both ears are transmitted through the path*
ftays of both sides of the brain with only slight

preponderance of transmission in the contralateral

pathway. In at least three different places in the
brain stem crossing-over occurs between the two
pathways: (a) in the trapezoid body, fb) in tire

Kimmissure of Probst, and ic) in the commissure
Kinnecting the two inferior colliculi.

Second, many collateral fibers from the auditory
tracts pass directly into the reticular acitvating

system of the brain stem. This system projects dif-

fusely upward into the cerebral cortex and downward
into the spinal cord. Other collaterals go to the vermts
ofthe cerebellum, which is activated instantaneously
in the event of a sudden noise.

Third, a high degree of spatial onentation is

maintained in the fiber tracts from the cochlea all

the way to the cortex. In fact, there are three diQbrcnt
spatial representations of sound frequencies in the

cochlear nuclei, two representations in the inferior

wlliculi, one precise representation for discrete sound
frequencies in the auditory cortex, and at least five

other less precise representations m tlie auditory
cortex and auditory association areas
Firing Rates at Different Levels of the Auditory

Pathway. Single nerve fibers entering Uie cochlear
auclei from the eighth nerve can fire at rales up to at
least 1000 per second, the rate being determined mainly
by the loudness of the sound. At low sound frequencies,
the nerve impulses are usually synchronized with the
sound waves but they do not necessarily occur with
every wave.
In the auditory tracts of the brain stem, the firing is

usually no longer synchronized with the sound frequency
except at sound frequencies below 200 cycles per second
And above the level of the inferior colliculi, even this

synchronization is mainly lost. These findings demon-
that the sound signals are not transmitted un-

changed directly from the ear to the higher levels ofthe
rein; instead, information from the sound signals be-
pns to be dissected from the impulse traffic at levels as

as the cochlear nuclei. We will have more to say
about this later, especially in relation to perception of
irwlion from which sound comes,
pother significant feature of the auditory pathways

'8 that low rates of impulse firing continue even in the

of sound all the way from the cochlear nerve
berg to the auditory cortex. When the basilar mem-

reoves toward the scala vestibuli, the impulse
refnc increases; and when the basilar membrane moves
toward the scala tympam, the impulse traffic decreases.

Thus, the presence of this background signal allows

information to be transmitted from the basilar mem-
brane when the membrane moves in either direction:

positive information in one direction and negative infor-

mation in the opposite direction Were it not for the
background signal, only the positive half of the infor-

mation could be transmitted. This type of so-called

“carrier wave” method for transmitting information is

utilized in many parts of the brain, as has been discussed

in several of the preceding chapters.

Discriminatory Functions of the Auditory Relay
Nuclei. Cats and even monkeys can detect very low
intensity sound even when the cerebral cortex is re-

moved bilaterally, which indicates that the nuclei m the
brain stem and thalamus can perform many auditory

functions without the cerebral cortex. However, discrim-

ination of tonal patterns, sound sequences, and direction

from which the sound is coming are considerably im-
paired. In human beings, bilateral destruction of the
cortical auditory centers may give a different picture: it

IS said to cause severe heanng loss but, unfortunately,

this has not been studied adequately

fUSCTlON OF THE CEREBRAL CORTEX
IN HEARING

The projection of the auditory pathway to the

cerebral cortex is illustrated in Figure 61-11,
which shows that the auditory cortex lies princi-

pally on the supratemporal plane of the superior

temporal gyrus but also extends over the lateral

border of the temporal lobe, over much of the

insular cortex, and even into the most lateral

portion of the parietal operculum.

Two separate areas are shown m Figure 61-11'

the primary auditory cortex and the auditory as-

sociation cortex (also called the secondary auditory

cortex} The primary auditory cortex is directly

excited by projections from the medial geniculate
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body, while the auditory association areas are

excit^ secondarily by impulses from the pnmaiy
auditory cortex and by projections from thalamic

association areas adjacent to the medial geniculate

body.

Locus of Sound Frequency Perception in

the Primary Auditory Cortex. At least six dif-

ferent tonotopic maps have been found in the

primary auditory cortex and auditory association

areas. In each of these maps, high frequency

sounds excite neurons at one end of the map while

low frequency sounds excite the neurons at the

opposite end. In most, the low frequency sounds

are located anteriorly, as shown in Figure 61-11,

and the high frequency sounds posteriorly How-
ever, this is not true for all the maps. The question

that one must ask is why does the auditory cortex

have so many different tonotopic maps? The an-

swer is presumably that each of the separate areas

dissects out some specific feature of the sounds.

For instance, one of the large maps in the primary
auditory cortex almost certainly discriminates the

sound frequencies themselves and gives the person

the psychic sensation of sound pitches. Another
one of the maps probably is used to detect the

direction from which the sound comes.

The frequency range to which each individual

neuron in the auditory cortex responds is much
narrower than that in the cochlear and brain stem
relay nuclei. Kefemng back to Figure 61-6B, we
note that the basilar membrane near the base of
the cochlea is stimulated by all frequency sounds,

and in the cochlear nuclei this same breadth of
sound representation is found. Vet by the time the
excitation has reached the cerebral cortex, most
sound-responsive neurons respond only to a narrow
range of frequencies rather than a broad range
Therefore, somewhere along the pathway, process-

ing mechanisms “sharpen” the frequency response.

It is believed that this sharpening efTcct is caused
mainly by the phenomenon of lateral inhibition,

which was discussed in Chapter 47 in relation to

mechanisms for transmitting information in

nerves. That is, stimulation of the cochlea at one
frequency causes inhibition of signals caused by
sound frequencies on either side of the stimulated
frequency, this resulting from collateral fibers an-
gling off the primary signal pathway and exerting
inhibitory influences on adjacent pathways. The
same effect has also been demonstrated to be
important in sharpening patterns of somesthetic
images, visual images, and other types of sensa-
tions.

A large share of the neurons in the auditory
cortex, especially in the auditory association cor-
tex, do not respond to specific sound frequencies in
the ear. It is believed that these neurons “associ-
ate" different sound frequencies with each oth«
or associate sound information with information
from other sensory areas of the cortex. Indeed, the
parietal portion of the auditory association cortex

Jy overlaps somatic sensory area II, which

Muld provide easy opportunity for association
tf

auditory information with somatic sensory infer,

mation.

Discrimination of Sound “Patterns” byth(

Auditory Cortex. Complete bilateral remoialif

the auditory cortex does not prevent an animal

from detecting sounds or reacting in a crude maa

ner to the sounds. However, it does greatly reducf

or sometimes even abolish its ability to discrita.

natedifferent sound pitches and especially

of sound For instance, an animal that has beea

trained to recognize a combination or sequence til

tones, one following the other in a particular pat.

tern, loses this ability when the auditory cortex u

destroyed, and, furthermore, it cannot relearn fiu!

type of response. Therefore, the auditory cortex fc

important in the discrimination of tonal and Sf

quential sound patterns.

In the human being, lesions affecting the audi

tory association areas but not affecting thepn

mary auditory cortex do not decrease the peisos’

full capability to hear and differentiate souin

tones and to interpret at least simple patteirsc

sound. However, he or she will often be unable I

interpret the meaning of the sound heard Ft

instance, lesions in the posterior portion of w
superior temporal gyrus, which is Wernicke’s sri'

and is also part of the auditory association eortei

often make it impossible for the person to inteipM

the meanings of words even though he hears thee

perfectly well and can even repeat them. The*

functions of the auditory association areas so

their relationship to the overall intellectual to
tions of the brain were discussed in detail i

Chapter 64.

D(scia«iwnow or orwenoN fROM
WHICH SOUND £A14M47Z5

A person determines the direction from whic

sound emanates by two principal mechanisms, if

by the time lag between the entry of sound iiU

one ear and into the opposite ear and (2)
.

difference between the intensities of the soumfe i

the two ears. The first mechanism functions tei

for frequencies below 3000 cycles per second, an

the intensity mechanism operates best at htg««

frequencies because the head acts as a sound ba

rier at these frequencies, The time lag mechamn

discriminates direction much more exactly tha

the intensity mechanism, for the time lag me«h‘

nism does not depend on extraneous factors

only on an exact interval of time between jw

acoustical signals. If a person is looking straig/

toward the sound, the sound reaches both ears i

exactly the same instant, while, if the right ear

closer to the sound than the left ear, the soup

signals from the right ear enter the brain aaea

of those from the left ear. ,

Neural Mechanisms for Detecting
rection. Destruction of the auditory cortex on bot

sides of the brain, in either human beings or
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mammals, causes loss ofalmost all ability to detect

the direction from which sound comes. Yet, the
mechanism for this detection process begins in the
superior olivary nuclei, even though it requires

the neural pathways all the way from these nuclei

to the cortex for interpretation of the signals. Tlie

mechanism is believed to be the following:

First, the superior olivary nucleus is divided
into two sections, (a) the medial superior olivary

nucleus and (b) the lateral superior olivary nucleus.
The lateral nucleus is concerned with detecting
the direction from which the sound is coming by
the difference in intensities of the sound reaching
the two ears, presumably by simply comparing the
two intensities and sending an appropriate signal
to the auditory cortex to estimate the direction

The medial superior olivary nucleus, on the other
hand, has a very specific mechanism for detecting

the time-lag between acoustic signals entering the
two ears. This nucleus contains large numbers of
neurons that have two major dendrites, one pro-
jecting to the right and the other to the left. Tlie

acoustical signal from the right ear impinges on
Uie right dendrite and the signal from the left ear
impinges on the left dendrite. The intensity of
excitation of each of these neurons is highly sen-
sitive to a specific time-lag between the two acous-
tical signals from the two ears. That is. the neurons
near one border of the nucleus respond maximally
to a short time-lag; whereas those near the oppo-
site border respond to a very long time-lag; and
those between, to intermediate time-lags. Thus, a
spatial pattern of neuronal stimulation develops

the medial superior olivary nucleus, with sound
from directly in front of the head stimulating one

ofoliv^ neurons maximally and sounds from
<unerent side angles stimulating other sets of neu-
rons maximally. This spatial orientation of signals
IS then transmitted all the way to the auditory
wrtex where sound direction is determined by the
loci^ in the cortex that is stimulated maximally.
It 18 believed that the signals for determining
sound direction are transmitted through a diflfer-

ent pathway and that this pathway terminates m
toe cerebral cortex in a different locus from the
transmission pathway and termination locus for
tootonal patterns of sound.
.

T^ mechanism for detection of sound direction
inmcates again how information in sensory signals
IS mssected out as the signals pass through differ-
ent levels of neuronal activity. In this case, the
„Tnality” of sound direction is separated from the
quality” ofsound tones at the level of the superior
olivary nuclei.

conduction or impulses
'«0A1 THE CENTItAL NERVOUS SYSTEM

.
Il®tojgrade pathways have been demonstrated at each

., nf tbe nervous system fiom the auditory cffztejt to
e c«hlea. The final pathway is mainly from the
Wnor olivary nucleus to the organ of Corti.
nese retrograde fibers are inhibitory. Indeed, direct

simulation of discrete points in the olivary nucleus
have been shown to inhibit specific areas of the organ
of Corti, reducing their sound sensitivities as much as
15 to 20 decibels. One can readily understand how this
could allow a person to direct attention to sounds of
particular qualities while rejecting sounds of other qual-
ities This is readily demonstrated when one listens to

a single instrument in a symphony orchestra.

HEARING ABNORMAUTiES

TYPES OF DEAFNESS

Deafness is usually divided into two types: first, that

caused by impairment of the cochlea or auditory nerve,
which IS usually classed under the heading “nerve deaf-

ness,” and, second, that caused by impasmient of the
middle ear mechanisms for transmitting sound into the

cochlea, which is usually called “conduction deafness.”

Obviously, if either the cochlea or the auditory nerve is

completely destroyed the person is permanently deaf.

However, if the cochlea and nerve are still intact but
the ossicular system has been destroyed or ankylosed

(“frozen” in place by fibrosis or calcification), sound
waves can still be conducted into the cochlea by means
of bone conduction.

The Audiometer, To determine the nature ofbearing
disabilities, the audiometer ta used. This is simply an
earphone connected to an electronic oscillator capable of

emitting pure tones ranging from low frequencies to

high frequencies. Based on previous studies of normal
persons, the instrument is calibrated so that the zero

intensi^ level ofsound at each frequency is the loudness
that can barely be heard by the normal person. However,
a calibrated volume control can increase or decrease the

loudness of each tone above or below the zero level. If

the loudness of a tone must be increased to 30 decibels

above normal before it can be heard, the person is said

to have a hearing loss of SO decibels for that particular

tone
In performing a hearing test using an audiometer,

one tests approximately 6 to 10 frequencies covering the
auditory spectrum, and the heanng loss is determined

for each of these frequencies. Then the so-called “audio-

gram” 1$ plotted as shown in Figures 61-12 and 61-13,

FREOUEKCr

ngure 61—12. Audiogram of the old-age type of

ness.
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The audiometer, in addition to being equipoed withan earphone ftr testing air conduction by the c^s^Imequip^d with an electronic vibrator for tesS |SS

noSfiv In nerve deaf.
damage to the cochlea, to tfiauditonr nerve, or to the central nervous system circuits

<J««ased or toSiC ?f

MMretui’aiVth"1^* conduction

Sfiii” J
*

•
conduction apparatus An au.diogram depicting partial nerve deafness is illustrated

forh& deafness islSSil;
fcr high frequen^ sound. Such deafness could be causedby damage to the base of the cochlea This t^ of

sons
***

s'fflost all oldm^r-

Other patterns of nerve deafness freouently occur asfollows. (1) deafness for low frequency sounds caused bv

ftheZw very iLdZm*rthe rock band or the jet airplane engine) becauVe low
usually louder and more damaging

Jm.Z K® !!
‘2’ for all frequents

*®”®’*'vity of the organ of Corti, espe-d^ly sensitivity to some antibiotics such as str^o-m^n. kanamycin. and chloramphenicol.ne Audiogram in ConducUon Deafness A second

E£iHr-“
13 Illustrates an audiogram from a person with
ear deafness" of this tjw In thVs cSSo S*.

dZ
”

'/ conduction is g^atlydepressed at all frequencies, more so at the low frMu«*B^^ In this type of deafness, the faceplate of theZoesf^^ntly ^omea “ankylosed" by bi^ny overS^Mh^^edges of the oval window. In this case ST-iSIwmes totally deaf for air conduction, but can bemde
Ind «'"ovmg thTsSeS^d replacing it with a minute Teflon or metal nrn^lwS^
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The Chemical
Senses—Taste

and Smell

HE SENSE OF TASTE

Taste is mainly a function of the taste buds in
he mouth, but it is common experience that one’s
ense of smell also contributes strongly to taste

lerception. In addition, the texture of food, as
tetected by tactual senses of the mouth, and the
Jresence of such elements in the food as pepi^r,
vhich stimulate pain endings, greatly condition
he taste experience. The importance of taste lies

n the fact that it allows a person to select food in

iccord with desires and perhaps also m accord
vith the needs of the tissues for specific nutritive
substances.

On the basis of psychological studies, there are
fenerally stated to be four primary sensations of
aste: sour, salty, sweet, and bitter. Yet we know
hat a person can perceive literally hundreds of
lifferent tastes. These are all supposed to be com*
)inations of the four primary sensations in the
>ame manner that all the colors of the spectrum
ue combinations ofthree primary color sensations,
IS described in Chapter 59.

primary SENSATIONS OFTASTl

Sour Taste. The sour taste is caused by
and the nf tgQtf»_<ifln&afaon IS

ap
proximately proportional to thp Ingarithm-of the

^Jarogen ton concentration That is, the more
acid, the stronger becomes the sensation.

,

fhe Salty Taste. The salty taste is elicited by
lom^d salts. The quality of the taste vanes some-

1
^ Irom One salt to another because the salts

^0 elicit other taste sensations besides saltiness-
he cations nf IKa pnlfg ora mginly-rflgpftnSlbTe for
he salty taste, but the anions-alss contribute to a
lesser extent.
The Sweet Taste. The sweet taste is not caused
y any single class of chemicals. A list of some of
he types of chemicals that cause this taste in-
udes sugars, glycols, alcohols, aldehydes, ke-

amides, esters, amino aci^, sulfonic acids.

halogenated acids, and inorganic salts of lead and
beryllium. Note specifically that most of the sub-
stances that cause a sweet taste are organicxhfiBVi
icals. It is especially interesting that very slight

changes in the chemical structure, such as addition

of a simple radical, can often change the substance
from sweet to bitter.

The third column of Table 62-1 shows the rela-

tive intensities of taste of certain substances that

cause the sweet taste. Sucrose, which is common
table sugar, is considered to have an index of 1.

Note that one of the substances has a sweet index
5000 times as great as that of sucrose. However,
this extremely sweet substance, known asP-4000,
13 unfortunately extremely toxic and therefore can-
not be used as a sweetening agent. Sqp^rin, on
the other hand, is also more than 600 times as
sweet as common table sugar, and since it is not
toxic (except that it might be mildly carcinogenic),

it can be used as a sweetening agent.

The Bitter Taste. The bitter taste, like the
sweet taste, is not caused by any single type of
chemical agent, but, here again, the substances
that give the bitter taste are almost entirely or-

ganic substances. Two particular rlngsps qF sub-

stances are especially likely to cause bitter taste

sensations; (1) long chain organic substances con-

taining nitrogen and (2) alkaloids. The alkaloids

include many of the drugs used in medicines such
as quinine, caffeine, strvrhninp, anrf-nii»rtfinp.

Some subst^^s.that at fir.st.tasta-swcct.have a

httfr aftert??!? is true of saccharin, which
mokes this substance objectionable to some people.

Some substances have a sweet taste on the front

of the tongue, where taste buds with special sen-

sitivity to the sweet taste are principally located,

and a bitter taste on the back ofthe tongue, where
taste buds more sensitive to the bitter taste are

located.

The bitter Uiste, when it occurs in high intensity,

usually causes the person or animal to reject the

food. This is undoubtedly an important purposive

function ofthe bitter taste sensation because many
745
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Table 62-1 REIATIVE TASTE INDICES Of DIFFERENT SUBSTANCES

Sour SubtUnces Index
Bitter

Substances Into Swt*t Substances Index
Salty

Substances Index

Hydrochloric acid 1 Quinine 1 Sucrose 1 NaO I

Fofrnk acW 1.

1

Brucine 11 l-propoxy-2-amino- NaT 2
Chloracetlc acid 09 Stiychine 3 1 4 nitrobenzene 5000 Caa, 1

Acetyllactic acid 065 Nicotine 1.3 Saccharin 675 NaBr 04
Lactic add 085 Phenylthlourea 09 Chlorot<»ni 40 Nal 035
Tartaric acid 07 Caffeine 04 fiuciose I 7 UO 04
Malic acid 06 Veratrine 02 Alanine 13 NH.a 25
Totasslum H tartrate 058 niocarpine 016 Chicose 08 KCI
Acetic acid 0 55 Auoplne 013 Maltose 045
Citric add 046 Cocaine 002 Galactose 032
Carbonic acid 006 Morphine 002 lactose 03

(From Derma Pmc OUihomiAad.SeL.279. i947.<rK] PFifFrnvt HeiultMMkofniyiMo^ See. I Vol L eiltlmcrt.WUIUms &. V.'Bkjnj. 1959. p 5071

of the deadly toxins found in poisonous plants are
alkaloids, and these all cause intensely bitter

taste.

Threshold for T»ste

The threshold for stimulation of the sour taste by
hydrochloric acid averages 0 QQ09 N; for stimulation of
the salty taste by aodmm chlonde, O.OI M; for the sweet
taste by sucrose, 0 01 M, end for the bitter taste by
quinine, 0.000008 M. Note especially how much more
sensitive is the bitter taste sense than all the others,

which would be expected since this sensation provided

an important protective function.

Table 62-1 gives the relative taste indices Ithe recip-

rocals of the taste thresholds) of diiTercnt substances In
this table, the intensities of the four different primary
sensations of taste are referred, respectively, to the
intensities of taste of hydrochloric acid, quinine, sucrose.
and sodium chlonde. eacTTo'fwhich is considored to have
a tastrtndeg of r“
'laste ulmdjiess. Many persons arq^ste blind for

certain substances, especially for differpnt tyjw-g nf thift.

urea compounds A substance used frequently by psy-

"chologisU tor demonstretmg taste blitidness is pFwnyt-
thiocarhamide. for which approximatefy lo to 35 per
cent of all people exhibit taste blindness, the exact
percentage depending on the method of testing and the
concentration of the substance.

THE TASn BHD AND ITS fUNCTJON

Figure 62-1 illustrates a taste bud, which has a
diameter of about 1/30 millimeter and a length of
about 1/16 millimeter. The taste bud is composed
of about 40 modified epithelial cells, some ofwhich
are supporting cells called sustentacular cells and
others ar6~Ta'sre_ceiis. The taste cells are contin-

ually^Eeing"re^ced_by_mitotic division from the
surrounding epithelial cellsso that soTffe are young
cells and others are mature cells that lie toward
the center^of the bud and aoon'dissolute. The life

span oT each taste cell is about ten days in lower
mammaTsiut is unknown lor the human being.

The outer tips of the taste cells are arranged
around a minute taste pore, shown in Figure
62-1. From the tip of each cell, several microvilli,

or taste hairs, about 2 to 3 microns in length and

0.1 to 0.2 micron in width, protrude outward into

the taste pore to approach the cavity of the mouth.
These microvilli are believed to provide the recep-

tor surface for taste.

Interwoven among the taste cells is a branching
terminal network of several tasle nerve fibers that

arc stimulated by the taste cells. Some of these

fibers invaginate into folds of the taste cell mem-
branes, BO that there is extremely intimate contact

between the taste cells and the nerves.

An interesting feature of the tastgJiydaia-that

thcy_compl£l£ly.deg8aerat©-when-the*iaste'nerve
fibcta_are destroyed. Then, if the taste fibers re-

grow to the epiiKeUal surface of the mouth, the

local epithelial cells regroup themselves to form

new taste buds. This illustrates the important

principle of “tropic” function fibers, lb

certain pacta o{ the body. The cause of the troplsm
is unknown, but it has been postulated to be a

protein tropic factor secreted by the nerve endings-

Location of the Taste Buds. The taste buds are

found on three of foup.difTercnt types of papillae of the

Umgue, as follows (X) A large number of taste buds are

on the walls of the troughs that surround the circuit-

vallate papillae, whichfonn a V line toward the post^

nor of the longue (2)'Moderate numbers of taste buds

are on the Cu.o.5i&iTtiv pa.'piUee Ube Crewt Burfece

the tongue (3) Moderate numbers are on the foliate

papillae located in the folds along the lateral surfaces

of the tongue Additional taste buds are located on the

n^ure 62-1. The casie bud
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palate and a few on the tonsillar pillars and at other
points around the nasopharynx. Adults have approxi*

mately 10,000 taste buds, and children a few more.
Beyond the age of 45 years many taste buds rapidly

degenerate, causing the taste sensation to become pro*

gressively less critical.

Especially important in relation to taste is the ten-

dency for taste buds subserving particular primary sen-
sations of taste to be located in special areas. Tbeawcet
and sal ty are located principally on the tip ofthe

tongue, theaofir taste on the two lateral sides of the

tongue, ihia the bitter taste on the circumvallate pa-

pillae on the postenor tongue.

Specificity of Taste Buds for the Primary
Taste Stimuli. Psychological tests using difTerent

types of taste stimuli carefully applied to individ-

ual taste buds, one at a time, have suggested that
we have four distinctly difTerent varieties of taste

buds, each sensitive for only one type of taste. Yet,

microelectrodo studies from single taste buds while
they are stimulated successively by the four difler-

ent primary taste stimuli have shown that most of

them can be excited by two, three, or even four of

the primary taste stimuli, though usually with one
or two of these predominating.

Regardless of the degree of specificity of the

individual taste buds for different taste sensations,

one can vs’cll understand that the hundreds of
different types of tastes that we experience result

from different quantitative degrees of stimulation

of the four primary sensations of taste, as well as
simultaneous stimulation of smell in the nose and
tactile and pain nerve endings in the mouth.
Mechanism of Stimulation of Taste Buds.

The Receptor Potential. The membrane of the

taste cell, like that of other sensory receptor cells,

is negatively charged on the inside with respect to

the outside. Application of a taste substance to the

taste hairs causes partial loss of this negative

potential—that is, the taste cell is depaiarized. The
decrease in potential, within a wide range, is

approximately proportional to the logorithm-of

concentration of the stimulating substance. This
change in potential in the taste cell is the receptor

potential for taste. y
The mechanism by which the stimulating sub-

stance reacts with the taste hairs to initiate the

receptor potential is unknown. It is believed by
some physiologists that the substance is simply

adsorbed to receptors on the membrane surface of

the taste hair and that this adsorption changes
the physical characteristics of the hair membrane.
This in turn makes the taste cell more permeable

to sodium ions and thus depolarizes the cell. The
substance is gradually washed away from the taste

hair by the saliva, thus removing the taste stim-

ulus. Supposedly, the type or types of receptor in

each taste hair determine the types of taste that

will elicit responses.

Generation of Nerve Impulses by the Taste
Bud. Most of the taste nerve fiber endings are

encased by folds of the taste cell membranes. In

some way not understood the receptor potentials

of the taste cells generate impulses in the taste

fibers, perhaps by secreting a chemical transmitter
that in turn stimulates the nerve endings.

On hrst application of the taste stimulus, the
rate of discharge of the nerve fibers rises to a peaik

in a small fraction of a second, but then it adapts
within the next 2 seconds back to a lower steady
level. Thus, a strong immediate signal is trans-

mitted by the taste nerve, and a weaker continuous
signal IS transmitted as long as the taste bud is

exposed to the taste stimulus.

TRANSMISSION Of TASTE SIGNALS INTO
THE CENTRAL NERVOUS SYSTEM

Figure 62-2 illustrates the neuronal pathways
for transmission of taste signals from the tongue
and pharyngeal region into the central nervous
system. Taste impulses from the anterior two
thirds of the' tongue pass fi rgf tT^P fifth nt>n>t>

•and then through the I'hnrAn^tympnni ir,tr, fho

factai nerve, then^ into the tractus solitarius in

the bram stem. Taste sensations from tne circum-
vallate papillae on the back of the tongue and from
other posterior regions*0056 mouth are transmit-

ted through the glo^pnaryngeal nerve also into

the tractus so/ttonu^ut at a slightly lower level.

Finally, a few taste signals are transmitted into

the tractus solitarius from the base of the tongue
and other parts ^the pharyngeal region by way
of the vagus net^.

Ail taste fibers synapse in the nwlei of the

tractus solitarius and send second orifer neurons
to a sihair area of the thalamus located slightly

medial to the thalamic terminations of the facial

regions of the dorsal column-medial lemniscal

system. From the thalamus, third order neurons
are transmitted to the lower tip of the- postcentral

gyj^sjn.the.parietal cortex where it curls deep into

the sylvian bssiue. This lies in close association

with, or even superimposed on, the tongue area of
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somatic area I. Third order neurons also project to

the nearby opercular-insular area, located deep in

the sylvian fissure as well.

From this description of the taste pathways, it

immediately becomes evident that they parallel

closely the somatic pathways from the tongue.

Taste Reflexes. From the tractus solitarius a
large number of impulses are transmitted directly

into the superior and inferior salivatory nuclei, and
these m turn transmit impulses to the submandib-
ular, sublingual, and parotid glands to help control

the secretion ofsaliva dunng the ingestion of/bod.
Adaptation of Taste. Everyone is familiar with

the fact that taste sensations adapt rapidly, often

with almost complete adaptation within a minute
or so of continuous stimulation. Yet, from electro-

physiological studies of taste nerve fibers, it seems
that the taste buds themselves do not adapt enough
to account for all or even most of the taste adap-
tation. The first burst of impulses from the taste

bud allows one to detect extremely minute concen-

trations of taste substances, hut normal concentra-

tions of taste substances cause a weaker prolonged
discharge of the taste fibers. Therefore, the pro-

gressive adaptation that occurs in the sensation of

taste has been postulated to occur in the central

nervous system itself, though the mechanism and
site of this are not known If this is true, it is a
mechamsm different from that of most other sen-

sory systems, which adapt mainly at the receptors

SPIOAL ATTfUBUTfS Of THC TASn 5£VS£

Affective Nature of Taste. Pleosanlness and un-
pleasantneas are called the

“
affective" attributes of a

sensation Figure 62-3 illustrate the aTective effects of
different types of taste at different concentrations of the
stimulating substances, showing, strangely enough, that
the sweet taste is likely to be unpleasant at a very low
concentration but very pleasant at high concentrations

The other types of taste, on the other hand, are likely

figure 62-J. The alTectrve nature of the different pdmaiy

Ions of taste at progressively Inaeasing degrees of taste

‘us. (from tngel. f/i Woodworth andSchlosberg Eapertnen-

vtogy Holt, Rinehart S. Winston, Inc Reprtated witti

of CBS College Publishing

)

f

to be pleasant at low concentrations but exceedingly

unpleasant at high concentrations This is particuUrly

true of the bitter taste.

Importance of the Sense orSmcIl in Taste. Persons

with severe colds frequently state that they have lost

their sense of taste However, on testing, the taste

sensations are found to be completely normal This
illustrates that much of what we call taste Is actually

smell. Odors frohi Ihejood’can' pais upwiircLmto the

"nasopharynx, often stimulating the olfactory system
thousands of times as strongly as the taste system. For
instance, if the olfactory system is Intact, alcohol can be
"tasted" in J^S.OOO the concentration required when
the olfactory iystem Is not intact.

Taste Preference and Control of the Diet. Taste
preferences mean simply that an animal will choose

certain types of food in preference to others, and it

automatically uses this to help control the tyfte of diet

It eats. Furthermore, its taste ptcfercncp.s. olieojihaHge

in accord with the needs of ihe body for certain specific

su^tancea—The following experimental studies illus-

trate this ability of an animal to choose food in accord

with the need of its body. Firs^ ndrcnalectormzed ani-

mals automatically select dflnmng water with a high
concentration of sodium chloride in preference to pure
water, and this m many instances is sufficient to supply

the needs of the body and prevent death as a result of

salt depletion. Sec^opdfan snimal iiyected with cx^gaiye
amounts of insulin develops a depleted blood sugar, and
It automatically chooses the sweetest food from among
many samples Thjjrih'parat^'roidsctoaiizod animals au-
tomatically choose dnnkmg water with a high concen-
tration of calcium chloride.

These same phenomena are also observed in many
instances of everyday life. For instance, the salt licks of
the desert region are known to attract animals (Vom far

and wide, and even the human being rejects any food
that has an unpleasant affective sensation, which cer-

tainly m many instances protects our bodies from un-
desirable substances.
The phenomenon of taste preference almost certainly

results from some mechanism located in the central

nervous system and not from a mechanism in the taste

buds themselves, though it is true that the taste buds
often do become sensitized to the needed nutrient An
important reason for believing taste preference to be
mainly a central phenomenon is that previous experi-

ence with unpleasant or pleasant tastes plays a m^r
role in determining one’s different taste preferences For
instance, if a person becomes sick immediately after

eating a particular type of food, the person generally
develops a negative taste preference, or taste aversion,

for that particular food theroaffer; the same effect can
be demonstrated in animals.

THE SENSE OF SMELL

Smell is the least understood sense This results

partly from the location of the olfactory membrane
high in the nose where it is difficult to study and
partly from the fact that the sense of smell is a
sufaj'ective phenomenon that cannot be studied

with ease in lower animals. Still another compli-

cating problem is the fact that the sense of smell

is almost rudimentary in the human, being in

comparison with that ofsome lower animals.
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figure 62—4. OrsanizAtion of the olfactory membr.irM

THE OLFAaORY MEMBRANE

'The olfactory membrane lies m the superior part

of each nostril, as illustrated m Figure 62-5. Me-
dially it folds downward over the surface of the

septum, and laterally it folds over the superior

turbinate and even over a small portion of the

upper surface of the middle turbinate. In each
nostril the olfactory membrane has a surface area

of approximately 2.4 square centimeters.

The Olfactory Cells, The recontor cells for the

smell sensation are the olfactory cells, which are

actually bipolanjcrvfrcells derived originally from
the central nervous system-itself. There are about

100 million of these cells m the olfactory epithe-

lium interspersed among sustenlacular cells, as

shown in Figure 62-4 'The mucosal end of the

olfactory cell forms a knob from which 6 to 12

olfaclorxhairsre>rcilia, 0.3 micron in diameter and
50 to 80 microns in length, project into the mucus
that coats the inner surface of the nasal cavity.

'These projecting olfactory cilia form a dense mat
in the mucus, and it is these cilia that reacUto
odors in tbp And^ther>-at<inttlatQ the olfactory

cells, as discussed later. Spaced among the olfac-

tory cells in the olfactory membrane are many
small elands ofBowman that secrete mucus onto

the surface of the olfactory membrane.

STIMULATION OF THE OLFACTORY CELLS

The Necessary Stimulus for Smell. We do not

know what it takes chemically to stimulate the

olfactory cells. Yet we do know the physical char-

acteristics of the substances that cause olfactory

stimulation: First, the substance must be volatile

so that it can be sniffed into the nostrils. Second,

it must be at least slightly water-soluble so that

it can pass through the mucus to the olfactory

cells. And, third, it must also be linid-soluble.

presumably because the olfactory cilia are com-
posed principally of lipid materials.

Regardless of the basic mechanism by which the

olfactory cells are stimulated, it is known that
they become stimulated only when air blasts up-
ward into the superior region of the nose. There-
fore, smell occurs in cycles along with the inspi-

rations, which indicates that the olfactory

receptors respond in milliseconds to the volatile

agents. Because smell intensity is exacerbated by
blasting air through the upper reaches of the nose,

the sensitivity of smell can be greatly increased

by the well-known sniffing technique.

Receptor Potentials in Olfactory Cells. The olfac-

tory cells react to olfactory stimuli in the same manner
that most other sensory receptors react to their specific

stimuli; that is, by depolanzing the ceil and thus cre-

ating a receptor potential. This in turn initiates nerve
impulses m the olfactory nerve fibers. An expenment
that demonstrates this property of the olfactory recep-

tors IS the following: An electrode is placed oil the
surface of the olfactory membrane, and its electrical

potential with respect to the remainder of the body is

recorded When an odorous substance is blown into the
nostnl, the surface potential becomes negative and re-

mains negative as long as the odorous air continues to

pass through the nostnl. This electrical recording is

called thceleclro-olfactogram, and it is believed to result

from summation of receptor potentials developed m the

receptor olfactory cells

Over a wide range, both the amplitude of the electro-

olfaclogram and the rate of olfactory nerve impulses are

approximately proportional to the logarithm of the stim-

ulus strength, which illustrates that the olfactory recep-

tors tend to obey prinnples of transduction similar to

those of other sensory receptors

Adaptation. The olfactory receptors adapt ap-

proximately 5p per-cent in the first second or so

after stimulation. Thereafter, th^ adapt very lit-

tle and very slowly. Yet we all know from our own
experience that smell sensations adapt almost to

extinction within a minute or so after one enters

a strongly odorous atmosphere. Since ffiia.p_sycho-

of adaptalion—of-the-receptors-thumselves, it is

almost certain that the adaptation occurs in the

central nervous system, which has also been pos-

tulated to be the locus of much of the adaptation

for taste sensations. The npi;rnna| TTiPrh.qnlam for

this adaptation could be the foTlowing: Large num-
beri ot centrifugal nerve fibers pass from the ol-

factory regions of the brain backward along the
olfactory tract and terminate on special inhibitory

cells in the olfactory bulb, the eranule cellsr-hris

po$tulated~that after the onset of an olfactory

stimulus the central nervous system gradually
develops a strong inhibitory signal to suppress
transmission of the signal through the olfactory
bulb.

Search for the Primary Sensations of Smell.
Most physiolopsts are convinced that the many
smell sensations are subserved by a few rather
discrete primary sensations, in the same way that
taste is subserved by sour, sweet, bitter, and salty
sensations. But, thus far, only minor success has
been achieved in classifying the primary sensa-
tions of smell. Yet, on the basis of psychological
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tests and action potential studies from various

points in the olfactory nerve pathways, it has been

postulated that about seven diiTerent primary

classes of olfactory stimulants preferentially excite

separate olfactory cells. These classes of olfactory

stimulant&-aii£.£harfleteu2£iasJQUows:
'
1. Camphoracecrus 5. Ethereal

2. Musty 6. Pungent
3. Floral 7. Putrid

4. Pepperminty
However, it is unlikely that this list actually

represents the true primary sensations of smell,

even though it does illustrate the results ofone of

the many attempts to classify them. Indeed, sev-

eral clues in recent years have indicated that there

may be as many as 50 or more primary sensations

of smell—a marked contrast to only three primary
sensations of color detected by the eyes and only

four primary sensations of taste detected by the

tongue. For instance, persons have been found who
have odorMuidaess for single substances; and such
discrete odor blindness has been identified for more
than 50 diiTerent substances. Since it is presumed
that odor blindness for each substance represents

a lack of the appropriate receptor cell for that

substance, it is postulated that the sense of smell

might be subserved by 50 or more primary smell

sensations.

Mechanism for Excitation of the Olfactory
Cells. The basic mechanism by which the olfactory

cells are stimulated is not known, but two principal

theories have been proposed. One of these is a
physicgl theory which suggests that it is the phys-
ical sh'apes of the odor molecules that determine
which olfactory cells will be stimulated, but the
evidence for this theory is weak. The second the-

ory, a cherpiOal theory, is much more likely to be
correct. This theory assumes that the odor mole-
cules bind chemically to protein receptors in the
membranes of the olfactory ciliarThe type of re-

ceptor in each olfactory cell determines the type of

stimulant that will excite the cell. The reaction

between the stimulant and the receptor supposedly
increases the permeability of the olfactory ciliary

membrane, and this in turn creates the receptor

potential in the olfactory cell that generates im-
pulses in the olfactory nerve fibers.

Affective Nature of SmeU. Smell, equally as much
as taste,has the af&rtivaipiaUties ofeither pleasantness

or unpJeasantness.Because of this, smell is as important
as, if not more important than, taste m the selection of

fo<^ Indeed, a person who has previously eaten food

that has disagreed with him is often nauseated by even
the smell of that same type of food on a second occasion.

Other types of odors that have proved to be unpiessant
in the past may also provoke a disagreeable feeling; on
the other hand, perfume of the right quality can ^eak
havoc with masculine emotions In addition, in some
lower animals odors are the primary excitant of sexual
drive.

Threshold for SmeU. One of Uie principal (haracter-

^ of smell is the minute quantity of the stimulating
' m the air often required to effect a smell sensation

V

For instance, the substance methyl mercaptan can be

smelled when only 1125,000,000,000 milligram ia pres-

ent in each milliliter of air. Because of thu low thresh-

old, this substance is mixed with natural gas to give the

gas an odor that can be detected when it leaks from a

^8 pipe

Measurement ofSmeU Threshold. One of the prob-

lems in studying smell has been difficulty in obtaining

accurate measurements of the threshold stimulus re-

quired to induce smell. The simplest technique is simply

to allow a person to sniff different substances in the

usual manner of smelling Indeed, some investigators

feel that this is os satisfactory as almost any other

procedure However, to eliminate variations from person

to person, more objective methods have been developed

One of these has been to place a box containing the
volatilized agent over the subject’s head. Appropriate
precautions are taken to exclude odors from the person’s

own body. The person is allowed to breathe naturally,

but the volatilized agent is distributed evenly in the air

that IS breathed
Gradations ofSmell Intensities. Though the thresh-

old concentrations of substances that evoke smell are

extremely slight, concentrations only !0 to 50 times

above the threshold values often evoke maximum inten-

sity of smelt. This is in contrast to most other sensory

systems of the body, in which the ranges of detection

arc tremendous—for instance, 500,000 to 1 in the case

of the eyes and 1.000,000,000,000 to 1 In the case of the

ears This perhaps can be explained by the fact that

smell IS concerned more with detKtmg the presence or

absence of odors than with quantitative detection of

their intensities

rMNSSMSSlON orSMEU SICNAIS INTO
T»£ ONTRAL NUVOUS SYSTIM

TTie function of the central nervous system in

olfaction is almost as vague aa the function of the
peripheral receptors. However, Figures 62-4 and
6^ illustrate the general plan for transmission
of olfactory signals into the central nervous ays-
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tern. Figure 62-4 shows a number of separate

olfactory cells sending axons into the olfactory bulb
to end on dendrites from mitral cells in a structure
called the glomerulus. Approximately 25,000 ax-

ons enter each glomerulus and synapse with about
25 mitral cells that in turn send signals into the
brain. Also in the glomerulus are about 60 smaller
cells, the tu^ed cells, that send signals to the brain
as well—perhaps to the older portions of the olfac-

tory nervous system.

Figure 62-5 shows the major pathways for trans-

mission of olfactory signals from the mitral and
lulled cells into the brain. The fibers from the cells

travel through the olfactory tract and terminate
either primarily or after relay neurons in two

- principal areas of the brain called the medial
olfactory area and the lateral olfactory area, re-

spectively. The medial olfactory urea is composed
of a group of nuclei located in the midportion of
the brain anterior to the hypothalamus. This group
includes the olfactory nucleus, the olfactory tuber<
cle, parts of the hypothalamus, and other adjacent
areas.

The lateral olfactory area is composed mainly of
the prepyriform and pyriform cortex and part of
the amygdaloid nuclei.

Secondary olfactory tracts pass from both the
medial and lateral olfactory areas into many other
portions of the limbic system and into associated
regions of the thalamus and brain stem nuclei.

Ihe lateral olfactory area, especially part ofthe
amygdala and the overlying cortex, the pyriform
and prepyriform areas, is believed to be responsible
for the more complex aspects of olfaction, such as
association of olfactory sensations with somatic,
visual, tactile, and other types of sensation. These
regions of the brain, operating in association with
other areas of the cortex located more anteriorly

in the uncus, orbitofrontal cortex, and frontal cor-

tex, are probably responsible for a person's specific

appetites for certain types of foods. For instance,

it might be in these areas that one develops special

likes or dislikes for certain foods depending upon
previous experience with the foods.

The pynform area of the temporal cortex is

frequently considered to be the primary olfactory

cortex. It is particularly interesting that this is the

only part of the entire cerebral cortex that receives

pnmary sensory signals that are not relayed

through the thalamus.
Complete removal of the lateral olfactory area

hardly affects the primitive responses to olfaction,

such as licking the lips, salivation, and other

feeding responses caused by the smell of food or

such as the various emotions associated with smell.

’ On the other hand, its removal does abolish the

more complicated conditioned reflexes that depend
on olfactory stimuli.

Centrifugal Control of Activity in the Olfactory
Bulb by the Central Nervous System. Many nerve
fibers originating m the olfactoiy portions of the brain
pass in the backward direction in the olfactory tract to
the olfactory bulb, that is, “centrifugally" from the brain
to the periphery. These terminate on the very large
number of small granule cells located in the center of
the bulb. These m turn send short, inhibitory dendntes
to tl^ mitral and tufted cells. As discussed earlier, it is

believed that this inhibitory feedback to the olfactory

bulb might be a method for central adaptation of olfac-

tion to different odors. It might also be a means for
helping sharpen one’s spedflc capability of distinguish-

ing one odor from another.

Electrical Activity in the Olfactory Nerves and
Tracts. The olfactory receptors in the olfactory epithe-

lium, even normally, send impulses at a slow rate of 1

to 3 pulses per second. Most odors increase the impulse
IraiBc, but a few actually inhibit it. A strong olfactory

signal can increase the impulse rate to a TnaTimnm of
about 20 per second.

Eiectropbysiological studies show that the mitral and
;tuQe(i cells are also continually active. Superimposed
^^El^hftck^und are increases or decreasesm impulse

trafllc ‘cau^d by different odors. Thus, the olfactory

stimuli modulate the frequency of impulses in the olfac-

tory system and in this way transmit the olfactory

information.
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Movement of Food
Through the
Alimentary Tract

The primary function of the alimentary tract is

to provide the body with a continual supply of

water, electrolytes, and nutrients, but before this

can be achieved food must be moved along the

alimentary tract at an appropriate rate for the
digestive and absorptive functions to take place.

Therefore, discussion of the alimentary system is

presented in three different phases m the next

three chapters: (1) movement of food through the
alimentary tract. (2) secretion of the digestive

juices, and (3) absorption of the digested foods,

water, and the various electrolytes.

Figure 63-1 illustrates the entire alimentary
tract, showing mtyor anatomical differences be*

tween its parts. Each part is adapted for specific

functions, such as: (1) simple passage of fbod from
one point to another, as in the esophagus, (2)

storage of food in the body of the stomach or of
fecal matter in the descending colon, (3) digestion

of food in the stomach, duodenum, jejunum, and
ileum, and (4) absorption of the digestive end-
products and fluids in the entire small intestine

and proximal half of the colon. One of the most
important features of the gastrointestinal tract

that is discussed in the present chapter is the
myriad of autoregulatory processes in the gut that

keeps the food moving at an appropriate pace

—

slow enough for digestion and absorption to take
place but fast enough to provide the nutnents
needed by the body.

GENERAL PRINCIPLES OF
GASTROINTESTINAL MOTILITY

Ctt4IMC7IR/SnCS OF THE
CASTROINTISTISAL WAU

Figure 63-2 illustrates a typical section of the

intestinal wall, showing the following layers from

the outer surface inward: (1) the serosa, (2) a
gitudinal muscle layer, (S') a circufor muscle

., (4) the submucosa, and (5) the mucosa. In

addition, a sparse layer of smooth muscle flb<

the muscularis mucosae, lies in the deeper lay

of the mucosa. The motor functions of the gut
performed by the different layers ofsmooth mus
The genera) characteristics of smooth mus

and its function were discussed in Chapter
However, the specific characteristics of smo
muscle in the gut are the following;

The Gastrointestinal Smooth Muscle—
Function os a Syncytium. The individual smo
muscle fibers m the gastrointestinal tract are
tween 200 and 500 microns in length and 2 i

10 microns m diameter, ond they ore arranged
bundles of as many as a thousand parallel flb<



63 Movement ofFood Through the Allmenttuy TfJtct 755

Epithelial lining

Circular muscle

Longitudinal muscle

Submucosa

Mucosa

—Mesentery

risure 63-2. Typical cross-section of the gut

In the longitudinal muscle layer, these bundles

extend longitudinally down the intestinal tract; in

the circular mtiscle layer they extend around the

gut. Within each bundle the muscle fibers are

electrically connected with each other through

large numbers of gap iuncttons that allow low

resistance movement ot ions trom one cell to the

next. Therefore, electrical signals can travel read-

ily from one fiber to the next.

It is the of muscle fibers, not the indi-

vidual fibers, that conduct action potentials in the

gastrointestinal musculature because single fibers

cannot generate sufficient electrical current alone

to elicit an action potential. At least 200 to 300
muscle fibers operating in parallel are required for

this to occur.

Each bundle ofsmooth muscle fibers is separated

from the next by loose connective tissue, but the

bundles fuse with each other at many points so

that in reality each muscle layer represents a

branching latticework of smooth muscle bundles.

Therefore, eaclTmusHe layer functions as a syn-

cytium—that isTwhen an electncal signal is elic-

ited anjn,vhere within the muscle mass, it generally

travels in all directions in the muscle. However,

the distance that it travels depends upon the ex-

citability of the muscle; sometimes it stops after

only a few millimeters and at other times travels

many centimeters or even the entire length of the

intestinal tract. Also, a few connections exist be-

tween the longitudinal and circular muscle layers

so that excitation of one of these layers usually

excites the other as well.

tlectricjJ Acdvtty of (UstroIntestimJ

. Smooth Muscle

in Figure 63-3. In addition, the voltage of the
resting membrane potential of the gastrointestinal

smooth muscle can change to different levels with-

out the generation of waves, and this too can have
important effects in controlling motor activity of

the gastrointestinal tract.

The Slow Waves—the “Basic Electrical
Rhythm” (BER). Most gastrointestinal contrac-

tions occur rTiythmically, and this rhythm is de-

termined almost entirely by the frequency of the
so-called “slow waves” in the smooth muscle mem-
brane potential. These waves, illustrated in Figure
63-3, are called the “basic electrical rhythm” of

the gut. The slow waversiTnbt action potentials.

Instead, they are slow, undulating phnnges in the
rogting TTn.mV.ranp potentia l. Their intensity usu-

ally varies between 5 and 15 millivolts, and their

frequency ranges in different parts of the human
gastrointestinal tract between 3 and 12 per min-
ute: about 3 in the body of the stomach, as much
as 12 in the duodenum, and changing to about 8
or 9 in the terminal ileum. Therefore, the rhythm
of contraction of the body of the stomach usually

is about 3 per minute, of the duodenum about 12
per minute, and the ileum 8 to 9 per minute.

The cause of the slow waves is not known.
However, as discussed in Uhaptw 127ins BelievS^

that they might be caused by a slow undulation of

the activity of the sodium-potassium pump.
The alow waves themselves do not directly cause

jpnsrig rnntra ction, However7they do control the

appearance of intermittent spike potentials, and
the spike potentials in turn actually cause the

muscle contraction.

The Spike Potentials. The spike potentials are

true action potentials. They occur automatically

when the resting membrane potential of the gas-

trointestinal smooth muscle rises above about -40
millivolts (the normal resting membrane potential

is between -50 and -65 millivolts). Thus, note

in Figure 63-3 that each time the peaks of the

slow waves rise temporarily above the -40 milli-

a-«H
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The smooth muscle of the gastrointestinal tract

undergoes almost continual electrical activity.

This activity is sometimes very bizarre but tends

to have two basic types of electrical waves: (1) slow

waues and (2) spikes, both of which are illustrated
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figure 63-3. Membrsne potentials In Intestinal sntooth muscle.
Note ere slow waves, the spike potentials, total depoUrUatlon.
and h>perpolarlzaiioa aS of which occur urKfer difletent physio-
loskal CDC^itions of the Intestine.
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/olt level, spike potentials appear. And the higher

.he slow wave potential rises above this level, the

greater the frequency of the spike potentials, usu-

illy ranging between 1 and 10 spikes per second.

The spike potentials last 10 to 40 times as long

n the gastrointestinal muscle as the action poten-

;ials in most nerve fibers, each lastingjisjopg^?^

10 to 20 milliseconds. Another very important
iifference between the action potentials of the

gastrointestinal smooth muscle and those of nerve

ibers is the manner in which they are generated,

[n nerve fibers, the action potentials are caused
almost entirely by rapid entry of sodium ions

through sodium channels to the interior of the

fibers In the gastrointestinal smooth muscle, the

channels responsible for the action potentials are

quite different; they allow especially large

amounts of calcium ions to enter along with
smaller amounts of sodium ions and therefore are
called calcium-sodwm ehanneh. These channels
are much slower to open and also to close than are
the rapid sodium channels, which accounts for the

longer duration of the action potentials Also, the
movement of large amounts of calcium ions to the

intenoT of the muscle fiber during the action po-

tential IS especially important in causing the in-

testinal smooth muscle to contract, as v,e shall

discuss shortly

Even though the spike potentials are true action

potentials, they usually do not propagate more
than a few millimeters in the intestinal muscula-
ture Instead, it is mainly the slow wave potentials

that are propagated, and the spike potentials then
occur at the peaks of the slow ivaves in each local

segment of the intestinal tract. This is the reason
why the slow waves rather than the spike poten-

tials establish the basic electrical rhythm.

Changes in the Voltage of the Resting Mem-
brane Potential. In addition to the slow waves
and spike potentials, the voltage level of the rest-

ing membrane potential can also change Under
normal conditions the resting membrane potential

averages about -66 millivolts, but multiple fac-

tors can change this level \Vhen the potential

becomes more positive, which is called depolari-

zation of the membrane, the muscle fiber becomes
more excitable When the potential becomes more
negative, which is called hyperpolarization, the
fiber becomes less excitable Some factors that
depolarize the membrane, that is, that make it

more excitable are (1) stretch of the muscle, (2)

stimulation by acetylcholine, (3) stimulation by
the parasympathetic nerves, and (4) stimulation
by several specific gastrointestinal hormones. Im-
portant factors that decrease the membrane poten-

tial to more negative levels—that is, hyperpolarize
the membrane and make the muscle fiber less

excitable—are (1) the effect of norepinephnne or
epinephrine on the muscle membrane, and (2)

stimulation of the sympathetic nerves that secrete

norepinephrine at their endings.

Calcium Ions and Muscle Contraction. Mus
cle contraction occurs in response to the entry o

calcium into the muscle fiber. As was explained ii

Chapter 12, it is believed that in smooth muscli

the calcium ions activate the myosin filaments ii

the fiber, causing attractive forces between thes

and the actin filaments and thereby causing thi

muscle to contract.

The slow waves do not cause calcium ions t

enter the smooth muscle fiber but instead onh
sodium ions Therefore, the slow waves by them
selves cause no contraction. Instead, it is durini

the spike potentials at the peaks of the slow wave:

that large quantities of calcium ions do enter thi

fibers and cause the contractions.

Tonic Contraction of GaJtrointestIna

Stnootb Muscie. The smooth muscle of the gas

tromtestinal tract usually exhibits tonic contrac-

tion as well as rhythmical contractions. Tonic con^

traction is continuous, not associated with the

basic electrical rhythm of the slow waves bul

instead often lasting minute after minute or ever

hour after hour. The tonic contraction occasional!}

increases or decreases m intensity, but neverthe

less continues Tonic contraction is sometime!

caused by repetitive series of spike potentials—th«

greater the frequency the greater the degree o

contraction However, at other times tonic contrac

tion IS caused by hormones or other factors tho<

bring about continuous depolarization of th<

smooth muscle membrane without causing actior

potentials And still a third cause of tonic contrac

tion IS continuous entty ofcalcium into the intenoi

of the cell brought about in ways not at all asso-

ciated with changes in the membrane potential

Unfortunately, the details of these mechanisms
are still very unclear.

INNUtVATION or THE CUT^THE ENTEKJC
NEftVOUS SYSTEM

The gastrointestinal tract has an intrinsic ner-

vous system of its own, called the enteric nervoui.

system, that begins in the esophagus and extendi

all the %vay to the anus. This system controls most

gastrointestinal functions, especially gastrointes-

tinal movements and secretion. On the oth^r hand,

both paras}Tnpathetic and sympathetic nervous

signals to the gastrointestinal tract from the brain

can strongly alter the degree of activity of this

enteric nervous system. I

The Myenteric Plexus and the Submucosal
Plexus. The enteric nervous system is composed

principally of two layers of neurons and appropri-

ate connecting fibers' the outer layer, called the

myent^cpl^TV^ nrA uerbdch's plexus. lies between

the lol^itudmal and circular muscular layers; the

Inner layer, called the submucosa l plexus or Meiss-

ner's pferus_lies inJh&JSttbmucosS^TBe myenteric

plexus conlrolsTnainly the gastrointestinal move-
ments, whereas the submucosal plexus is impor-
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tant in controlling secretion and blood flow and
also subserves many sensory functions, receiving

signals principally from the gut epithelium and
from stretch receptors in the gut wall.

Most often, stimulation of the myenteric plexus

increases the motor activity of the gut, causing
four principal effects: (1) increased tonic contrac-

tion, or “tone," of the gut.v Û. (^Fincreased inten-

sity of the rhv^mic contractions, (3) slightly in-

creased ratSoTrhythmic contraction, and (4)

increased velocily~T?f ^ondi^ton of excitatory

waves along the gut waHrOlTtK^dtfterlrand, some
myenteric plexus-fibers are inhibitory rather than
excitatory; these fibers secrete an inhibitory trans-

mitter, possibly VIP (vasoactive iritp«itma] poly-

peptide) or some OtEer peptide. A 'large share^f
tne excitatory fibers are cholinergic—that is, they
secrete acetylcholir^ though some secrete other

excitatory transmitters. Transmitters that have
been identified in the enteric plexuses, though
their functions are mainly unknown, include ATP,
substance P, enkephalin, somatostatin , serotonin,

6ofp6estn, and ri'€Ur'5Ierism.
^

Autonomic Contra/ of the

CastrolntestinaJ Tract

The gastrointestinal tract receives extensive

parasympathetic and sympathetic innervation

that is capable of altering the overall activity of
the entire gut or of specific parts of it.

Parasympathetic Innervation. The parasym-
pathetic supply to the gut is divided into cranial

and sacral divisions, which were discussed in

Chapter 57. Except for a few parasympathetic
fibers to the mouth and pharyngeal regions of the
alimentary tract, the cranial parasympathetics are

transmitted almost entirely in the vagus nerves.

These fibers provide extensive innervation to the
esophagus, stomach, pancreas, and first half ofthe
large intestine l out rather little innervation to the
small intestine"). The sacral parasympathetics orig-

inate in the second, third, and fourth sacral seg-

ments of the spinal cord 'and' pass through ihe

pelvic nerves to the dlgtaMtalf of the large intes*

ting. I'he sigmoidal , rectal, and anarregions ofthe
large intestine are“considerably b^er supplied

with parasympathetic fibers than are the other

portions. These fibers function especially in the
defecation reflexes, which are discussed later in

the chapter.

The postganglionic neurons ofthe parasympath-
etic system are mainly located in the myenteric
and submucosal plexuses,^ so that stimulation of
the parasympathetic nerves causes a general in-

‘ • crease in activity of the entire enteric nervous

. system. This in turn enhances the activity of most
gastrointestinal functions, but not all, for some of
the enteric neurons are inhibitory and therefore

inhibit certain of the functions.

Sympathetic Innervation. The sympathetic fi-

bers to the gastrointestinal tract originate in the

spinal cord between the segments T-8 and L-2.
*^6 preganglionic fibers, after leaving the cordi*

enter the sympathetic chains and pass through the
chairis'K'outlying'gangha, such as th^ehac gan-
glionT'and. va'rious~mese/ifcric~gQn^a. Here, the
postganglioniclieuroirEo3Iis"arelocated, and post-
ganglionic fibers spread from them along with the
blood vessels to all parts of the gut, terminating
principally on neurons in the enteric nervous sys-

tem. The sympathetics innervate essentially all

portions of the gastrointestinal tract rather than
being more extensively supplied to the most orad
and most analward portions as is true of the
parasympathetics. The sympathetic nerve endings
secrete noreDmeDhrine'.~~

"

Ih general, stimulation of the sympathetic ner-

vous system inhibits activity in the gastrointes-

tinal tract, causing effects essentially opposite to

those of the parasympathetic system. It exerts its

effects in two different ways: (1) to a slight extent
by direct effect of the norepinephrine on the ^
smooth muscle to inhibit this (except the muscu- /
Ians mucosa, vyhich it excites), dnd’(2nd a" ihaj t»r

extenCbyan inHiblTBry effertrofthe norepinephrine

on the neurons of the enteric nervous system
Thus, strong stimulation of the sympathetic sys-

tem can totally block movement of food through
the gastrointestinal tract.***”

Afferent Nerve Fibers from the Gut. Many afferent

nerve fibers anse in the gut Some of these have their

cell bodies m the entenc nervous system itself. Those
nerves can be stimulated by (a) irritation of the gut
mucosa, (b) excessive distension.of.the gut, or'ic) the

presence of spfclfirtKemlcal Substances in the gut
Signalrtransniitted through these fibers can cause cx-

citation~ar7 under sbrnerconditiims. inhibition of intes-

tinal movements or intestinal secretion

In ad^tion to the afferent fibers that terminate m tho

entenc nervous system, still two other types of afferent

fibers are associated with this system One of these has

its cell bodies in the entenc nervous system but sends

Its axons through the extrinsic nerves to terminate m
the preveriebral sympalh^te ganglia, that is, in the

celtmĵ ^hl^e^nd'hipogastnc gong/iSTTiTe other
typeofallerentTibers'ha's its'CcIl'^lfes in the dorsal

root gangba of the spinal cord or m the cranial nerve

ganglia, these fibers transmit their signals directly into

the spinal cord or brain stem, traveling m the same
nerve trunks along with the sympathetic or parasym-
pathetic nerves. For example, 80 per cent of the nerve,
fibers in the vagus nerves are’^anerenl rather^lha'n

efferent.'-These fiberytransmit- affercnt'stgnals'Ihto the
medulla, which m turn initiates many vagal efferent

signals returning to the gastromtcstlnahtTacrtircontrol
many of its functions.

The Gastrointestinal Reflexes. The anatomi-
cal arrangement of the enteric nervous system and
its connections with the sympathetic and parasym-
pathetic systems supports three different types of
gastrointestinal reflexes that are essential to gas-
trointestinal control. These are:

'

'

•

(1) Reflexes that occur entirely within the enteric
nervous system. These include reflexes that control
gastrointestinal ^cretion. peristalsis, mixing con-
tractions. local inHibitory effects, and so forth .
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(2) Re/lexcs from the gut to the prvvcrlcbmt aym-
pathetic ganglia and then back to the gastrointes’

Unal tract. These reflexes transmit signals for long

distances in th'e gastrointestinal tract, ‘such oa

signals from the stomach to cause evacuation of

the colon (the gastrocolic reflex), signals from the

colon and small intestine to inhibit stomach mo*
tilily and stomach secretion (the entcrogastrie re*

flexes), and reflexes from the colon to inhibit emp-
tying of ileal contents into the colon (the

colonoileal reflex)

(3) Reflexes from the put to the spinal cord or

brain stem and then hack to the pastroinlestinal

tract. These include especially reflexes from the

stomach and duodenum to the brain stem and back
to the stomach to control gastric motor and secre-

tory activity, pain reflexes that cause general in-

hibition throughout the gastrointestinal tract: and
defecation reflexes that produce the powerful co-

lonic. rectal, and abdominal contractions required

for defecation (the defecation reflexes)

HORMONAL CONTROL OF
CASTROINTtSTINAL MOTHTTY

In the following chapter «c shnll discuss in detail the
extreme importance of several hormones for controlling

gastrointestinal secretion Most of the«e same hormones
also effect the motility of some parts of the gastrointes-

tinal tract Though these effects are much le^s important
than the secretory effects of the hormones, some of the

more important of them are the following-

Chofecyslokimn, which is secreted mainly by the mu-
cosa of the jejunum in response to the presence of fatty

substances in the Intestinal contents,'has on extremely
potent effect in increasing contractility of the gallblad-

der. thus expelling bite into the small intestine where
the bile then plays important roles m emulsifying fatty

substances so that they can bo digested and in causing
fat absorption Cholecystokinm also inhibiti stomach
motility moderately Therefore, at the some time that
this hormone causes emptying of the gallbladder, it also

slows the emptying of fo^ from the stomach to give
adequate time for digestion of the fats in the upper
intestinal tract

Secretin, which is secreted by the mucosa of the
duodenum ui response to acidic gastric juice emptied
from the stomach through the pylorus, has a mild
inhibitory effect on the motility of most of the gastrom-
testinal tract

Gastric inhibitory peptide, which is secreted by the
mucosa of the upper small intestine, mainly in response

to fat but to a lesser extent in response to carbohydrate,

has n mild effect in decreasing motor activity of the
stomach and therefore slowing the emptying of gastnc
contents into the duodenum when the upper small in-

testine IS already oversupphed with food products.

FUNCTIONAL TYPES OF
MOVEMENTS IN THE
GASTROINTESTINAL TRACT
*
'Two basic types of movements occur in the gas-

ntestinal tract: (1) mixing movements, whi^

keep the IntMtina! contents thoroughly mixed at

oil times, nnd (2) propuhivc movements, which

cause food to move forward along the tract at an

appropriate rale for digestion nnd absorption.

THE MIXING A10VZMENTS

In most parts of the olimenliiry tract, the mixins

movements nre caused by cither peristaltic jon

•

tractions or local conslnclive contractions of small

segments of the gut tvall. These movements arc

modified in different parts of the gastrointestinal

tract for proper performance of the respective ac-

tivities of each part, ns discussed separately later

in the chapter

n/£ pRoruisivE movements—
tERISTALSIS

Tlie basic propulsive movement of the gasiroin*

tcstmal tract is penstalsis, which is illustrated in

Figure 63-1 A contractile ring appears around

the gut and then moves forward, this is analogous

to putting one’s finger* around a thin distended

tube, then constricting the fingers and moving
forward along the tube. Obviously, any material

in front of the contractile nng is moved forward.

Peristalsis is an inherent property of many syn*

cytial smooth muscle tubes; stimulation at any
point can cause a contractile nng to spread alons

the tube Thus, peri.stalsis occurs in (a) the gas-

trointestinal tract, (b) the bile ducts, (e) other

glandular ducts throughout the body, fd) the ure-

ters, nnd (c> many other smooth muscle tubes of

the body.

The usual stimulus far peristalsis is distension.

That 13, if a large amount of food collects at any
point in the gut, the distension stimulates the gut

wall 2 to 3 cm above this point, and a contractile

ring appears that initiates a peristaltic movement.
Other stimuli that can initiate peri-stalsis include

irritation of the epithelium lining the gut and
extrinsic nervous signals that excite the gut
Function of the Myenteric Plexus in Peri-

stalsis. Peristalsis occurs only weakly, if at all. in

portions of the gastrointestinal tract that have
congenital absence of the myentcnc plexus Also,

it Is greatly depress!^ or completely blocked in the

entire gut when the person is treat^ with atnmine
to paralyze the eholmergic nerve endings of the

nsufeSJ-t.rertswbb.
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myenteric plexus. Therefore, effectual peristalsis

requires an active myenteric plexus.

Analward Peristaltic Movements. Peristalsis,

theoretically, can occur in either direction from a
stimulated point, but it normally dies out rapidly

in the orad direction while continuing for a consid-

erable distance analward. The exact cause of this

directional transmission, of peristalsis has never
been ascertained, though it probably results

mainly from the fact that the myenteric plexus

itself is “polarized” in the anal direction, which
can be explained as follows:

The Peristaltic Reflex and the “Law of the
Gut.” When, a segment ortIie*lntestinal tract is

excited by distension and thereby initiates peri*

stalsis, the contractile ring for causing the peri-

stalsis begins slightly on the orad side of the

distended segment; then it moves toward the dis-

tended segment, thus pushing the intestinal con-

tents in the anal direction. At the same time, the

gut sometimes relaxes several centimeters down-
stream toward the anus, which is called “receptive

relaxation,” thus allowing the food to be propelled

more easily analward than in the orad direction.

This complex pattern, consisting of contraction

of the gut above the point of distension and relax-

ation below, does not occur in the absence of the

myenteric plexus. Therefore, the complex is fre-

quently called the myenteric ne^ex, or it is also

called simply the perilZaR/n^TSeTAnd the peri-

staltic reflex plus the analward direction of move-
ment of the peristalsis is called_the “law of the

gut.”

Peristalsis in the Fasting Human Beings
The Migrating Afyoe/ectrfc Motor Complex

After a person or an animal eats a meal, the nature

of the gastrointestinal motor functions ts determined
mainly by the stunulating effects of the food m the

gastrointestinal tract itself However, late at night,

many hours after a meal, or at other times when the
human being is fasting, a distinct pattern of activity

occurs in the stomach and small intestine called the
migralin^ mvoeleelnc motor complex. The most impor-
taht leature ot'this migratmg complex is that it causes

peristaltic waves to sweep slowly and rhythmically
downward along the stomach and small intestine ap-

proximately once every two hours, sweeping the excess

digestive secretions into the colon and therefore pre-

venting their accumulation in the upper gastrointestinal

tract.

The migrating complex begins in the body of the
stomach and spreads all the way through the ileum. At
any one time only about 40 cm of the intestinal tract is

actively engaged in the peristaltic waves, but this 40
* cm area moves slowly along the intestinal tract at a
velocity of 6 to 12 cm per minute; a total period ofabout
two hours is required in the human being for each set

of migrating waves to pass the entire distance to the
terminal ileum. Then approximately at the time that
one migrating complex reaches the end of the ileum, a
new one begins in the stomach.
The active phase of the migrating complex m any

given segment of the intestine usually lasts for 10 to 15
minutes. During this time, about 50 peristaltic waves
move through this portion of the intestine, that is,

through this distance of about 40 cm. Thus, this repre-

sents a "sweeping" action by the waves, sweeping the
intestinal contents along with the migrating complex.

INGESTION OF FOOD

The amount of food that a person ingests is

detennined principally by the intrinsic desire for

food called hunger. The type of food that"a^erson
preferentially seeks is determined by appetite.

These mechanisms in themselves are exfremely
important automatic regulatory systems for main-
taining an adequate nutritional supply for the
body, and they be discussed in Chapter 73 in

relation to nutrition of the body. The present

discussion is confined to the actual mechanical
aspects of food ingestion, including especially mas-
tication and swallowing.

MASTICATION (CHCWINC)

The teeth are admirably designed for chewing,

the anterior teeth (incisors) providing a strong

cutting action and the posterior teeth (molars) a

grinding action. All the jaw muscles working to-

getKercan close the teeth with a force as great os

^pounds on the incisors and ZOO pounds on the

molars. When this is applied to a small object,

such as a small seed between the molars, the actual

force per square inch of contact may be several

thousand pounds.

Most of the muscles of chewing are innervated

by the motor branch of the 5th cranial neye. and
the chewing process is controlled by nuclei in the
hindbrain. Stimulation of the reticularTormation

near the hindbrain centers for taste can cause
continual rhythmic chewing movements. Also,

stimulation of areas in the hypothalamus, amyg-
dala, and even m the cerebral cortex near the
sensory areas for taste and smell can cause chew-
ing.

Much of the chewing process is caused by the
chewing reflex, which may be explained as follows:

The presence ofa bolus offood in the mouth causes
reflex inhibition of the muscles of mastication,
which allows the lower jaw to drop. The drop in
turn initiates a stretch reflex of the jaw muscles
that leads to rebound contraction. This automati-
cally raises the jaw to cause closure of the teeth,
but it also compresses the bolus again against the
linings of the mouth, which inhibits the jaw mus-
cles onw again, allowing the jaw to drop and
rebound another time, and this is repeated again
and again.

Chewing of the food is important for digestion
of all foods, but it is especially important for most
fruits and raw vegetables, because these have
undigestible cellulose membranes aro’

’

trient portions which must be broken '
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food can be utilized. Chewing aids in the digestion

of food for the following simple reason; Since the

digestive emymes act only on the surfaces offood
particles, the rate of digestion is highly dependent

on the total surface area exposed to the intestinal

secretions. Also, grinding the food to a very fine

particulate consistency prevents excoriation of the

gastrointestinal tract and increases the ease with

which food is emptied from the stomach into the

small intestine and thence into all succeeding

segments of the gut.

SWAUOWiSC (DECLimnOS)

Swallowing is a complicated mechanism, prin-

cipally because the pharynx most of the time
subserves several other functions besides swallow-

ing and 13 converted for only a few seconds at a
time into a tract for propulsion of food Espedally
IS It important that respiration not be seriously

compromised during swallowing.

In general, swallowing can be divided into (1)

the voluntary stage, which initiates the swallowing
process, (2) the pharyngeal stage, which is invol-

untary and constitutes the passage of food through
the pharynx into the esophagus, and (31 the esoph-

ageat stage, another involuntary phase which pro-

motes passage of food from the pharynx to the

stomach
Voluntary Stage of Swallowing. When the

food is ready for swallowing, it is “voluntarily”

squeezed or rolled posteriorly m the mouth by
pressure of the tongue upward and backward
against the palate, as shown in Figure 63-5. Thus,
the tongue forces the bolus of food into the phar-
ynx From here on, the process of swallowing
becomes entirely, or almost entirely, automatic
and ordinarily cannot be stopped.

Pharyngeal Stage of Swallowing. When the

bolus of food IS pushed backward in the mouth, it

stimulates swallowing receptor areas all around
the opening of the pharynx, especially on the
tonsillar pijjars, and impulses from these pass to

the brain stem to initiate a senes of automatic
pharyngeal muscular contractions as follow^':

1. The soft palate is pulled upward to close the
postenor nares, in this way preventing reflux of
food into the nasal cavities.

2, The palatopharyngeal folds on either side of
the pharynx are pulled medialward to approximate
each other In this way these folds form a sagittal

slit through which the food mu-st pass into the
postenor pharynx. This slit performs a selective

action, allowing food that has been masticated
properly to pass with ease while impeding the
passage of large objects. Since this stage of swal-
lowing lasts less than 1 second, any large object is

usually impeded too much to pass through the
pharyra into the esophagus.

, 3. The vocal cords of the laiynx are strongly

. ,
3

’ and the hyoid bone and larynx are

pulled upward and anteriorly by the neck muscles,

causing the epiglottis to swing backward over the

Euperior opening of the laiynx. Both these effects

prevent passage of food into the trachea. Especially

important is the approximation of the vocal cords,

but the epiglottis helps to prevent food from ever

getting as far as the vocal cords. Destruction of

the vocal cords or of the muscles that approximate
them can cause strangulation. On the other hand,
removal of the epiglottis usually does not cause

serious debility in swallowing.
4. The upward movement of the larynx also

stretches the opening of the esophagus At the

same time, the upper 3 to 4 centimeters of the

esophagus, an area called the upper esophageal
sphincter, thepharyngoesophageal sphincter, or the

cncopkaryngeat muscle, relaxes, thus allowing
food to move easily and freely from the posterior

pharynx into the upper esophagus This sphincter,

between swallows, remains tonically and strongly

contracted, thereby preventing air from going into

the esophagus during respiration. The upward
movement of the larynx also lifts the glottis out of

the mam stream of food flow so that the food

usually passes on either side of the epiglottis

rather than over its surface; this adds still another
protection against passage of food into the trachea.

5. At the same time that the larynx is raised

and the pharyngoesophageal sphincter is relaxed,

the superior constnetor muscle of the pharynx
contracts, giving rise to a rapid peristaltic wave
passing downward over the middle and inferior

pharyngeal muscles and into the esophagus, which
also propels the food into the esophagus.
To summarize the mechanics of the pharyngeal

stage of swallowing—the trachea is clos^, the
esophagus is opened, and a fast peristaltic wave
originating in the pharynx then forces the bolus



offood into the upper esophagus, the entire process
occurring in 1 to 2 seconds.

Nervous Control of tlie Pharyngeal Stage of
Swallowing. The most sensitive tactile areas of
the pharynx for initiation of the pharyngeal stage
of swallowing lie in a ring around the pharyngeal
opening, with greatest sensitivity in the tonsillar

pillars. Impulses are transmitted from these areas
through the sensory portions of the trigeminal and
glossopharyngeal nerves into a region of the me*
dulla oblongata closely associated with the tracius

solitarius which receives essentially all sensory
impulses from the mouth.
The successive stages of the swallowing process

are then automatically controlled in orderly se-

quence by neuronal areas distributed throughout
the reticular substance of the medulla and lower
portion ofthe pons. The sequence ofthe swallowing
reflex is the same from one swallow to the next,

and the timing of the entire cycle also remains
constant from one swallow to the next. The areas
in the medulla and lower pons that control swal-
lowing are collectively called the deglutition or
swallowing center.

The motor impulses from the swallowing center

to the pharynx and upper esophagus that cause

swallowing are transmitted by the 5th, 9th, 10th,

and 12th cranial nerves and even a few of the

superior cervical nerves.

In summary, the pharyngeal stage ofswallowing
IS principally a reflex act. It is almost never initi*

ated by direct stimuli to the swallowing center

from higher regions of the central nervous system.

Instead, it is almost always initiated by voluntary

movement of fbod into the back of the mouth,
which, in turn, elicits the swallowing reflex.

Effect of the Pharyngeal Stage of Swallow-
ing on i2esi}i>ntion. The entire pharyngeal stage

of swallowing occurs in less than 1 to 2 seconds,

thereby interrupting respiration for only a fraction

ofa usual respiratory cycle. The swallowing center

specifically inhibits the respiratory center of the

medulla during this time, halting respiration at

any point in its cycle to allow swallowing to pro-

ceed. Yet, even while a person is talking, swallow-

ing interrupts respiration for such a short time
that it is hardly noticeable.

Esophageal Stage of Swallowing. The esoph-

agus functions primarily to conduct food from the

pharynx to the stomach, and its movements are

organized specifically for this function.

Normally the esophagus exhibits two types of

peristaltic movements

—

primary peristalsis and
secondary peristalsis. Primary peristalsis is simply
a continuation of the peristaltic wave that begins

,
in the pharynx and spreads into the esophagiis

during the pharyngeal stage of swallowing. This
wave passes all the way from the pharynx to the

stomach in approximately 8 to 10 seconds. How-
ever, food swaJlowed by a person who is in the

upright position is usually transmitted to the lower
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end of the esophagus even more rapidly than the
peristaltic wave itself, in about 5 to 8 seconds,
because of the additional effect of gravity pulling
the food downward. Ifthe primary peristaltic wave
fails to move all the food that has entered the
esophagus into the stomach, secondary peristaltic

waves, generated by the enteric nervous system of
the esophagus, result from distension of the esoph-
agus by the retained food. These waves are essen-

tially the same as the primary peristaltic waves,
except that they originate in the esophagus itself

rather than in the pharynx. Secondary peristaltic

waves continue to be initiated until all the food

has emptied into the stomach.
The peristaltic waves of the esophagus are ini-

tiated by vagal reflexes that are part of the overall

swallowing mechanism. These reflexes are trans-

mitted through vagal afferent fibers from the

esopha^s to the medulla and then back again to

the esophagus through vagal afferent fibers.

The musculature of the pharynx and the upper
quarter of the esophagus is striated muscle, and,

therefore, the peristaltic waves in these regions

are controlled only by skeletal nerve impulses in

the glossopharyngeal and vagus nerves. In the

lower two thirds of the esophagus, the musculature

IS smooth, but this portion of the esophagus is also

strongly controlled by the vagus nerves acting

through their connections with the enteric nervous
system. However, when the vagus nerves to the

esophagus are sectioned, the myenteric nerve
plexus of the esophagus becomes excitable enough
after several days to cause secondary peristaltic

waves even without support from the vagal re-

flexes. Therefore, following paralysis of the swal-

lowing reflex, food forced into the upper esophagus
and then pulled by gravity to the lower esophagus

still passes readily into the stomach.

Receptive Relaxation ofthe Stomach. As the

esophageal peristaltic wave passes toward the

stomach, a wave of relaxation, transmitted

through myenteric inhibitory neurons, precedes

the constriction. Furthermore, the entire stomach
and, to a lesser extent, even the duodenum become
relaxed as this wave reaches the lower end of the

esophagus. Especially important, also, is relaxa-

tion of the gastroesophageal sphincter at the junc-

ture between the esophagus and the stomach. In

other words, the constrictor and the stomach are

prepared ahead of time to receive food being pro-

pelled down the esophagus during the swallowing

act.

fUNCTION OF THE LOWER ESOPHAGEAL
SPHINCTER (GASTROESOPHAGEAL
SPHINCTER)

At the lower end of the esophagus, extending

from about 2 to 5 cm above its juncture with the

stomach, the circular muscle functions as a so-

called lower esophageal sphincter or gastroesopha-
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goal sphincter. Anatomically this sphincter is no
different from the remainder of the esophagus.

However, physiologically, it normally remains ton-

ically constricted, in contrast to the mid- and upper
portions of the esophagus which normally remain
completely relaxed. However, when a peristaltic

wave of swallowing passes down the esophagus,

"receptive relaxation” relaxes the lower esopha-

geal sphincter ahead of the peristaltic wave, and
allows easy propulsion of the swallowed food into

the stomach. Rarely, the sphincter does not relax

satisfactorily, resulting in a omdition called ach-

alasia, which will be discussed in Chapter 66.

A principal function of the lower esophageal

sphincter is to prevent reflux of stomach contents

into the esophagus. The stomach contents are

highly acidic and contain many proteolytic en-

zymes The esophageal mucosa, except in the lower

eighth of the esophagus, is not capable of resisting

for long the digestive action of gastric secretions.

Fortunately, the tonic constnction of the lower
esophageal sphincter prevents significant reflux of
stomach contents into the esophagus except under
abnormal conditions Indeed, increased intragas-

tnc pressure, except during retching or vomiting,
causes a vagal reflex that further constricts the
sphincter to add extra Insurance against reflux

Prevention of Reflux by Flutter-Valve Clo-
sure of the Distal End of the Esophagus. An-
other factor that prevents reflux is a valvelike
mechanism of that portion of the esophagus that
lies immediately beneath the diaphragm. Greatly
increased intra-abdominal pressure caves the
esophagus inward at this point at the same time
that the abdominal pressure also increases the
intragastric pressure. This flutter-valve closure of
the lower esophagus therefore prevents the high
pressure in the stomach from forcing stomach
contents into the esophagus. Otherwise, every time
we should walk, cough, or breath hard, we rmght
expel acid into the esophagus.

MOTOR FUNCTIONS
OF THE STOMACH

The motor functions of the stomach are three-

fold: (1) storage of large quantities of food until it

can be accommodated in the lower portion of the
gastrointestinal tract, (2) mixing of this food with
gastnc secretions until it forms a semifluid mix-
ture called chyme, and (3) slow emptying of the
food from the stomach into the small intestine at
a rate suitable for proper digestion and absorption
by the small intestine.

Figure 63-6 illustrates the basic anatomy ofthe
stomach. Physiologically, the stomach can be di-

vided into two major parts: (1) the corpus, or body,
and (2> the antrum. The fundus, locate at the
upper end of the body of the stomach, is considered

some anatomists to be a separate entity from

Eiophsgut

the body, but physiologically the fundus functions

mainly as part of the body.

STORAGE rUNCnoW OF THE STOMACH

As food enters the stomach, it forms concentric
circles in the body and fundus of the stomach, the

newest food lying closest to the esophageal opening
end the oldest food lying nearest the wall of the

stomach. Normally, when food enters the stomach,

a vagal reflex greatly reduces the tone in the
muscular wall of the body of the stomach so that

the wall can bulge progressively outward, accom-
modating greater and greater quantities of food up
to a limit of about 1 liter, "i^e pressure in the

stomach remains low until this limit is ap-

proached.

MIXING AND PROPULSION OfPOOD IN
THE 5TOMACH—THE BASIC ELECTRICAL
RHYTHM or THE STOMACH

The digestive juices of the stomach are secreted

by the gastric glands, which cover almost the

entire outer wall of the body of the stomach. These
secretions come immediately into contact with that

portion of the stored food lying against the mucosal
surface of the stomach; when the stomach is filled,

weak peristaltic constrictor waves, also called mix-
ing wooes, move toward the antrum along the
stomach wall approximately once every 20 seconds.

These waves are controlled by the basic electrical

rhythm (called BER) consisting of electrical “slow
waves" that occur spontaneously in the stomach
wall. As the waves move down the stomach, they
not only cause the secretions to mix with the stored

food but also provide weak propulsion to move
these mixed contents into the antrum. When the

stomach is full, these mixing waves usually begin
near the midpoint of the stomach, but, as the

stomach empties, the waves become stronger and
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also originate farther back up the stomach wall,

thus propelling the last vestiges of stored food into

the stomach antrum.
As the constrictor waves progress from the body

of the stomach into the antrum, they become more
intense, some becoming extremely intense and
providing powerful peristaltic constrictor rings that
force the antral contents under high pressure to-

ward the pylorus. These constrictor rings also play

an exceedingly important role in mixing the stom-
ach contents in the following way: Each time a
peristaltic wave passes over the antrum toward
the pylorus, it digs deeply into the contents of the
antrum. Yet the opening of the pylorus is small
enough that only a few milliliters of antral con-

tents are expelled into the duodenum with each
peristaltic wave. Also, as each peristaltic wave
approaches the pylorus, the pyloric muscle itself

contracts, which further impedes emptying
through the pylorus. Therefore, most of the antral

contents are squirted backward through the peri-

staltic ring toward the body of the stomach. Thus,
the moving peristaltic constrictive ring, combined
with this squirting action, called "retropulsion," is

an exceedingly important mixing mechanism of

the stomach.

Chyme. After the food has become mixed with
the stomach secretions, the resulting mixture that

passes on down the gut is called chyme. The degree
of fluidity of chyme depends on the relative

amounts of food and stomach secretions and on the

degree of digestion that has occurred. The appear-

ance of chyme is that of a murky, milky semifluid

or paste.

Hunger Contractions. Besides the penstaitic con-

tractions that occur when food ts present m the stomach,

another type of intense contractions, called hunger con-

tractions, often occurs when the stomach has been empty
for a long lime. These are usually rhythmic peristaltic

contractions probably representing exacerbated peri-

staltic mixing waves in the body of the stomach. How-
ever, when they become extremely strong, they often

fuse together to cause a continuing tetanic contraction

lasting for as long as two to three minutes.

Hunger contractions are usually most intense m
young healthy persons with high degrees of gastrointes-

tinal tonus, and they are also greatly increased by a low
level of blood sugar.

When hunger contractions occur in the stomach, the

person sometimes expenences a sensation of pain in the

pit of the stomach, wiled hunger pangs. Hunger pangs
usually do not begin until 12 to 24 hours after the last

ingestion of food; ui starvation they reach their greatest

intensity in three to four days, and then gradually

weaken in succeeding days.

Hunger contractions are often associated with a feel-

ing of hunger and therefore are perhaps an important
means by which the alimentary tract intensihes the

animal drive to acquire food when a person is in a state

of incipient starvation.

FMPTYING OF THE STOMACH

Basically, stomach emptying is opposed by resis-

tance of the pylorus to the passage of food, and it

is promoted by peristaltic waves in the antrum of
the stomach.
Role of the Pylorus in Stomach Emptying.

The pylorus normally remains almost, but not
completely, closed because of tonic contraction of
the pyloric muscle. The closing force is weak
enough that water and other fluids empty from
the stomach with ease. On the other hand, it is

great enough to prevent movement of semi-solid
chyme into the duodenum except when a strong
antral peristaltic wave forces the chyme through.
However, the degree of constriction of the nvloric
^hincter incr^se or deerpase undpr thp mflii .

ence of .signals both from the stomach^ndfV^
the du^enum. as we shall discuss subsequ^tlv.
In this w^y, th^ylorus plays an important role
in the control of stomach emptying.
Role of Antral Peristalsis in Stomach Emp-

tying—The Pyloric Pump. The intensity of an-
tral peristalsis changes markedly under different

conditions, especially in response to signals both
from the stomach and from the duodenum. Most
of the time the antral peristaltic contractions are
weak andl'unction mainly to cause mixing of the

Tood and gastric secretions , thus increasing the
fluidity ofthe cTiyme. Hoover, about 20 per cent
of the time while food is in the stomach, these
peristaltic contractions become very intense at the
incisura angulans of the stomach and spread
through the antrum no longer as weak mixing
waves, but instead as strong peristaltic, ringlike

constrictions. As the stomach becomes progres-

sively more and more empty, these constrictions

begin farther and farther up the body of the stom-
ach, gradually pinching off the lowermost portions
of the stored food and adding this food to the
chyme in the antrum. These intense peristaltic

waves often create as much as 50 to 70 centimeters
of water pressure, which is about six times as
powerful as the usual mixing type of penstaitic

waves. Thus, the intensity of this antral peristalsis

is the second principal factor determining the rate

of stomach emptying.
When pyloric tone is normal, each strong antral

peristaltic wave forces several milliliters of chyme
into the duodenum. Thus, the peristaltic waves
provide a pumping action that is frequently called

the “pyloric pump.”

FtlCUlATION OFSTOMACH EAtPTYlNG

The rate at which the stomach empties is regu-

lated by signals both from the stomach and from

the duodenum. The stomach signals arc mainly
twofold: (1) nervous signals caused by distension

ofthe stomach by food, and (2) the hormone gosirm
released from the antral mucosa in response to the

presence of certain types of food in the stomach.
Both these signals increase pyloric pumping force

and at the same time inhibit the pylorus, thus
promoting stomach emptying.

On the other hand, signals from the duodenum
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depress the pyloric pump and usually increase

pyloric tone at the same time. In Reneral, when
an excess volume of chyme or excesses of certain

types of chyme enter the duodenum, strong nega-

Uve feedback signals, both neri'ous and hormonal,

depress the pyloric pump and enhance pyloric

sphincter tone. Obviously, these feedback signals

allow chyme to enter the duodenum only as rapidly

as it can be proces.sed by the small intestine.

Gastric factors That Promote Emptying

Effect of Gastric Food Volume on Rate of
Emptying. It is very easy to see how increased

food volume m the stomach could promote in-

creased emptying from the stomach. However, this

increased emptying does not occur for the reasons
that one would expect. It is not increased pressure

in the stomach that causes the increased emptying
because, in the usual nonn.il range of volume, the

increase m volume docs not increase the pressure
significantly On the other hand, stretch of the
stomach wall docs elicit vagal and local myenteric
reflexes in the wall that increase the activity of
the pyloric pump and at the same time inhibit the
pylorus In general, the rate of food emptying from
the stomach is approximately proportional to the
square root of the volume of focri remaining in the
stomach at any given time

Effect of the Hormone Gastrin on Stomach
Emptying. In the following chapter we shall see

that stretch, as welt as the presence of certain

types of foods in the stomach'-particularly meat—
elicits release of a hormone called gastnn from the

^ antral mucosa, and this has potent elTecla on caps*
^ ing secretion of highly acid ic gastncAUice by the
^omach lundic gl^ds however, gastnn also has
moderate stimulatory effects on motor functions of

^ the stomach as well Most important, i t enham-p-^

ly

/

the actmtv of the pvlonc numo whilp at thi» satrn*

time relaxing the pylorus Thus, it is an important
inlluence lor promoimg stomach emptying Ijl also

has a «slieht constrictor effect on the gastroeoopha-

^eal sphincter at the lower end of the e^phagus
/ for preventing refllix^of gastric contents into the
esophagus during the enhanced gastric actmly

Duodena/ factors That /nft/b/t Efnptyfn5

The Inhibitory Effect of the Enterogastric
Reflex from the Duodenum on Pyloric Activ*
ity. Reflex nervous signals are transmitted from
the duodenum back to the stomach most of the
time when the stomach is emptying food into the
duodenum These signals play an especially im-
portant role in controlling both the pyloric pump
and the pylorus and, therefore, also in determining
the rate of emptying of the stomach. The nervous
reflexes are mediated partly through the extrinsic

‘s, some going to the prevertebral sympathetic
and then returning through inhibitory

sympathetic nerve fibers to the stomach, and oth-

ers transmitted in the vagus nerves to the brain

stem and then back through the same vagi to the

BtomacVi However, local signals are probably also

transmitted from the upper portion of the duo-

denum to the pylorus directly through the enteric

nervous sy.stem within the gut wall itself.

The tjTws of factors that are continually moni-

torcd in the duodenum and that can elicit the

enteroga.stric reflex include:

I. The degree of distension of the duodenum
2 The pre.sence of any degree of irritation of the

duodenal mucc^a
3 The degree of acidity of the duodenal chyme
•I The degree of osmol.ility of the chyme.
5. The presence of certain breakdown products

in the chyme, especially breakdown products of

proteins and perhaps to a lesser extent offals.

The enterogastric reflex is especially sensitive

to ihv presence ol liritanTS flhd aciiTs m tne ûo-

dehHl~?ti.vmc Vor instance, whenever the pH of

the chyme in the duodenum falls below approxi-

mately 3 5 to 4, this reflex is immediately elicited,

which inhibits the pyloric pump and increases

pyloric constriction, thus reducing or even blocking

further release of acidic slomach contents into the

duodenum until the duodenal chyme can be neu-

tralized by pancreatic and other secretions.

Breakdown products of protein digestion will

also elicit this reflex, by slowing the rate of stom-

ach emptying, suflicient time is insured for ade-

quate protein digestion m the upper portion of the

small intestine

Finally, either hypo- or hypertonic fluid.s (espe-

cially hypertonic) will elicit the enterogastric re-

flex This efTcct prevenUs loo rapid flow of noniso-

tonic fluids into the small intestine, thereby
preventing rapid changc.s in electrolyte balance of

the body fluids during absorption of the intestinal

contents

Hormonal Feedback from the Duodenum in

Inhibiting Gastric Emptying—Role of Fat-s.

Not only do nervous reflexes from the duodenum
to the stomach inhibit .stomach emptying, but
hormones released from the upper intestine do so

a.s well The stimulus for producing the hormones
IS mainly fats entering the duodenum, though
other types of foods can stimulate the hormones to

a lesser degree On entering the duodenum, the

fats extract several different hormones from the

duodena! and jejunal epithelium, and the-se in turn

are carried by way of the blood to the stomach
where Uiey (al inhibit the activity of the pyloric

pump and at the same time (b) increase slightly

the strength ofcontraction of the pyloric sphincter

These effects are important because fats are much
slower to be digest^ than are most other foods;

this inhibitory feedback mechanism allows the

necessary time before the fats pass deeper into the

intestinal tract where they arc to be absorbed.
Unfortunately, the precise hormones that cause
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the hormonal feedback inhibition of the stomach
are not fully clear. In the past, this mixture of

hormones has been called enterogastrone, but such
a single hormone has never been identihed as a
specific entity. On the other hand, several different

hormones released by the mucosa of the upper
small intestine are known to inhibit stomach emp*
tying. One of these is c/iofecystoktntn, which is

released from the mucosa of the jejvjnum in re-

sponse to fatty substances in the chyme. This
hormone acts as a competitive inhibitor to block

the increased stomach motility caused by gastrin.

Another is the hormone secretin, which is released

mainly from the duodenal mucosa in response to

gastric acid released from the stomach through
the pylorus. This hormone has the general but
only weak effect of decreasing gastrointestinal

motility. Finally, a hormone called gastric inhibi-

tory peptide, which is released from the upper small
intestine in response mainly to fat in the chyme
but to carbohydrates as well, is known also to

inhibit gastric motility under some conditions

(However, its effect at physiological concentrations

is probably mainly to stimulate the secretion of

insulin by the pancreas ) All these hormones will

be discussed at greater length elsewhere m this

text, especially m the following chapter where both
eholecystokinin and secretin will bo discussed in

detail.

In summary, several different hormones are
known that could serve as hormonal mechanisms
for inhibiting gastric emptying when excess quan-
tities of chyme, especially acidic or fatty chyme,
enter the duodenum from the stomach.

Summary of the Control
of Stomach Imptylns

Emptying of the stomach is controlled to a mod-
erate degree by stomach factors, such as the degree

of filling in the stomach and the excitatory effect

of gastrin on antral peristalsis. However, probably

the more important control of stomach emptying
resides in fe^back signals from the duodenum,
including both the enterogastric feedback reflex

and hormonal feedback. These two feedback inhib-

itory signals work together to slow the rate of

emptying when (a) too much chyme is already in

the small intestine or (b) the chyme is excessively

acid, contains too much protein or fat, is hypotonic

Or hypertonic, or is irritating. In this way the rate

of stomach emptying is limited to that amount of

chyme that the small intestine can process.

MOVEMENTS OF THE
SMALL INTESTINE

The movements of the small intestine, as else-

where in the gastrointestinal tract, can be divided

into the mixing contractions and the propulsive

contractions. However, to a great extent this sep-

aration is artificial because essentially all move-
ments of the small intestine cause at least some
degree of both mixing and propulsion. Yet, the
usual classification of these processes is the follow-

ing:

MIXISC CONTRACTIONS (SICMTNTATION
CONTRACTIONS)

When a portion of the small intestine becomes
disteided with chyme, the stretch of the intestinal
wall elicits localized concentric contractions spaced
at intervals along the intestine. The longitudinal
length ofeach one ofthe contractions is only about
1 cm 60 that each set of conti'actions causes “seg-
mentation” of the small intestine, as illustrated in

Figure 63-7, dividing the intestine into spaced
segments that have the appearance of a chain of

sausages As one set of segmentation contractions
relaxes a new set begins, but the contractions this

time occur at new points between the previous
contractions. These segmentation contractions
“chop” the chyme as often as 8 to 12 times a
minute, in this way promoting progressive mixing
of the solid food particles with the secretions of

the small intestine.

The maximum frequency of the segmentation
contractions m the small intestine is determined
by the frequency of the slow waves in the intestinal

wall, which is the basic electrical rhythm (BER)
as explained earlier Since this frequency ia about
12 per minute m the duodenum, the maximum
frequency of the segmentation contractions in the
duodenum is also about 12 per minute. However,
m the ileum, the maximum frequency is usually 8
to 9 contractions per minute

TVie segmenCatron contractions are exceedingly
weak when the excitatory activity of the enteric
nervous system is blocked by atropine. Therefore,
even though it is the slow waves in the smooth
muscle itself that control the segmentation con-
tractions, these contractions are not really effec-

tive without background excitation by the enteric
nervous system, especially by the myenteric plexis.

Regultrly spaced

0 y '—

^

Isolated

Weak, regulady spaced

ngure 63-7. Segmentation movements of the sirvui intestine.
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PROfULSfVE MOVEMENTS

Peristalsis in the Small Intestine. Chyme is

propelled through the small intestine by by peri-

$taUtc waves. These can occur in any part of the

small intestine, and they move anahvard at a
velocity of 0 5 to 2 cm per second, much faster in

the proximal intestine and much slower in the

terminal intestine. However, they are normally

very weak and usually die out after traveling less

than 10 cm, so that movement of the chyme is also

very poor, so poor m fact that the net movement
of the chyme along the small intestine averages

only 1 cm per minute. This means that normally

3 to 5 hours are required for passage of chyme
from the pylorus to the ileocecal valve

Peristaltic activity of the small Intestine is

greatly increased after a meal This is caused
partly by the beginning entry of chyme into the

duodenum but also by the so-called pastroentene

reflex that is initiated by distension ofthe stomach
and conducted principally through the myenteric

plexus from the stomach doisTi along the wall of

the small intestine This reflex increases the over-

all degree of excitability of the small intestine,

including both increased motility and secretion.

The function ofthe peristaltic waves In the small
intestine is not only to cause progression of the

chyme toward the ileocecal valve but also to spread
out the chyme along the intestinal mucosa As the
chyme enters the intestine from the stomach and
causes initial distension of the proximal intestine,

the elicited penstaltic waves begin immediately to

spread the chyme along the intestine, and this

process intensifies as additional chyme enters the
intestine On reaching the ileocecal valve the
chyme is sometimes blocked for several hours until

the person eats another meal, when a new gas-
troenteric (also called gos/roifraO reflex intensifies

the peristalsis in the ileum and forces the remain-
ing chyme through the ileocecal valve into the
cecum
The Propulsive Effect of the Segmentation

Movements. The segmentation movements,
though they last for only a few seconds, also travel

in the analward direction and help propel the food

down the intestine Therefore, the dilTerence be-

tween the segmentation and the peristaltic move-
ments is not as great as might be implied by their

separation into these two classifications.

The Peristaltic Rush. Though peristalsis in

the small intestine is normally very weak, intei^
irritation of the intestinal mucosa, as occurs in

some severe cases of infectious diarrhea, can cause
both very powerful and rapid peristalsis called the
peristaltic rush. This is initiated mainly by extrin-
sic nervous reflexes to the brain stem and back
again to the gut. The powerful penstaltic contrac-

tions then travel long distances in the small intes-

.. within minutes, sweeping the contents of the
' into the colon and thereby relieving the

small intestine of either irritative chyme or excej.

sive distension.

Movements Giused by the MusevUris
Mucosie and Muscle Fibers of the VIIIl

The muscularis mucosae, which is stimulated by
local nervous reflexes in the submucosal plexus,

can cause short or long folds to appear in the

intestinal mucosa and also cause the folds to move
to progressively newer areas of mucosa. Also, in-

dmdual fibers from this muscle extend into the
intestinal villi and cause them to contract inter-

mittently The mucosal folds increase the surface

area exposed to the chyme, thereby increasing the
rate of absorption. The contractions of the vilh

—

shortening, elongating, and shortening again

—

“milk" the villi so that lymph flows freely from
the central lacteals into the lymphatic system.

Both these types of contraction also agitate the

fluids surrounding the villi so that progressively

new areas of fluid become exposed to absorption.

These mucosa! and I'lllous contractions are inJ.

tiated by local nervous reflexes that occur in re-

sponse 10 chyme in the small intestine.

rusenoN or the luoacAi valvc

A principal function of the ileocecal valve is to

prevent backflow of fecal contents from the colon

into the small intestine As illustrated in Figure
63-8. the lips of the ileocecal valve protrude into

the lumen of the cecum and therefore are forcefully

closed when the cecum fills U-sually the valve can
resist reverse pressure of as much os 60 to 60 cm
water
The wall of the ileum for several centimeters

immediately preceding the ileocecal valve has a
thickened muscular coat called the ileocecal
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sphincter. This normally remains mildly con-

stricted and slows the emptying of ileal contents

into the cecum except immediately following a
meal when a gastroilcal reflex (described earlier)

intensifies the peristalsis in the ileum. Also, the
hormone gastrin, which is liberated from the stom-

ach mucosa in response to food in the stomach, has
a relaxant effect on the ileocecal sphincter, thus
allowing increased emptying. Even so, only about
1500 ml of chyme empty into the cecum each day.

The resistance to emptying at the ileocecal valve
prolongs the stay of chyme in the ileum and,

therefore, facilitates absorption.

Feedback Control of the Ileocecal Sphinc-
ter. The degree of contraction of the ileocecal

sphincter, as well as the intensity of pcnstalsis in

the terminal ileum, is also controlled strongly by
reflexes from the cecum. Whenever the cecum is

distended, the degree of contraction of the ileocecal

sphincter is intensified while ilcal peristalsis is

inhibited, which greatly delays emptying of addi-

tional chyme from the ileum. Also, any irritant in

the cecum delays emptying. For instance, when a
person has an inflamed appendix, the irritation of

this vestigial remnant of the cecum can cause such
intense spasm of the ileocecal sphincter and paral-

ysis of the ileum that this completely blocks emp-
tying of the ileum. These reflexes from the cecum
to the ileocecal sphincter and ileum are mediated
both by way of the myenteric plexus and through
extrinsic nerves, especially reflexes by way of the

prevertebral sympathetic ganglia.

MOVEMENTS OF THE COLON

The functions of the colon are (1) absorption of

water and electrolytes from the chyme and (2)

storage of fecal matter until it can be expelled.

The proximal half of the colon, illustrated in Fig-

ure 63-9, is concerned principally with absorption,

and the distal half with storage. Since intense

movements are not required for these functions,

the movements of the colon are normally sluggish.

Yet in a sluggish manner, the movements still

have characteristics similar to those of the small

intestine and can be divided once again into mix-
ing movements and propulsive movements.
Mixing Movements—Haustrations. In the

same manner that segmentation movements occur
in the small intestine, large circular constrictions

also occur in the large intestine. At each of these

constriction points, about 2.5 cm of the circular

muscle contracts, sometimes constricting the lu-

men of the colon to almost complete occlusion. At
the same time, the longitudinal muscle of the

colon, which is aggregated into three longitudinal

strips called the teneae coU, contract. These com-
bined contractions of the circular and longitudinal

smooth muscle cause the unstimulated portion of

the large intestine to bulge outward into baglike

sacs called haustrations. The haustral contrac-
tions, once initiated, usually reach peak intensity

in about 30 seconds and then disappear during the
next 60 seconds. They also at times move slowly
analward during their period of contraction, espe-
dally in the cecum and ascending colon. After
another few minutes, new haustral contractions

occur in other areas nearby. Therefore, the fecal

material in the large intestine is slowly dug into

and rolled over in much the same manner that one
spades the earth. In this way, all the fecal material

is gradually exposed to the surface of the large

intestine, and fluid is progressively absorbed until

only 60 to 150 ml of the 1500 ml daily load of
chyme is lost in the feces.

Propulsive Movements—^“Mass Movements,”
Peristaltic waves of the type seen in the small
intestine only rarely occur in most parts of the
colon. Instead, most propulsion occurs by (1) the
slow analward movement of the haustral contrac-

tions just discussed and (2) mass movements.
Most of the propulsion in the cecum and ascend-

ing colon results from the slow but persistent

haustral contractions, requiring as many as 8 to

15 hours to move the chyme only from the ileocecal

valve to the transverse colon, while the chyme
itself becomes fecal in quality and also becomes a
semisolid slush instead of a semifluid.

From the transverse colon to the sigmoid, mass
movements mainly take over the propulsive role.

These movements usually occur only a few times

each day, most abundantly for about 15 minutes
during the first hour after eating breakfast.

A mass movement is a modified type of peristal-

sis characterized by the following sequence of

events: First, a constrictive ring occurs at a dis-

tended or irritated point in the colon, usually in

the transverse colon, and then rapidly thereafter

the 20 or more centimeters of colon distal to the

constriction contract almost as a unit, forcing the

fecal material in this segment en masse down the

colon. During this process, the haustrations dis-

appear completely. The initiation of contraction is
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complete in about 30 seconds, and relaxation then

occurs during the next 2 to 3 minutes before

another mass movement occurs, this time perhaps

farther along the colon. But the whole scries of

mass movements will usually persist for only 10

minutes to halfan hour, and they will then return

perhaps a half day or even a day later

Mass movements can occur in any part of the

colon, though most often they occur in the trans-

verse or descending colon. When they hove forced

a mass of feces into the rectum, the desire for

defecation is felt.

Initiation ofMa^s Movements by the Oasiro-

colic and Duodenocolic RcHexes. The appear-

ance of mass movements after meals is factliUted

by gastrocolic and duodenocolic reflexes. These re-

flexes result from distension of the stomach and
duodenum They can take place only weakly when
the extrinsic nerves arc removed; Iherefort, it is

probable that weak reflexes are basically trans-

mitted through the myenteric plexus, though re-

flexes conducted through the extrinsic nerves of

the autonomic nervous system probably provide

most of the intensity of the gastrocolic and duo-

dcnocolic reflexes

Irritation in the colon can also initiate intense

mass movements For instance, a person who has
an ulcerated condition of the colon (ulcerattiv ct>*

liUs) frequently has mass movements that persist

almost all the time
Mass movements can also be initiated by intense

stimulation of the parasympathetic nervous sys-

tem or simply by overdistension of a segment of

the colon

DEFECATION

Most of the time, the rectum is empty of feces

This results partly from the fact that a weak
functional sphincter exists approximately 20 cm
from the anus at the juncture between the sigmoid
and the rectum There is also a sharp angulation
here that contributes additional resistance to fill-

ing of the rectum However, when a mas.s move-
ment forces feces into the rectum the desire for

defecation is normally initiated, including reflex

contraction of the rectum and relaxation of the
anal sphincters.

Continual dribble of fecal matter through the
anus IS prevented by tonic constriction of (1) the
internal anal sphincter, a circular mass of smooth
muscle that lies immediately inside the anus, and
(2) the external anal sphincter, composed of striated
voluntary muscle that both surrounds the internal
sphincter and also extends distal to it; the external
sphincter is controlled by nerve fibers in the pud-
endal nerve, which is part of the somatic nervous
system and therefore is under voluntary, conscious
'ontrol.

• Defecation Reflexes. Ordinarily, defeca-

^
* is initiated by defecation reflexes, which can

be described as follow.s: When the feces enter the

rectum, distension of the recta! wall initiates af-

ferent signals that spread through the m^enterie

plexus to initiate peristaltic waves in the descend-

ing colon, sigmoid, and rectum, forcing feces to-

ward the anus. As the peristaltic wave approaches

the anus, the internal anal sphincter is inhibited

by inhibitory nerves, and if the external anal

sphincter is relaxed, defecation will occur. This

overall effect is called the intrinsic defecation reflex

of the colon itself

However, the intrinsic defecation reflex itself Is

usually weak, and to he cffcclivc in causing defe-

cation it must be fortified by another type of

defecation reflex, a parasympathetic defecation re-

flex that involves the sacral segments of the spinal

cord, as illustrated in Figure 63-10 Wlien the

afferent fibers m the rectum are stimulated, sig-

nals are transmuted into the spinal cord and

thence, refiexly, back to the descending colon,

fiigmoid, rectum, and anus by way of parasympath-
etic nerve fibers in the pelvic nerves. These para-

sympathetic signals greatly intensify the peristal-

tic waves as well as relaxing the internal anal

sphincter and convert the intrin.sic defecation re-

flex from an ineffectual weak movement into a

powerful process of defecation that is sometimes
effective in emptying the large bowel in one rnove-

ment all the way from the splenic flexure to the

anus Also, the afferent signals entering the spinal

cord initiate other effects, such as taking a deep

breath, closure of the glottis, and contraction of

the alxlominal muscles to force the fecal contents

of the colon downward, at the same lime causing

the pelvic floor to extend downward to pull outward
on the anus to evaginale the feces

However, despite the defecation reflexes other

effects are also necewiarj’ before actual defecation

occurs, because relaxation of the internal sphincter

and forward movement of feces toward the anus

tnlernol onol sphincter

flsure 63-10. The afferent and efferent paitiways of the para
sycnpadietk mechanism for enhancing the defecation reflex.
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normally initiates an instantaneous contraction of

the external sphincter, which still temporarily

prevents defecation. Except in babies and mentally
inept persons, the conscious mind then takes over
voluntary control of the external sphincter and
either inhibits it to allow defecation to occur or

further contracts it if the moment is not socially

acceptable for defecation. If the external sphincter

is kept contracted, the defecation reflexes die out

after a few minutes, and they remain quiescent

for several hours or until ad^tional amounts of

feces enter the rectum.

\Vhen it becomes convenient for the person to

defecate, the defecation reflexes can sometimes be
excited by taking a deep breath to move the dia-

phragm downward and then contracting the ab-

dominal muscles to increase the pressure m abdo-

men, thus forcing fecal contents into the rectum
to elicit new reflexes. Unfortunately, reflexes ini-

tiated in this way arc never as eftective as those

that arise naturally, for which reason people who
too often inhibit their natural reflexes are likely

to become severely constipated.

In the newborn baby and m some persons with

transected spinal cor^, the defecation reflexes

cause automatic emptying of the lower bowel with-

out the normal control exercised through contrac-

tion of the external anal sphincter

OTHER AUTONOMIC REFLEXES
AFFECTING BOWEL ACTIVITY

Aside from the duodenocolic, gastrocolic, gastroileal,

enterogastnc, and defecation reflexes which have been

discussed in this chapter, several other important ner-

vous reflexes can affect the overall degree of bowel

activity. These are the pentoneomtestinal reflex, reno-

intestinal reflex, vesicointestinal reflex, and somato-

intestinal reflex. All these reflexes are initiated by
sensory signals that pass to the prevertebral sympa-
thetic ganglia or to the spinal cord and then are trans-

mitted through the sympathetic ner\'0US system back to

the gut. And they all inhibit gastrointestinal activity

The pentoneointestinal reflex results from irritation of

the peritoneum; it strongly inhibits the excitatory en-

teric nerves and thereby causes intestinal paralysis The
renointestinal and uesicoinlcslimi/ reflexes inhibit intes-

tinal activity as a result of kidney or bladder irritation.

Finally, the somatointestinal reflex causes intestinal

inhibition when the skin over the abdomen is irritat-

ingly stimulated.
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Secretory Functions
of the Alimentary
Tract

Thn3ughout the gastrointestinal tract secretory

glands subserve two primary functions. First,

digestive enzymes are secreted in most areas from

the mouth to the distal end of the ileum. Second,

mucous glands, present from the mouth to the

anus, provide mucus for lubrication and protection

of all parts of the alimentary tract.

Most digestive secretions are formed only in

response to the presence of food in the alimentary

tract, and the quantity secreted in each segment
of the tract is almost exactly the amount needed
for proper digestion. Furthermore, m some por*

tions of the gastrointestinal tract even the types

ofenzymes and other constituents of the secretions

are varied m accordance with the types of food

present The puipose of the present chapter, there-

fore, IS to describe the different alimentary secre-

tions, their functions, and regulation of their pro-

duction.

GENERAL PRINCIPLES OF
GASTROINTESTINAL SECRETION

ANATOMICAL TYPES OFCIANDS

Several types of glands provide the different types of

secretions m the gastromteetinal tract First, on the

surface of the epithelium in most parts of the gastroin-

testinal tract are literally billions of single cell mucous
glands called simply mucous cells or sometimes goblet
cells These function entirely by themselves without the
necessity of coordination with other mucous cells, and
they simply extrude their mucus directly into the lumen
of the gastrointestinal tract.

Seoind, many surface areas of the gastrointestinal

tract are lined by pits which represent invagmsticau of

the epithelium into the submucosa. In the small intes-

tine these pits, called crypls ofLieberkUhn, are deep and
contain specialized secretory cells One of these will be
illustrate later in Figure 64-13. They are lined with a
mixture of mucous cells that produce mucus and other
epithelial cells that produce mainly serous fluid

' in the stomach and upper duodenum arc found
numbers of deep tubular glands. Atypical tubular

gland will be illustrated in Figure $1-4, which shows

an acid- and pcpsinogen-sccrcting gland of the stomach.

Fourth, also associati^ with the gastrointestinal tract

are several complex glands—the salivary glands, the

pancreas, and the hwr—which provide secretions for

digestion or emulsification of food. The liver has a highly

specialircd structure that will bo discussed in Chapter

TO The salivary glands ant) the pancreas are compound
acinous glands of the type illustrated m Figure 64-2.

These glonds lie completely outside the walls of the

gastrointestinal tract and. in this, differ from all other

gastnintcstinai glands The major secreting structures,

called ocini. are lined with secreting glandular cells;

these feed into a system of ducts that Hnaliy empty
through one or more portals into the Intestinal tract

itself

BASIC MECHANISMS Of STIMULATION OF
THE CASTKOINTESTINAL GLANDS

Effect of Local SUmull. The mechanical pres-

ence of food inn particular eegmentof the gastroin-

lestinal tract usually causes the glands of that

region, and often of adjacent regions, to secrete

moderate to large quantities of digestive juices.

Part of this local enbet results from direct stimu-
lation of the surface glandular cells by contact

with the food. For instance, the mucous cells on
the surface of the epithelium are stimulated
mainly in this way. However, most local stimula-
tion of the intestinal glands re-sults from one of

the folloiving three methods of stimulation:

(1) Tactile stimulation or chemical irritation of

the mucosa can elicit reflexes that activate the

enlenc nervous system of the intestinal wall to

stimulate either the mucous cells on the surface

or the deeper glands of the mucosa.

(2) Distension of the gut can also elicit nervous

reflexes that stimulate secretion.

(3) Tactile or chemical stimuli or distension can
result in increased motility of the gut, as described

m the preceding chapter, and the motility in turn
can then increase the rate of secretion.

Autonomic Stimulation of Secretion. Para-
sympathetic StimuJation. Stimulation of the par-
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asympathetic nerves to the alimentary tract al-

most invariably increases the rates of glandular
secretion. This is especially true of the glands in
the upper portion of the tract, innervated by the
vagus and other cranial parasympathetic nerves—
including the salivary glands, esophageal glands,
gastric glands, pancreas, and Brunner’s glands in
the duodenum—and also ofthe glands ofthe distal
portion of the large intestine, innervated by the
pelvic parasympathetic nerves. Secretion in the
remainder of the small intestine and in the first

two thirds of the large intestine occurs mainly in
response to local stimuli.

Sympathetic SthnuJatJom Stimulation of sympa-
thetic nerves in some parts of the gastrointestinal tract

causes a slight increase in secretion by the respective

glands. On the other hand, sympathetic stunulation also

results in constriction of the blood vessels supplying the
glands. Therefore, sympathetic stimulation can have a
dual cQect; First, sympathetic stimulation alone can
slightly increase secretion. But, second, if parasympa-
thetic or hormonal stimulation is causing copious secre-

tion by the glands, supenmposed sympathetic stimula-

tion usually reduces the secretion mainly because of
reduced blood supply.

Regulation of Glandular Secretion by Hor-
mones. In the stomach and intestine several dif-

ferent gastrointestinal hormones help regulate the
volume and character of the secretions. These
hormones are liberated from the gastrointestinal

mucosa in response to the presence of foods in the
lumen of the They then are absorbed into the
blood and are carried to glands where they stim-
ulate secretion. This ^e of stimulation is partic-

ularly valuable in increasing the output of gastric

juice and pancreatic juice when fo(^ enters the
stomach or duodenum. Also, hormonal stimulation
ofthe gallbladder wall causes it to empty its stored
bile into ibe duodenum. Other hormones that arc
still of doubtful value have also been postulated to

stimulate secretion by the glands of the small
intestine.

Chemically, the gastrointestinal hormones are
polypeptides or polypeptide derivatives.

BASIC MECHANISM OF SECRITION BY
CLANDUIAX CFLIS

Secretion of Organic Substances. Though all

the basic mechanisms by which glandular cells

form different secretions and then extrude these
to the exterior are not known, experimental evi-

dence points to the following basic principles of

secretion by gleindular cells, as illustrated in Fig-

ure 64-1.

(1) The nutrient material needed for formation
. of the secretion must diffuse or be actively trans-

ported from the capillary into the base of the
glandular cell.

(2) Many mitochondria located inside the cell

near its base provide oxidative energy for forma-
tion of adenosine triphosphate.

(3) Energy from the adenosine triphosphate (see

Chapter 67), along with appropriate nutrients, is

then used for synthesis of the organic substances;

this synthesis occurs almost entirely on the endo-
plasmic reticulum. The ribosomes adherent to this

reticulum are specifically responsible for formation
of proteins that are to be secreted.

(4) The secretory materials are transported into

and through the tubules of the endoplasmic retic-

ulum, passing in about 20 minutes all the way to

the vesicles of the Golgi complex, which lies near
the secretory ends of the cells.

(5) The materials then are modified, added to,

concentrated, and discharged mto the cytoplasm

in the form of secretory vesicles that are stored in

the apical ends of the secretory cells.

(6> These vesicles remain stored until nervous

or hormonal control signals cause them to extrude

their contents through the cell’s surface. This prob-

ably occurs in the following way: The control signal

first increases the cell membrane permeability to

calcium, and calcium enters the cell. The calcium

in turn causes many of the vesicles to fbse with

the cell membrane and then to break open on their

outer surfaces, thus emptying their contents to the

exterior; this process is c^led exocytosis.

Water and Electrolyte Secretion. A second

necessity for glandular secretion is sufficient water

and electrolytes to be secreted along \vith the

organic substances. The following is a postulated

method by which nervous stunulation causes water

and salts to pass through the glandular cells in

great profusion, which washes the organic sub-

stances through the secretory border of the cells

at the same time:

(1) Nerve stimulation has a specific effect on the

basal portion of the cell membrane to cause active

transport of chioride ions to the interior. (2.) 'The

resulting increase in electronegativity inside the

cell then causes positive ions also to move to the

interior of the cell. (3) The excess of both of these

ions inside the cell creates an osmotic force which

riaure 64—1. Typical fiinctlort of a glandular ceil In formadori
and secretion of enzymes or other seaetoty substance^-



772 B TTie (UslwIntesHrtJJ Tnci

pulls water to the interior, thereby increasing the

hydrostatic pressure inside the ccU and causing

the cell itself to swell. (4) The pressure in the cell

then results in minute ruptures of the secretory

border of the cell and causes flushing of water,

electrolytes, and organic materials out of the se-

cretoiy end of the glandular cell and into the

lumen of the gland.

In support of this theory have been the following

findings. First, the nerve endings on glandular

cells are principally on the bases of the colls

Second, microelectrode studies show that the nor-

mal electrical potential across the membrane at

the base of the cell is between 30 and 40 mv. with
negativity on the interior and positivity on the

exterior Parasympathetic stimulation increases

this polarization voltage to values some 10 and 20
mv more negative than normal Tliis Increase in

polarization occurs a second or more after the

ner\'c signal has arrived, indicating that it i»

caused by movement of negative ions tpresumably
chloride ions) through the membrane to the inte-

rior of the cell

Though this mechanism for secretion is stiH

partly theoretical, it does explain how ti would be
possible for nerve impulses to regulate secretion

Obviously, hormonal effects on the cell membrane
could cause similar results

LUBJUCAT1NC AND rMTtCTIVt
PAOntiTIES orMUCUS AND fTS

IMPOKTANa iS THE CASTROINTtSTlNAl
TRACT

Mucus IS a thick secretion compiled mainb of water.
elcctrQl>tes, and a miicture of ecNecal gl)Coprotem«
which themselves arc composed of large polywicchandes
bound Hith much smaller quantities of protein Mucus
IS slightly different in different parts of the gostroinlev

tmal tract, but everywhere it has several important
characteristics that make it both an excellent lubricant

and a protectant for the wall of the gut Ftrsl. mucus
has adherent qualities that make it adhere tightly to

the food or other particles and also to spread os a thin

film over the surfaces Second, it has sufficient body that

It coats the wall of the gut and prevents actual contact

of food partielea with the mucosa Third, mucus has a
low resistance for slippage so that the particles can slide

along the epitheiium with great ease Fourth, mucus
causes fc-ca1 particles to adhere to each other to form
the fecal masses that arc expelled during a bowel move-
ment Fifth mucus IS strongly resistant to digestion by
the gastromtestiaal enzymes And, suth, the glycopro-

teins of mucus have amphoteric properties and are
therefore capable of buffering small amounta of either

acids or alkalies; also, mucus often contains moderate
quantities of bicarbonate ions, which specifically neu-
tralize acids

In summary, mucus has the ability to allow easy
slippage of food along the gastrointestinal tract and also
to prevent cxconative or chemical damage to the epi-

tbelium. A person becomes acutely aware of the lubn-
qualities of mucus when the salivary glands fail

-secrete saliva, for under these circumstances it is

cxlremciy diflicult h) swallow solid food even when itii

taken with large amounts of water.

SECumoN or saliva

Tile Snliv'firy Glands: Characteristics of Sa-

liva- The principal glands of salivation are the

parottil, sulfmandihular, and subhnf^ual glands; in

addition, there arc many small buccal glands The
dally Kpcrclion of saliva normally ranges between
about 800 and IfiOO millilitcn>. os shown in Table
61-1

Saliva contoins two major types of protein eecre-

lion itj a tervus Fccnlion containing phvlin lan

<i-amylase}, which is nn enzyme for digesting

starches, and (2» mucous sccrvtion conlaimng mu-
ctn for lubricating puriKises The parotid glands

secrete entirely the serous type, and the subman-
dibular and sublingual gland.s secrete both the

serous type and mucus The buccal glands secitte

only inucuK Faliva has a pH iietwmm 6 0 and 7 i,

a fiisomble range for the digestive action of

ptvalm
Secretion of Ions in the Saliva. Saliva con-

tains especially large quantities of poto»«ium and

bicarbonate ions On the other hand, the concen-

trations of lioth sodium and chloride ions arc con-

eiderobly less in iialivn than in plasma One can
understand these sprnal concentrations of ions in

the saliva from the following description of the

mechanism for secretion of saliva.

Figure 61-2 illustrates accretion by the submax-
illary gland, a typical compound gland containing
both octal and talivao' ducif Salivary secretion w
n lwo.«.tnge operation, the first stage involves the

acini and the second, the salivary duets The acini

«ecrete a primary seervtton that contains ptyalin

and'or munn m a solution ofiona in concenlration-s

not greatly difTerent from those of typical extra-

cellular fluid. However, ns the pnmaiV secretion

floxss through the ducts, two major active transport

processes take place that markedly modify the

ionic composition of the saliva.

First, sodium ions arc actively reabsorbed from
nil the salivary duct-s, and potassium ions are
actively secreted, but at a slower rate, in e.tchange
for the sodium Thorefore, the sodium concentra-
tion ofthe saliva becomes greatly reduced whereas

Table 64-1 DWIT SICRCTION Of JNTtSTiNM ItHCtS

OsDy
Volume (ml) pH

S4lh/« IDOO 6 0-7 0
Cutrtc lecrcoon 1500 I0-3S

1000 80-S3
BBe 1000 78
Small InwjHfwl secretion l&OO 7 5-8.0
Sninnet s gUnd sectetlon 200 80-69
Urge hresilrM? sfaction 200 7S-S0

ToMi 6700
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flju/e 64-2. fonmtion and iecretkm of ultva by 4 saUvny
S'Afxl

the potassium ion concentration becomes in-

creased. The great excess of sodium reabsorption

over potassium secretion creates negativity of
about -70 mv in the salivary ducts, and this

causes chloride ions to be reabsorbed passively;

therefore, the chloride ion concentration falls to a
very low level along with the decrease m sodium
ion concentration.

Second, bicarbonate tans are secreted by the
ductal epithelium into the lumen of the duct This
is probably an active secretory process, though
little is known about its details.

The net result of these active transport processes

is that, under resting conditions, the concentra-

tions of sodium and chloride ions in the saliva are
only about 15 mEq/Iiter each, approximately 1/7

to 1/10 their concentrations in plasma. On the
other hand, the concentration of potassium ions is

about 30 mEq/liter, seven times as great as its

concentration in plasma, and the concentration of
bicarbonate ions is 50 to 70 mEq/liter, about two
to three times that of plasma.
During maximal salivation, the salivary ionic

concentrations change considerably because the
rate of formation of primary secretion by the acini

can increase as much as 20-fold. As a result this

secretion then flows through the ducts so rapidly

that the ductal reconditioning of the secretion is

considerably reduced. Therefore, when copious

quantities of saliva are secreted, the sodium chlo-

ride concentration rises to about one half to two
thirds that of plasma, whereas the potassium con-

centration falls to only four times that of plasma.
In the presence of excess aldosterone secretion,

the sodium and chloride reabsorption and the po-

tassium secretion become greatly increased so that
the sodium chloride concentration in the saliva is

sometimes reduced almost to zero, while the potas-
sium concentration increases still more.
Because of the high potassium ion concentration

of saliva, in any abnormal state in which the saliva

is lost to the exterior of the body for long periods
of time a person can develop serious depletion of

potassium ions in the body, leading eventually to

serious hypokalemia and paralysis, as was dis-

cussed in Chapter 10.

Function of Saliva for Oral Hygiene. Under basal

conditions, about 0.5 ml/min of saliva, almost entirely

ofthe mucous type, is secreted all the time except during
sleep, when the secretion becomes very little. This se-

cretion plays an exceedingly important role in main-
taining healthy oral tissues. The mouth is loaded witlr
pathogenic bactena that can easily destroy tissues and
can also cause dental canes. However, saliva helps

prevent the deteriorative processes in several ways.

PiT§tr<^e flow of saliva itself helps wash away
p&thogcntc bactena, as well as the food particles that

provide their metabolic support. Sfcond, the saliva also

contains several factors that ac{?al/y destroy bactena.

One of these is thioc^onate iotis and another is several

proteolytic enzymes—most importantly, lysozyme—that

(a) attack the bactena. (b) aid the thiocyanate ions in

entenng the bactena where they in turn become bacte-

ncidal, and (c) digest food particles, thus helping further

to remove the bacterial metabolic support. And, thirij,^
saliva oflen contains significant amounts of protein

antibodies that can destroy the oral bacteria, including

those that cause dental canes
Therefore, in the absence of salivation, the oral tissues

become ulcerated and otherwise infected, and canes of

the teeth becomes rampant.

Nervous neguJation of Salivary Secretion.

Figure 64-3 illustrates the nervous pathways for

regulation of salivation, showing that the salivary

glands are controlled mainly by parasympathetic

nervous signals from the sahvatory nuclei. The
salivatory nuclei sire located approximately at the

juncture of the medulla and pons and are excited

by both taste and tactile stimuli from the tongue

and other areas of the mouth. Many taste stimuli,

especially the sour taste, elicit copious secretion of

saliva—often as much as 5 to 8 ml per minute or
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8 to 20 times the basal rate of secretion. Also,

certain tactile stimuli, such as the presence of

smooth objects in the mouth (a pebble, for in-

stance), cause marked salivation, while rough ob-

jects cause less salivation and occasionally even

inhibit salivation.

Salivation can also be stimulated or inhibited

by impulses arriving in the salivatory nuclei from
higher centers of the central nervous system. For
instance, when a person smells or eats fa\^rite

foods, salivation is greater than when disliked food

is smelled or eaten. The appetite area of the brain

that partially regulates these elTecls is located in

close proximity to the parasympathetic centers of

the anterior hypothalamus, and it functions to a
great extent in response to signals from the taste

and smell areas of the cerebral cortex or amygdala
Finally, salivation also occure in response to

reftexes originating in the stomach and upper
intestines—particularly when very irritating fo^s
are swallowed or when a person is nauseated
because of some gastrointestinal abnormality The
swallowed saliva presumably helps to remove the
irritating factor in the gastromtestinal tract by
diluting or neutralizing the irritant substances.

ISOPHACEAL SECRETION

The esophageal secretions are entirely mucoid in char-

acter and prinupally provide lubrication for swallowing
The main body of the esophagus is lined with many
simple mucoui glands, but at the gastnc end, and to a
leaser extent in the initial portion of the esophagus,
there arc many compound mucous glands. The mucus
secreted by the compound glands in the upper esophagus
prevents mucosal excoriation by the newly entenngfe^.
whereas the compound glands near the esophagogastric
junction protect the esophageal wall from digestion by
gastnc juices that reflux into the lower esophagus
Despite this protection, a peptic ulcer at times may
occur at the gastnc end of the esophagus

GASTRIC SECRETION

CHAItACTUUSTICS Of THE GASTRIC
SZCREnOSS

In addition to the mucus-secreting cells that line

the surface of the stomach, the stomach mucosa
has two different types of tubular glands: the
oxyntic (or gastnc) glands and the pyloric glands
The oxyntic glands, which mean acid-forming
glands, secrete hydrochloric acid, pepsinogen, jn-
fnnstc factor, and mucus, and the pyloric glands
secrete mainly mucus for protection of the pyloric
mucosa but also some pepsinogen as well as the
hormone gastrin. The oxyntic glands are located
over the entire wall of the body and fundus of the
stomach except along the lesser curvature, and the

glands are located in the antral portion of
stomach. In addition, a few cardiac glands.

which are almost identical to the pyloric glandi

and almost entirely secrete mucus, are located

about 1 cm immediately surrounding the entry

point of the esophagus.

The Secretions from the Oxyntic Glands. A
typical oxyntic gland is shown in Figure 64-4. It

IS composed of three different types of cells: the

mucous neck cells, which secrete mainly mucus
but aLw some pepsinogen; the peptic (or chief) cells,

which secrete large quantities of pepsinogen; and

the oxyntic (or parietal) cells, which secrete hydro-

chloric acid and intrinsic factor and which lie

mainly behind the mucous neck cells or, less often,

behind the chief cells A postulated mechanism for

secretion of mucus and pepsinogen by the mucous
neck ceils and the peptic cells was given earlier in

the chapter and was depicted in Figure 6t-l.

However, secretion of hydrochloric add by the

oxyntic (parietal) cells involves particular prob-

lems which require further consideration as fol-

lows’

Basic Mechanism of Hydrochloric Acid Se-

cretion. The oxyntic (parietal) cells secrete an

electrolytic solution containing a maximum of

about 160 millimoles of hydrochloric acid per liter,

which IS almost exactly isotonic with the body

fluids. The pH of this acid solution is approxi-

mately 0 8, thus illustrating its extreme acidity.

At this pH the hydrogen ion concentration is about

3 million times that of the arterial blood. And to

concentrate the hydrogen ions this tremendous
amount requires over 1500 calories of energy per

liter of gastric juice, os discussed m Chapter 9 in

relation to membrane transport mechanisms.
Figure 64-5 illustrates the basic structure ofan

oxyntic cell, showing that it contains a system of

intracellular canaliculi. The hydrochloric acid is

formed at the membranes of these canaliculi and
then conducted through openings to the exterior.

Different suggestions for the precise mechanism
of hydrochlonc acid formation have been offered.

One of these is illustrated in Figure 64-6 and
consists of the following steps;

ngtire 64-4. An oxynde ^nd from the body Of frindus of the

stortuch.
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n$urt 64-^5. Arucomy of the urullcull In An oxyncic (parleul)

ceO.

1. Chloride ion is actively transported from the

cytoplasm of the oxyntic cell into the lumen of the

canaliculus. This creates a negative potential of
~40 to -70 millivolts in the canaliculus, which
in turn causes passive diffusion of positively

charged potassium ions from the cell cytoplasm
also into the canaliculus. Thus, in eH'ect, potassium
chloride enters the canaliculus.

2. Water is dissociated into hydrogen ions and
hydroxyl ions in tho cell cytoplasm. The hydrogen
ion is then actively secreted into the canaliculus

in exchange for potassium ions, this active ex-

change process being catalyzed by H*-K‘ ATPase.
Thus, most of the potassium ions that had been
secreted are reabsorbed, and hydrogen ions take
their place in the canaliculus.

3. Water passes through the cell and into the

canaliculus by osmosis. Thus the hnal secretion

entering the canaliculus is a solution containing

hydrochloric acid in a concentration of 160 milli-

moles per liter and potassium chloride in a concen-
tration of 17 millimoles per liter.

4. Finally, carbon dioxide, either formed during
metabolism in the cell or entering the cell from
the blood, combines with water under the influence

of carbonic anhydrase to form carbonic acid. This,

in turn, dissociates into bicarbonate ion and hy-
drogen ion. The hydrogen ion combines with the

hydroxyl ion released in Step 1 to form water. The
bicarbonate ion, in turn, diffuses out of the cell

into the blood in exchange for chloride ions that
enter the cell and later will be secreted into the

canaliculus. The importance of carbon dioxide in

the chemical reactions for formation of hydrochlo-

ric acid is illustrated by the^fact that carbonic

anhydrase inhibition by the drug acetazolamide
almost completely blocks the formation of hydro-
chloric acid.

Activation of Pepsinogen. Several different

tj^es ofpepsinogen are secreted by the peptic and
mucous cells of the gastric glands. Even so, all the
pepsinogens perform essentially the same func-

tions. When the pepsinogens are first secreted,

they have no digestive activity. However, as soon
as they come in contact with hydrochloric acid,

and especially when they come in contact with
previously formed pepsin plus the hydrochloric
acid, they are immediately activated to form active

pepsin. In this process, the pepsinogen molecule,

having a molecular weight ofabout 42,500, is split

to the pepsin molecule, having a molecular weight
of about 35,000.

Pepsin is an active proteolytic enzyme in a
highly acid medium (optimum pH = 1.8 to 3.5),

but above a pH of about 5 it has little proteolytic

activity and soon becomes completely inactivated.

Therefore, hydrochloric acid secretion is equally

as necessary as pepsin secretion for protein diges-

tion tn the stomach; this will be discussed in the

following chapter.
Secretion of Other Enzymes. Small quantities of

other enzymes are also secreted m the stomach juices,

including gastnc lipase, gaslne amylase, and a gelatt’

nose. Gastric lipase is of little quantitative importance
and is actually a tnbutyrase. for its pnnapa] activity is

on tributynn, which is butterfat; it has almost no lipo-

lytic activity on the other fats. Gastnc amylase plays a
very minor role in digestion of starches, and the gelati-

nase helps to liquefy some of the proteoglycans in meats.

Secretion of Intriasie Factor. A substance called

tnlnnsic factor, essential for absorption of vitamin B„
in the lieum, is secreted by the oxynhc cells along with

the secretion of hydrochlonc acid Therefore, when the

acid-producing cells of the stomach are destroyed, which
frequently occurs in chronic gastntis, the person not

only develops achlorhydria but also develops pernicious

anemia because of failure of maturation of the red blood

cells in the absence of vitamin B„ stimulation of the

bone marrow. This was discussed in detail in Chapter

4.

Secretion of Mucus in the Stomach. The py-

loric glands are structurally similar to the oxyntic

glands, but contain few peptic cells and almost no

nsure 64-6. PostuUted mechanism for the secretion of hydro-
diforfc acid >
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oxyntic cells. Instead, they contain mostly mucous
cells that are identical with the mucous neck cells

of the gastric glands These cells secrete a small

amount of pepsinogen, as discussed earlier, and an
especially large amount of thin mucus that pro-

tects the stomach wall from digestion by the gas-

tric enzymes.
In addition, the surface of the stomach mucosa

between glands has a continuous layer of mucous
cells that secrete large quantities of a far more
viscid and alkaline mucus that coats the mucosa
with a mucous gel layer often more than 1 mm
thick, thus providing a miy'or shell of protection

for the stomach wall as well as contributing to

lubrication of food transport. Even the slightest

irritation of the mucosa directly stimulates the

mucous cells to secrete copious quantities of this

thick, viscid mucus. This in turn forms a gastric

barrier that prevents digestion of the gastric wall

and also greatly reduces the absorption of most
substances by the gastric mucosa.

RICULATION OF GASTRIC SFCRHION BY
NERVOUS AND HORMONAL MECHANISMS

Gastric secretion is regulated by both nervous
and hormonal mechanisms; nervous regulation is

effected through the parasympathetic fibers of the

vagus nerves as well os through local enteric

nervous system reflexes, and hormonal regulation

takes place mainly in response to the hormone
gastrin. Thus, regulation of gastric secretion is

different from the regulation of salivary secretion,

which IS effected entirely by nervous mechanisms

Vagal Stimulation of Gastric Secretion

Nervous signals to cause gastric secretion orig-

inate in the dorsal motor nuclei of the vagi and
pass via the vagus nerves to the enteric nervous
system of the stomach wall and thence to the

oxyntic glands In response, these glands secrete

vast quantities of both pepsin and acid, but with
a higher proportion of pepsin than m gastric juice

elicited m other ways. Also, vagal signals to all

the mucus-secreting glands and epithelial lining

cells cause increased mucus secretion as well.

Still another effect of vagal stimulation is to

cause the antral part of the stomach mucosa to

secrete the hormone gastnn As will be explained
in the following paragraphs, this hormone then
acts on the gastric glands to cause additional flow

of highly acidic gastric juice. Thus, vagal stimu-
lation excites stomach secretion both directly by
stimulation of the gastric glands and indirectly

through the gastrin mechanism.

Stimulation of Gastric 5ecretfon by Gastrin

When food enters the stomach, it causes the
portion of the stomach mucosa to secrete

.
hormone gastrin. This hormone is secreted by

*
ce//s, also called G cells, in the pyloric

glands and to a lesser extent in the proximal

glands {Brunner’s glands) of the duodenum. Gas-

trin is a large peptide secreted in two forms, a

large form called G-34, containing 34 amino acids,

and a smaller form, G-17, containing 17 amino

acids Though both of these are important, the

smaller form is more abundant.
The food causes release of this hormone in two

ways: (1) The actual bulk of the food distends the

stomach, and this causes the hormone gastrin to

be released from the antral mucosa. (2) Certain

substances called secretagogues—such as food ex-

tractives, partially digested proteins, alcohol (in

low concentration), caffeine, and so forth—also
cause gastrin to be liberated from the antral mu-
cosa.

Both of these stimuli—the distension and the

chemical action of the secretagogues—elicit gas-

trin release by means of a local nerve reflex. That

IS, they stimulate sensory nerve fibers in the stom-

ach epithelium which in turn synapse with the

enteric nervous system. This then transmits effer-

ent signals to the gastnn cells, causing them to

secrete the gastrin Therefore, any factor that

blocks this reflex will also block the formation of

gastrin. For instance, anesthetization of the gastric

mucosa to block the sensory stimuli will prevent

gastnn release: administration of atropine, which
blocks the action on the gastnn cells of the acetyl-

choline released by the enteric nerves, will also

prevent gastrin release

Gastnn is absorbed into the blood and carried

to the oxyntic glands in the body of the stomach
where it stimulates mainly the oxyptic cells but

to a lesser extent the peptic cells, also. The oxyntic

cells increase their rate of hydrochloric acid secre-

tion as much as eightfold, and the peptic cells

increase their rate of enzyme secretion two- to

fourfold

The rate of secretion in response to gastrin is

somewhat less than to vagal stimulation, 200 ml
per hour in contrast to about 500 ml per hour,

indicating that the gastnn mechanism is a less

potent acute mechanism for stimulation ofstomach
secretion than is vagal stimulation. However, the

gastnn mechanism usually continues for several

houm in contrast to a much shorter period of time

for vagal stimulation. Therefore, as a whole, it is

likely that the gastrin mechanism is equally as

important as, ifnot more important than, the vagal

mechanism for control of gastric secretion. Yet,

when both of these work together, the total secre-

tion is much greater than the sum ofthe individual

secretions caused by each of the two mechanisms
In other words, the two mechanisms multiply each

other rather than simply add to each other.

Role of Histamine In Controlling Gastric

Secretion

Histamine, an amino acid derivative, also stim-

ulates gastric secretion. When the H-2 type of
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histamine receptors (but not the H-1 receptors) of

the oxyntic glands are blocked with the histamine
antagonist (Irug cimetidine, not only does this

block the stimulatory efiect ofhistamine on gastric

secretion but the effect of gastrin as well. There-

fore, it is believed that local gastric mucosal his-

tamine is a prerequisite for the stimulatory func-

tion ofgastrin—perhaps gastrin causes the release

of histamine and it is the histamine that actually

causes the secretion.

ChemlcaJ Composition of Castrin and
Other Castrolntestinal Hormones

Below are illustrated the amino acid composi-

tions of gastrin-

1

7 and also of ckolecystoktnin and
secretin, which will be discussed later in the chap-

ter. Note that all are polypeptides and that the

terminal five amino acids in the gastrin and cho-

lecystokinin molecular chains are exactly the

same. The activity of gastrin resides in the termi-

nal four amino acids and in the terminal eight

ammo acids for cholecystokinin; all the amino
acids are essential in secretin. A synthetic gastrin,

composed of the terminal four amino acids of nat-

ural gastnns plus the ammo acid alanine, has ail

the same physiological properties as the natural

gastrins. This synthetic product is called pentagas-

trin.

Feedback Inhibition of Gastric Acid Secre-
tion. When the acidity of the gastric juices in-

creases to a pH of 2.0, the gastrin mechanism for

stimulating gastric secretion becomes totally

blocked. TMs effect probably results from two dif-

ferent factors. First, greatly enhanced acidity de-

presses or blocks the extraction of gastrin itself

from the antral mucosa. Second, the acid seems to

cause an inhibitory nervous reflex that inhibits

gastric acid secretion.

Obviously, this feedback inhibition ofthe gastric

glands plays an important role in protecting the

stomach against excessively acid secretions, which
would readily cause peptic ulceration. In addition

to this protective effect, the feedback mechanism
is also important in maintaining optimal pH for

function of the peptic enzymes in the digestive

process because whenever the pH rises above 2.5

to 3.5 gastrin begins to be secreted again and more
acid is secreted.

fhe Three Phases of Gastric Secretion

Gastric secretion is said to occur m three separate
phases (as illustrated in Fig. 64-7): a cephalic phase, a
gastricphase, and an intestinal phase. However, as will

be apparent m the following discussion, these three

phases in reality fuse together.

The Cephalic Phase. The cephalic phase of gastric

secretion occurs even before food enters the stomach. It

results from the sight, smell, thought, or taste of food;

and tiie greater the appetite, the more intense is the

stimulation. Neurogenic signals causing the cephalic

phase of secretion can originate m the cerebral cortex

or in the appetite centers of the amygdala or hypothal-

amus. They are transmitted through the dorsal motor
nuclei of the vagi to the stomach. This phase of secretion

probably accounts for less than one-tenth of the gastric

secretion normally associated with eating a meal.
The Gastric Phase. Once the food enters the stom-

ach, It excites the gastnn mechanism, which m turn

causes secretion of gastric juice that continues through-

out the ^veral hours that the food remains in the

stomach
In addition, the presence of food in the stomach also

causes (a) local reflexes m the entenc nervous system of

the stomach and (b) vagovagal reflexes that pass all the

way to the brain stem and back to the stomach; both

these reflexes cause acetylcholine stimulation of the
oxyntic glands and add to the secretion caused by the

gastnn mechamsm
The gastnc phase of secretion accounts for at least

two thirds of the total gastric secretion associated with
eating a meal and, therefore, accounts for most of the

total daily gastnc secretion of about 1500 ml.

The Intestinal Phase. Presence of food in the upper
portion of the small intestine, particularly m the duo-
denum. can cause the stomach to secrete small amounts
of gastric juice. This probably results partly from the
fact that small amounts of gastnn are also released by
the duodenal mucosa in response to distension or chem-
ical stimuli of the same type as those that stimulate the
stomach gastrin mechamsm It is probable that several
other hormones or reflexes also play minor roles in
causing secretion of gastnc juice.

However, several intestinal factors can also inhibit

gastric secretion, and these often completely override

the eimitatory factors, as we shall discuss in the follow-

ing paragraph.

Gastrin:

Glu- Gly- Pro- Trp- Leu- Glu- Glu- Glu- GIu- Glu- Ala- Tyr- Gly- Trp- Met- Asp- Phe- NH 2

HSOi
Cholecystokinin:
Lys- (Ala, Gly, Pro, Ser)- Arg- Val- (He, Met, Ser)- Lys- Asn- (Asn, Gin, His, Leuj,

Pro, Ser^)- Arg- He- (Asp, Ser)- Arg- Asp- Tyr- Met- Gly- Trp- Met- Asp- Phe- NHj

His- Ser- Asp- Gly- Thr- Phe- Thr- Ser- Glu- Leu- Ser- Arg- ^u- Arg- Asp- Ser-
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InblbMon of CasMc Secretion by Intestinal

Factors

Though chyme stimulates gastric secretion dunng the

intestinal phase of secretion, it paradoxically often in-

hibits secretion during the gastric phase. This results

from at least two different influent:

1. The presence of food in the small intestine initiates

an enterogastric reflex, transmitted through the enteric

nervous system as well as through the extrinsic sym-
pathetic and vagus nerves, that inhibits stomach secre-

tion This reflex can be initiated by distension of the

small bowel, the presence of acid in the upper intestine,

the presence ofprotein breakdown products, or irritation

of the mucosa This is part of the complex mechanism
discussed in the preceding chapter for slowing down
stomach emptying when the intestines are alreac^ filled

2 The presence of acid, fat, protein breakdown prod-

ucts, hyper- or hypo-osmotic fluids, or any Irritating

factor in the upper small intestine causes the release of
several Intestinal hormones. Two of these are secretin

and cholecystoktnin Both of these are especially impor-
tant for control of pancreatic secretion, and cholei^sto-

kinin is also important in promoting emptying of the

gallbladder. However, in addition to these effects, they

both opposclheBlimulatOTy effects of gastnn. Also, three
other hormones, gatirie inhibitory pepticie, vasoactive

intestinal po/ypeptide, and somatostatin all have slight

to moderate effects on inhibiting gastne secretion.

The functional purpose of the inhibition of gastric

eeeretioTV by intestinal factors is probably to slow the
release of chyme from the stomach when the small
intestine is already filled In fact, the entcrogastne reflex

and also these inhibitory hormones usually reduce stom-
ach motility at the same time that they reduce gastric

secretion, as was discussed m the previous chapter
Secretion During the Interdigestive Period. The

stomach secretes only a few milliliters of gastrie juice

per hour during the “interdigescive period" when little

or no digestion is occurring anywhere in the gut Fur-
thermore, the secretion that does occur is almost entirely

of the so-called nonoxyntic type, meaning Chat it is

composed mainly ofmucus containing very little pepsin
and almost no acid In fact, on occasion, the fluid is

actually slightly alkaline, containing moderate quan-

tities ofsodium bicarbonate. However, strong emotioiul

stimuli frequently increase the inCer^gestive secretion

to 60 ml or more of highly peptic and highly acidic

gastric juice per hour, in very much the same martfcr

that the cephalic phase of gastric secretion excites se-

cretion at the onset ofa meal. This increase of secretion

dunng the presence of emotional stimuli is believed to

be one of the factors in the development ofpeptic ulcen,

as will be discussed in Chapter 66.

PANCREATIC SECRETION

The pancreas, which lies parallel to and beneath
the stomach, is a large compound gland with tin

internal structure almost identical to that of the

salivary glands. Digestive enzymes are secreted by
the acini, and large volumes of sodium bicarbonate

solution are secreted by the small ductules leading

from the acim. The combined product then flows

through a long pancreatic duct that usually joins

the hepatic duct immediately before it empties

into the duodenum through the sphincter of OdiM-

However, on occasion this duct empties separately

into the duodenum. Pancreatic j'uice is secreteiJ

mainly in response to the presence ofchyme in the

upper portions of the small intestine, and the

characteristics of the pancreatic juice are deter-

mined to some extent by the types of food in the

chyme.
Characteristics of Pancreatic Julco. Pafl-

creatic juice contains enzymes for digesting all

three major types of food; proteins, carbohydrate8>
and fata. It also contains large quantities of bicar-

bonate ions which play an important role in neu-
tralizing the acid chyme emptied by the stomach
into the duodenum.
The proteolytic enzymes are cAymotry/>'

sin. carboxypolypeptidase. ribonuclease, and deoxV-

rtbonucUase. By far the most abundant of these is

trypsin. The trypsin and chymotrypsin split who)®
and partially digested proteins into peptides of
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various sizes, but these do not cause the release of

individual amino acids. On the other hand, carbox-

ypolypeptidase splits individual amino acids from
the carboxyl ends of the peptides, thus completing
the digestion of much of the proteins all the way
to the amino acid state. The nucleases split the

two types of nucleic acids: ribonucleic and deoxy*

ribonucleic acids.

The digestive enzyme for carbohydrates is pan-
creatic amylase, which hydrolyzes starches, glyco-

gen, and most other carbohydrates except cellulose

to form disaccharides and a few trisaccharides.

The main enzymes for fat digestion are pan-
creatic lipase, which is capable of hydrolyzing neu-
tral fat into fatty acids and monoglycerides, cho-
lesterol esterase, which causes hydrolysis of
cholesterol esters, and phospholipase, which splits

fatty acids from phospholipids.

V^en synthesized in the pancreatic cells, the
proteolytic enzymes are in the inactive forms tryp-

sinogen, chymotrypsinogen, and procarboxypoly-

peptidase, which are all enzymatically inactive.

These become activated only after they are se-

creted into the intestinal tract. Trypsinogen is

activated by an enzyme called enterokinase, which
is secreted by the intestinal mucosa when chyme
comes in contact with the mucosa. Also, trypsino-

gen can be autocatalytically activated by trypsin

that has already been formed. Chymotrypsinogen
is activated by trypsin to form chymotrypsio, and
procarboxypolypeptidase is activated in a similar

manner.
Secretion ofTrypsin Inhibitor. It is important

that the proteolytic enzymes of the pancreaticjuice
not become activated until they have been secreted

into the intestine, for the trypsin and the other
enzymes would digest the pancreas itself. Fortu-

nately, the same cells that secrete the proteolytic

enzymes into the acini of the pancreas secrete

simultaneously another substance called trypsin

inhibitor. This substance is stored in the cytoplasm
of the glandular cells surrounding the enzyme
granules, and it prevents activation of trypsin both

inside the secretory cells and in the acini and ducts
of the pancreas. Since it is trypsin that activates

the other pancreatic proteolytic enzymes, trypsin

inhibitor also prevents the subsequent activation

of all these.

However, when the pancreas becomes severely

damaged or when a duct becomes blocked, large

quantities of pancreatic secretion become pooled

in the damaged areas of the pancreas. Under these

conditions, ^e effect of trypsm inhibitor is some-
times overwhelmed, in which case the pancreatic

secretions rapidly become artivated and literally

digest the entire pancreas within a few hours,

giving rise to the condition called acute ponerra-
titis. This often is lethal because of accompanying
shock, and even if not lethal it leads to a lifetime

of pancreatic insuftidency.

Secretion of Bicarbonate Ions. The enzymes
of the pancreaticjuice are secreted entirely by the

acini of the pancreatic glands. On the other hand,
two other important components of pancreatic
juice, bicarbonate ions and water, are secreted in
large amounts mainly by the epithelial cells of the
small ductules leading from the acini. We shall
see later that the stimulatory mechanisms for (a)

enzyme production and (b) production of bicarbo- \

nate ions and water are also quite different. When
the pancreas is stimulated to secrete copious quan-
tities of pancreatic juice—that is,” copious quan-
tities of the bicarbonate ions and water—the bi-

carbonate ion concentration can rise to as high os
145 mEq/liter, a value approximately five times
that of bicarbonate ions in the plasma. Obviously,
this provides a large quantity of alkaline ion in

the pancreatic juice that serves to neutralize acid

emptied'into the duodenuih from the stomach.
The cellular mechanism for secreting sodium

bicarbonate solution into the pancreatic ductules
is illustrated in Figure 64-5. The major steps in

this process are:

1. Carbon dioxide diffuses to the intenor of the
cell from the blood and combines with water under
the infiuence of carbonic anhydrasc to form car-

bonic acid. The carbonic acid in turn dissociates

into bicarbonate ion and hydrogen ion. Then the
bicarbonate ion is actively transported through
the luminal border of the cell into the lumen of

the duct.

2. The hydrogen ion formed by dissociation of
carbonic acid inside the ceil is exchanged for so-

dium ion through the blood border of the cell, also

by an active transport process. The sodium ion in

turn either diffuses through or is actively trans-

ported through the luminal border into the pan-
creatic duct to provide electrical neutrality for the

bicarbonate ion.

3. The movement ofsodium and bicarbonate ions

from the blood to the lumen creates an osmotic

gradient that causes osmosis of water also into the

I
I

BLOOD DUCTULE * LUMEN
CELLS

I
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pancreatic duct, thus forming the bicarbonate so-

lution.

RICULATION or PANCREAnC SZCRHION
Pancreatic secretion, like gastric secretion, is

regulated by both nervous and hormonal mecha-
nisms. However, in this case, hormonal regulation

IS by far the more important.

Nervous Hegulation. When the cephalic and
gastric phases of stomach secretion occur, pam-
sympathetic impulses are simultaneously trans-

mitted along the vagus nerves to the pancreas,

resulting in acetylcholine release followed by se-

cretion of moderate to large amounts of eni^mes
into the pancreatic acini. However, little secretion

flows through the pancreatic ducts to the intestine

because only small amounts of water and electro-

lytes are secreted along with the enzymes. There-

fore, most of the enzymes are temporarily stored

m the acini.

Hormonal Regulation. After chyme enters the

small intestine, pancreatic secretion becomes cop-

ious, mainly in response to the hormone secretin.

In addition, a second hormone, ehoUcystokmm.
causes still far more increase in the secretion of

enzymes.
Sf/niuloffon of Secretion of Copious Quan-

tities ofBicarbonate by Secret/n—Neutra/ura-
tion of the Acidic Chyme. Secretin is a polypep'
tide containing 27 ammo acids (molecular weight
about 34001 that is prosonl in so-called S cells in

the mucosa ofthe upper small intestine (duodenum
and upperjejunum) in an inactive form prosecretin-

^Vhen acid chyme enters the intestine, it cause**

the release and activation of secretin, which i^

subsequently absorbed into the blood The one
constituent of chyme that causes greatest secretm
release is hydrochloric acid, though almost any
type of food will cause at least some release

Secretm causes the pancreas to secrete large
quantities of fluid containing a high concentration
of bicarbonate ion (up to 145 mEq/liter) but a loW
concentration of chloride ion However, this fluid

contains very little enzymes when the pancreas i9

stimulated only by secretm because secretin doe#
not stimulate the acinar cells.

The secretin mechanism is especially important
for two reasons First, secretin is released from the
mucosa of the smalt intestine when the pH of the
duodenal contents falls below 4 5, and its release
increases very greatly as the pll falls to 3 0 and
as more and more acid reaches greater areas of
the duodenum and jejunum. This immediately
causes large quantities of pancreaticjuicc contain-
ing abundant amounts of sodium bicarbphate W
be secreted, which results in the following reaction
m the duodenum* ^

HCl + NaHCO^-* NaCl + H*CO,

The carbonic acid immediately dissociates into

carbon dioxide and water, and the carbon dioxide

is absorbed into the blood and expired through the

lungs, thus leaving a neutral solution of s^ium
chloride in the duodenum. In thi.s way, the acid

contents emptied into the duodenum from the

stomach become neutralized, and the peptic activ-

ity of the gastric juices is immediately blocked.

Since the mucosa of the small intestine cannot

withstand the digestive action of acid gastricjuice,

this is a highly important and even essential

protective mechanism against the development of

duodena] ulcers, which will be discussed in further

detail in Chapter 66.

A second importance ofbicarbonate secretion by

the pancreas is to provide an appropriate pH for

action of the pancreatic enrymes. All these func-

tion optimally in a slightly alkaline or neutral

medium The pH of the sodium bicarbonate secre-

tion averages S 0.

Cholecyslokinin—Control of Enzyme Secre-

tion by the Pancreas. The presence of food in the

upper small intestine also causes a second hor-

mone. cholecystokinin, a polypeptide containing

33 amino acids, to be released from the mucosa.

This results especially from the presence of pro-

teoses and peptones, which are pr^ucts of partial

protein digestion, and of long chain fatty acids;

however, acids will also cause its release In smaller

quantities. Cholecystokinin, like secretin, passes

by way of the blood to the pancreas but, Instead of

causing sodium bicarbonate secretion, causes se-

cretion of large quantities of digestive enzymes by
the acmar cells, which is similar to the effect of

vagal stimuletion but even more pronounced
Still another factor with a moderate effect on

promoting secretion of enzymies by the pancreatic

acini IS the hormone gastrin. This occurs princi-

pally dunng the gastnc phase of gastric secretion

when the large amounts of gastrin produced have

a moderate stimulating effect similar to that of

Usure t\~9. Sodium Wtarbonate »nd s«cf«tion by

the pancreas, caused respectively by the presence of acid, fat

(soap), or peptone solutions In the duodenum.
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cholecystokinin. The cholecystokimn-like effect of
gastrin results from the fact that gastrin and
cholecystokinin both have the same five terminal
amino acids where most of the activity of these
hormones resides.

The diO'erences between the stimulatory effects

of secretin and cholecystokinin are shown in Fig-

ure 64-9, which illustrates (a) intense sodium
bicarbonate secretion in response to acid in the
duodenum, (b) a dual effect in response to soap (a

fat), and (c) intense enzyme secretion In response
to peptones.

Figure 64-10 summarizes the overall regulation
of pancreatic secretion. The total amount secreted

each day is about 1200 ml.

SECRETION OF BILE AND
FUNCTIONS OF THE BILIARY TREE

PHYSIOLOGIC ANATOMY OF BILIARY
SICRHION

All the hepatic cells continually form a small
amount of secretion called bile. This is secreted
into the minute bile canalicuh that lie between
the hepatic cells in the hepatic plates, and the bile

then flows peripherally toward the interlobular

septa where the canaliculi empty into terminal bile

ducts, then into progressively larger ducts, finally

reaching the hepatic duct and common bile duct

from which the bile either empties directly into

the duodenum or is diverted through the cystic

duct into the gallbladder, illustrated in Figure 64-
11 .

Storage of Bile in the Gallbladder. The bile

secreted continually by the liver cells is normally
stored in the gallbladder until needed in the duo-

denum. The total secretion of bile each day is some
700 to 1200 ml, and the maximum volume of the

gallbladder is only 30 to 60 ml. Nevertheless, as

much as 12 hours’ bile secretion can be stored in

the gallbladder because water, sodium, chloride,

and most other small electrolytes arc continually

absorbed by the gallbladder mucosa, concentrating

the other bile constituents, including the bile salts,

cholesterol, lecithin, and bilirubin. Most of this

absorption is caused by active transport of sodium
through the gallbladder epithelium. Bile is nor-

mally concentrated about fivefold, but it can be

concentrated up to a maximum of 12* to 18-fold.

Emptying of the Gallbladder. Two basic con-

ditions are necessary for the gallbladder to empty:

S*W>l4ddw emptyma-
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(1) The sphincter of Oddi must relax to allow bile

to flow from the common bile duct into the duo-

denum, and (2) the gallbladder itselfmust contract

to provide the force required to move the bile along

the common duct. After a meal, particularly one
that contains a high concentration of fat, both

these effects take place in the following manner
First, the fat (also partially digested protein) in

the food entering the small intestine causes release

of a hormone called cholecystokinin from the intes-

tinal mucosa, especially from the upper ri^ons of

the small intestine. The cholecystokinin in turn is

absorbed into the blood and, on passing to the
gallbladder, causes specific contraction of the gall-

bladder muscle. This provides the pressure that

forces bile toward the duodenum.
Second, vagal stimulation associated with the

cephalic phase of gastric secretion or with various

mtestinointestinal reflexes causes an additional

weak contraction of the gallbladder.

Thirf, when the gallbladder contracts, the
sphincter of Oddi becomes inhibited, this effect

probably resulting from either a neurogenic or a
myogenic reflex from the gallbladder to the sphinc-
ter of Oddi. This inhibition may also, to some
extent, be a direct effect of cholecystokinin on the
sphincter, causing relaxation.

Fourth, the presence of food in the duodenum
causes the degree of peristalsis in the duodenal
wall to increase. Each time a peristaltic wave
travels toward the sphincter of Oddi, this sphinc-

ter, along with the adjacent intestinal wall, mo-
mentarily relaxes because of the phenomenon of
“receptive relaxation'’ that travels ahead of the
peristaltic contraction wave, and, if the bile in the
common bile duct is under sufficient pressure, a
small quantity of the bile squirts into the duo-
denum.

In summary, the gallbladder empties ita store of
concentrated bile into the duodenum mainly in

response to the cholecystokinin stimulus. When
fat is not in the meal, the gallbladder empties
poorly, but, when adequate quantities of fat are
present, the gallbladder empties completely m
about one hour.

Figure 64-11 summarizes the secretion of bile,

ita storage in the gallbladder, and its release from
the bladder to the gut.

Composition of Bile. Table 64-2 gives the
composition of bile when it is first secreted by the
liver and then after it has been concentrated in
the gallbladder. 'This table shows that by far the
most abundant substance secreted in the bile is

the bile salts, accounting for about half of the total
solutes of bile, but also secreted or excreted in
large concentrations are bilirubtn, cholesterol, lec-
ithin, and the usual electrolytes of plasma. In the
concentrating process in the gallbladder, water
and large portions of the electrolytes (except c^-
cium ions) are reabsorbed by the gallbladder mu-
cosa, but essentially all the other constituents.

Table 64-2 COMPOSmON OF BIU

Uver Bile Cal]bLad<>erBa«

Water 97 5 gm% 92 gm%
Bile Mlts l.i gmX 6 gmX
Bilirubin 004 gm% 0 3gm\
Cholesterol 01 gm % OJ to09gmx
ratty adds 0 1 2 gm % 03 to 1 2 gm X
Ledthin 0 04 gm % 03 gm %
Ka* 145 m£<]4 130 mEq/l

K* 5 mtq/l |2 ml^
Ca* 5 mEqi 23 mEq1
Cl 100 mEtj/l 2S m£q/t

HCO, 2fl mtjjl 10 m£j}1

including especially the bile salts and the lipid

substances cholesterol and lecithin, are not reab-

sortied and therefore become highly concentrated

in the gallbladder bile.

nu BIU SAITS AND THEIR FUNCTION

The liver cells form about 0.5 gram of bile salts

daily. The precursor of the bile salts is cholesterol,

which is either supplied in the diet or synthesized

m the liver cells during the course of fat metabo-

lism and then convert^ to cholic acid or cheno-

deoxychohe acid in about equal quantities. These
acids then combine principally with glycine end to

a lesser extent with taurine to form glyco- and
tauixxonjugoied bile acids. The salts of these acids

are secreted in the bile.

Tlie bile salts have two important actions in the

intestinal tract. First, they have a detergent action

on the fat particles in the food, which decreases
the surface tension of the particles and allows the

agitation in the intestinal tract to break the fat

globules into minute sizes TTiis is called the emul-
sifying or detergent function of bile salts. Second,
and even more important than the emulsifying
function, bile salts help in the absorption of fatty

acids, monoglycerides, cholesterol, and other lipids

from the intestinal tract They do this by forming
minute complexes with these lipids; the complexes
are called micelles, and they are highly soluble

because of the electrical charges of the bile salts.

The lipids are “ferried” in this form to the mucosa
where they are then absorbed; this mechanism is

dewrxibed in detail in the following chapter. With-
out the presence of bile salts in the intestinal tract,

up to 40 per cent of the lipids are lost into the

stools, and the person often develops a metabolic
deficit due to this nutrient loss.

Also, when fats are not absorbed adequately, the
fat-soluble vitamins A, D, E, and K are not ab-

sorbed satisfactorily Though large quantities of

the first three of these vitamins are usually stored
in the body, this is not true of vitamin K. Within
only a few days after bile secretion ceases, the
person usually develops a deficiency of vitamin K.
This in turn results in deficient formation by the
liver of several bJewd coagulation factors—pro-
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thrombin, and factors VTI, IX, and X—thus result-

ing in serious impairment of blood coagulation.

Enterohepatic Circulation of Bile Salts. Approxi-

mately 94 per cent of the bile salts are reabsorbed by
an active transport process through the intestinal mu-
cosa in the distal ileum. They enter the portal blood and
pass to the liver. On reaching the liver the bile salts

are absorbed almost totally on the ^rst passage through

the venous sinusoids into the hepatic cells and then
resecreted into the bile. In this way about 94 per cent

of all the bile salts are recirculated into the bile, so that

on the average these salts make the entire circuit some
18 times before being carried out in the feces. The smalt
quantities of bile salts lost into the feces arc replaced

by new amounts formed continually by the liver cells

This recirculation of the bile salts is called the entero^

hepatic circulalion.

The quantity of bile secreted by the liver each day is

highly dependent on the availability of bile salts—the
greater the quantity of bile salts in the enterohepatic

circulation (usually a total of about 2.5 grams), the
greater the rate of bile secretion. Indeed, ingestion of

an excess of bile salts can increase bile secretion by
several hundred milliliters per day When a bile fistula

forms so that bile is lost directly from the common bile

duct to the exterior, the bile salts cannot be reabsorbed

Therefore, the total quantity of bile salts in the entero-

hepatic circulation becomes greatly depressed, and con-

currently the volume of liver secretion is also depressed

However, if a bile fistula continues to empty the bile

salts to the extenor for several days to several weeks,
the liver increases its production of bile salts as much
as tenfold, which inaoases the rate of bile secretion

approximately back to normal. This also demonstrates
that the daily rate of bite salt secretion is actively

controlled by the availability (or lack of availability) of
bile salts in the enterohepatic circulation.

One of the most important functional charactenstics

of the bile acids is that they normally exist m the form
ofstrongly ionized salts. Because of this ionization, these
salts are not absorbed to a significant extent anywhere
except in the distal ileum. Here a specihe receptor for

the bile salts occurs m the mucosal epithelial cells,

which promotes specific “pumping’’ of the bile salts back
into the blood.

Role of Secretin in Controlling Bile Secretion. In
addition to the strong stimulating effect of bile acids on
bile secretion, the hormone secretin also increases bile

secretion, sometimes more than doubling the secretion
rate for several hours after a meal. However, this in-

crease in secretion represents mainly secretion of a
bicarbonate-rich watery solution by the epithelial cells
ofthe bile ductules and ducts and not increased secretion
of bile acids by the liver parenchymal cells. The bicar-

bonate in turn passes into the small intestine and joins
the bicarbonate from the pancreas in neutralizing the
acid from the stomach. Thus, the secretin feedback
mechanism for neutralizing duodenal acid operates not
only through its effects on pancreatic secretion but
through its effect on the secretion by the liver ductules
and ducts as well.

SZCRETION OF CHOLESTEROL; GAI£5rO\£
FORMATION

Bile salts are formed in the hepatic cells from dioles-
terol, and in the process of secreting the bile salts about

one tenth as much cholesterol is also secreted into the
bile. This amounts to a total of 1 to 2 grams a day. No
specific function is known for the cholesterol m the bile,

and it is presumed that it is simply a byproduct of bile

salt formation and secretion.

Cholesterol is almost insoluble in pure water, but the
bile salts and lecithin in bile combine physically with
the cholesterol to form ultramicroscopic micelles that

are soluble, as will be explained in more detail in the
following chapter. When the bile becomes concentrated
in the gallbladder, the bile salts and lecithin become
concentrated along with (he cholesterol, which keeps
the cholesterol in solution. Also, the hormone secretin,

which is released into the blood from the duodenal
mucosa in response to acid m the chyme, causes the bile

ducts to secrete about 200 ml of highly alkaline fluid

each day. This alkalinity is essential for formation of

the micelles, for they will not develop in an acid medium.
Nevertheless, under abnormal conditions the choles-

terol may precipitate, resulting in the formation of

gallstones, as shown m Figure 64-12 The different

conditions that can cause cholesterol precipitation are

(1) too much absorption of water from the bile, (2) too

much absorption of bile salts and lecithin from the bile,

(3) too much secretion of cholesterol m the bile, and (4)

inflammation of the epithelium of the gallbladder. The
latter two of these require the following special expla-

nation.

The amount of cholesterol in the bile is determined
partly by the quantity of fat that the person eats, for

the hepatic cells synthesue cholesterol as one of the
products of fat metabolism in the body. For this reason,

persons on a high fat diet over a penod of many years
are prone to the development of g^Istones.

IniUmmation of the gallbladder epithelium often re-

sults from low grade chronic infection, this changes the

absorptive charactenstics of the gallbladder mucosa,
sometimes allowing excessive absorption of water, bile

salts, or other substances that are necessary to keep the

cholesterol in solution As a result, cholesterol begins to

precipitate, usually forming many small crystals of

cholesterol on the surface ofthe inflamed mucosa. These,

in turn, act as mdi for further precipitation of choles-

terol, and the crystals grow larger and larger Occasion-
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ally tremendous numbers of sandlike stones develop,

but much more frequently these coalesce to form a few

large gallstones, or even a single stone that fills the

entire gallbladder. Also, calcium ions, which arc usually

concentrated five- or more fold in the gallbladder, often

precipitate m the gallstones, making them x-ray-opaque

so that they tan be seen in radiographs of the abdomen.
Medical Therapy for Dissolving Gallstones. Sim-

ple cholesterol gallstones in most patients can be dis-

solved over a period of one to two years by feeding the

patient 1 to I.S grains of ehenodeoxycholic acid daily.

This is one of the naturally secreted bile acids, and its

exogenous administration adds greatly to the enlerohe-

patic pool of bile acids This causes dissolution and
rcahsorption of the gallstones in the following ways- (U
The increased quantity ofbile acids increases the volume
of bile formed and therefore decreases the concentration

of cholesterol in the bile i2) The increase of bile acids

in the hile makes the cholesterol that is present more
soluble (3) The exogenous administration of bile aads
decreases the formation of bile acids by the liver, which
at the same time reduces the formation of cholesterol.

SECRETIONS OF THE SMALL
INTESTINE

sfcfinrow of mucus by brunnirs
ClANDS AND BYMUCOUS CFLIS OF THE
IMISriNAL SURTAa

An extensive array of compound mucous glands,

called Brunner's glands, is located m the ftrst few
centimeters of the duodenum, mainly between the
pylorus and the papilla of Vater where the pan-
creatic juices and bile empty into the duodenum.
These glands secrete mucus in response to (a)

direct tactile stimuli or irritating stimuli of the
overlying mucosa, (b) vagal stimulation, which
causes secretion concurrently with increase in

stomach secretion, and (c) gastrointestinal hor-
mones, especially secretin. TTie function of the
mucus secreted by Brunner’s glands is to protect

the duodenal wall from digestion by the gastric

juice, and their rapid and intense response to

irritating stimuli is especially geared to this pur-
pose.

Brunner’s glands are inhibited by sympathetic
stimulation; therefore, such stimulation is likely

to leave the duodenal bulb unprotected and is

perhaps one of the factors that cause this area of
the gastrointestinal tract to be the site of peptic

ulcers m about 50 per cent of the cases.

Mucus is also secreted in large quantities by
mucous cells located extensively over the surface
of the intestinal mucosa throughout its entue
length. This secretion results principally from i-
rect tactile or chemical stimulation of the mucosa
by the chyme Additional mucus is also secreted

by the mucous cells in the intestinal pits, the
crypts of Lieberktihn. This secretion is controlled
mainly by local nervous reflexes.

SECRETION OFWE INTESVNAL DIGESTIVE
IU1CES—WE CRYFTS OF UEBIRKUHN

Located on the entire surface of the small intes-

tine are small pits called crypts ofLieberkuhn. one

of which is illustrated in Figure 64-13. The intes

tinal secretions are formed by the epithelial cells

m these crypts at a rate of about 1800 ml per day

The .secretions are almost pure extracellular fluid,

and they have a slightly alkaline pH in the range

of 7.5 to 8.0. They are rapidly reabsorbed by the

villi. This circulation of fluid from the crypts to

the villi obviously supplies a watery vehicle for

absorption of substances from the chyme as it

comes m contact with the villi, which is one of the

pnmary functions of the small intestine.

Mechanism of Secretion of the Watery Fluid.

The exact mechanism causing the mark^ secre-

tion of watery fluid by the crypts of Lieberkuhn is

not known. However, it is believed that the secre-

tion involves at least two active secretory proc-

esses. 11) active secretion of chloride ions into the

crypts, and (2) active secretion of bicarbonate ions.

The secretion of these ions, especially the chloride

ions, causes electrical drag of sodium ions through

the membrane as well. And. finally, all these ions

together cause osmotic movement of water.
Effect of Cholera Toxin on Intestinal Secretion.

Cholera toxin causes an e.xtreme rate of fluid secretion

into the ciypU of LiebcrkOhn, especially m the jejunal

region of the small intestine During the first day of a

cholera attack, as much as 15 liters of diarrhea fluid

can be lost from the bowels, often leading to circulatory

shock caused by dehydration and culminating m death
within a few hours Fortunately, though, most eases of

cholera can be treated successfully simply by adrainie-

tenng large amounts of saline and glucose solutions,

either by mouth or intravenously
“nie cholera toxin seems to have a specific effect In

increasing active transport of chloride ions into the

crypts of Lieberktihn; this in turn leads to the massive
loss of fluid into the intestinal tract. Several other

bactenal diseases of the uitestines can also cause in-

Hgure 64—11. A Ctypt of tleberkuhn. found In *11 parts of the
sman Intestine between the vllll. which secretes Ernest pure
extracellular fluid.
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creased chloride transportsimilar to theeiTect ofcholera,

though usually they are less severe; these include infec-

tions caused by the colon bacillus, the dysentery bacillus,

and others.

Enzymes in the Small Intestinal Secretion.
When secretions ofthe small intestine are collected

without cellular debris, they have almost no en-
zymes. However, the epithelial cells of the mucosa,
especially those covering the villi, do contain diges-

tive enzymes that are believed to digest food sub-

stances while they are being absorbed through the
epithelium. These enzymes are the following: (1)

several different peptidases for splitting small pep-
tides into amino acids, (2) four enzymes for split-

ting disaccharides into monosaccharides—sucrose,

maltose, isomaltase, and lactase, and (3) small
amounts of intestinal lipase for splitting neutral

fats into glycerol and fatty acids. Most, if not all.

of these enzymes are mainly in the brush border
of the epithelial cells. Therefore, they presumably
catalyze hydrolysis of the foods on the outside

surfaces of the microvilli pnor to absorption of the
end-products of digestion.

The epithelial cells deep in the crypts of Lieber-

kQhn continually undergo mitosis, and the new
cells gradually migrate along the basement mem-
brane upward out of the crypts toward the tips of

the vilU where they are hnally shed into the

intestinal secretions. The life cycle of an intestinal

epithelial cell is approximately 5 days. This rapid

growth of new cells allows rapid repair of any
excoriation that occurs in the mucosa.

REGULATION OF 5A1AU INTESTINAL
SECRETION

Local Stimuli. By far the most important means
for regulating small intestinal secretion are var-

ious local nervous reflexes, especially reflexes ini-

tiated by tactile or irritative stimuli Therefore,

for the most part, secretion in the small intestine

occurs simply in response to the presence of chyme
in the intestine—the greater the amount ofchyme,
the greater the secretion.

Hormonal Regulation. Some of the same hor-

mones that promote secretion elsewhere in the

gastrointestinal tract also increase small intes-

tinal secretion, especially secretin and cholecysto-

kinin. Also, some experiments suggest that other

hormonal substances extracted from the small in-

testinal mucosa by the chyme might help to control

secretion. However, in general, the local enteric

reflex mechanisms probably play the dominant
role.

* SECRCTIONS OF THE LARGE
INTESTINE

Mucus Secretion. The mucosa of the l^ge
intestine, like that of the small intestine, is lined

with crypts of Lieberkfihn, but unlike the small
intestine there are no villi. Also, the epithelial
cells contain almost no enzymes. Instead, they are
lined almost entirely by mucous cells that secrete
only mucus. Also, on the surface epithelium of the
laige intestine are large numbers of raucous cells

dispersed among the other epithelial cells.

Therefore, the great preponderance of secretion

in the large intestine is mucus. This mucus con-
tains large amounts of bicarbonate ions caused by
active transport of these ions by the epithelial

cells. The rate of secretion of mucus is regulated
principally by direct, tactile stimulation of the
mucous cells on the surface of the mucosa and by
local nervous reflexes to the mucous cells in the
crypts of Lieberkuhn. However, stimulation of the
pelvic nerves, which carry the parasympathetic
innervation to the distal one half to two thirds of

the large intestine, also causes marked increase in

the secretion of mucus. This occurs along with an
increase in motility, which was discussed in the
preceding chapter. Therefore, during extreme para-
sympathetic stimulation, often caused by emo-
tional disturbances, so much mucus may be se-

creted into the large intestine that the person has
a bowel movement of ropy mucus as often as every
30 minutes; the mucus contains little or no fecal

material.

Mucus in the large intestine obviously protects

the wall against exconation, but, in addition, it

provides the adherent medium for holding fecal

matter together. Furthermore, it protects the in-

testinal wall from the great amount of bacterial

activity that takes place inside the feces, and it,

plus the alkalinity of the secretion (pH of 8.0

caused by large amounts of sodium bicarbonate),

also provides a barrier to keep acids formed deep
m the feces from attacking the intestinal wall.

Secretion of Water and Electrolytes in Re-
sponse to Irritation. Whenever a segment of the
large intestine becomes intensely irritated, as oc-

curs when bactenal infection becomes rampant
during enteritis, the mucosa then secretes large

quantities of water and electrolytes in addition to

the normal viscid solution of alkaline mucus. This
acts to dilute the irritating factors and to cause
rapid movement of the feces toward the anus. The
usual result is diarrhea with loss of large quan-
tities of water and electrolytes but also earlier

recovery from the disease than would otherwise

occur.
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Digestion and ih

"
-

Absorption in the ut,
,, J

Gastrointestinal Tract

The foods on which the body lives, with the
exception of small quantities of substances such as
vitamins and minerals, can be classified as carbo-
hydrates, fats, and proteins. However, these gen-
erally cannot be absorbed in their natxiral forms
through the gastrointestinal mucosa and, for this
reason, are useless as nutrients without the pre-
liminary process of digestion Therefore, the pres-
ent chapter discusses, first, the processes by which
carbohydrates, fats, and proteins are digested into
small enough compounds for absorption and, sec-
ond, the mechanisms by which Che digestive end-
products, as well as water, electrolytes, and other
substances, are absorbed.

DIGESTION OF
THE VARIOUS FOODS

Hydrolysis as the Basic Process of DigesUon.
Almost all the carboh>drates of the diet ore large poly-
saccharides or disaccharides, which are combinations of

monosaccharides bound to each other by the process of
condensation. This means that a hydrogen ion has been
removed from one of the monosac^andes, while a hy-
droxyl ion has been removed from the next one: the two
monosaccharides then are combined with each other at
these sites of removal, and the hydrogen and hydroxyl
ions combine to form water ^Vhen the carbohydrates
are digested back into monosacchandes, specihc en-
zymes return the hydrogen and hydroxyl ions to the
pol>saccharidcs and thereby separate the monosacchar-
ides from each other. This process, called hydrolysis, is

the following:

R"-R' + H.O R"0H + R'H
enzyme

Almost the entire fat portion of the diet consists of

tngljccrides (neutral fats), which are combinations of
three fatty acid molecules condensed w ilh a single glyc-

erol molecule. In the process of condensation, three
molecules of water had been removed. Digestion of the

tflgbfcndes consists of the rcierse process, the fat-

digcsUng enrjmes returning molecules of water to the

triglyceride molecule and thereby splitting the fatty

acid molecules away from the glycerol. Here again, the
process 13 one of hydrolysis

Finally, proteins are formed from amino acids that

are bound together by peptide linkages. In this linkage

a hydroxyl ion is removed from ono ammo acid, while a
hydrogen ion is removed from the succeedmg one; thus,

the amino acids also combine together by a process of

condensation, and digestion occurs by h>drolysis, tho

proteolytic enzymes returning the water to the protein

molecules to split them into their constituent ammo
acids

Therefore, the chemistry of digestion is really simple,

for in the case of all three major types of food, the same
basic process of hydrolysis is involved. The only differ-

ence lies in the enzymes required to promote the reac-

tions for each type of food.

All Uie digestive enzymes are proteins. Their secretion

by tho different gastromtesUnd glands was discussed

m the preceding chapter.

DICISTION OF CARBOHYDRATtS

The Carbohydrate Foods of the Diet. Only three

major sources of carbohydrates exist m the normal
human diet. These are sucrose, which is the disacchando
known popularly as cane sugar; lactose, which is a
disacchande in milk; and starches, which are large

polysaccharides present in almost all nononimal foods

and particularly in the grains. Other carbohydrates

ingested to a slight extent arc gljcogen, alcohol, lactic

acid, pjTUvic acid, pectins, dextrins, and minor quan-
tities of other carbohydrate dcnvativcs m meats. The
diet also contains a large amount of cellulose, which is

a carbohj'dratc. However, no cnzjincs capable of hj-dro-

Ij-ung cellulose are secreted by the human digestive

tract. Consequently, cellulose cannot be considered to

be a food for the human being, though it con be utilued

by some lower animals.

Digestion of Carbohydrates in the Mouth. tSTira

food u chewed, it is mixed with the saliva, which
contains the etizvmc plyalin (on u-ocnjlasel secreted

mainiy by the parotid glands. This enrjTne hydroljies

starch into the disacchande maJlote and other small
pobmers of glucose containing 3 to 9 gluca-e mclecules

(such 05 maliolnM and a lifrui destnns Diat a.’v the
bronch points of the starch tnolmile), as shown in Figure

787
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Ptyalin (saltva^20-40%
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MALTOSE and 3 to 9 GLUCOSE POLYMERS LACTOSE

nsure <S-t. OlsMttoo «rf caibohydrates.

SUCROSE

1— Socfast

J (intestine)

FRUCTOSE

65-1, but the food remains in the jnouth only a short

time, and probably not mote than 3 to 6 per cent of all

the starches that are eaten will have become hydrolyzed

by the time the food is swallowed One can demonstrate

the digestive action of ptyalin in the mouth by chewing

a piece of bread for several minutes, after this time, the

bread tastes sweet because of the maltose that has been

liberated from the starches of the bread

Most starches m their natural state, unfortunately,

are present in the food in small globules, each of which

has a thin protective cellulose covering Therefore, most
naturally occurring starches are digested only poorly by
ptyalin unless the food is cooked to de«troy the protective

membrane.
Digestion of Carbohydrates in (he Stomach. Even

though food does not remain m the mouth long enough

for ptyalin to complete the breakdown of starches into

maltobe, the action of ptyalin can continue for as long

as an hour after the fo^ has entered the stomach, that

ts, until the contents of the fundus are mixed with the

stomach secretions Then the activity of the salivary

amylase is blocked by the acid of the gastnc secretions,

for It 18 essentially nonactive as an enzyme once the pH
of the medium falls below approximately <1 0 Neverthe-

less, on the average, before the food becomes completely

mixed with the gastnc secretions, as much as 30 to 40
per cent of the starches will have been hydrolyzed

mainly to maltose
Digestion of Carbohydrates in the Small Intes-

tine. Digestion by Pencrcalie Amylase. Pancreatic

secretion, like saliva, contains a large quantity of a-

amylase which is almost identical in its (unction with

the a-amylase of saliva and is capable of splitting

starches into mallase and other small glucose polymers.

Therefore, immediately after the chyme empties from
the stomach into the duodenum and mixes with pan-
creatic juice, the starches that have not already been
split are digested by amylase. In general, the starches

are almost totally converted into maltose and other very

small glucose polymers before they have passed beyond
the jejunum.
Hydrolysis of Disaccharides and Small Glucose

Polymers into Monosaccharides hy the Intestinal

Epithelial Enzymes. The epithelial cells lining the

small intestine contain the four enzymes lactase, su~
erase, maltose, and a-dextrinase, which are capable of

splitting the disaccharides lactose, sucrose, and maltose,

and the other small glucose polymers into their constit-

uent monosaccharides These enzymes are located m the
brush border of the cells lining the lumen of the intes-

tine, and the disaccharides are digested as they come in
contact with this border. The digested products, the
manosacchandes, are then immediately absorbed into

the portal blood Lactose splits into a molecule otgalac-

tose and a molecule of glucose. Sucrose splits into a

molecule of fructose and a molecule of glucose Maltose

and the other small glucose polymers all split into

molecules of glucose Thus, the final products of carbo-

hydrate digestion that are absorbed into the blood are

all monosaccharides
In (he ordinary diet, which contains far more starches

than either sucrose or lactose, glucose represents more

than 80 per cent of the final products of carbohydrate

digestion, and galactose and fructose each rarely repre-

sent itiore than 10 per cent of the products of taibohy-

dratc digestion

DfC£SnOWOfMT5
The Fata of the Diet. Dy far the most eenunon fall

of the diet are the neutral fats, also known as Inglye-

entfes. each molecule of which is compost of a glycerol

nucleus and three fatty acids, as illustrat»i in Figure
65-2 Neutral fat is found in fo^ of both animal origin

and plant origin

In the usual diet arc also small quantities of phospho-
lipids, cholesterol, and cholesterol esters The phospho-
lipids and cholesterol eaters contain fatty acid, and,

therefore, can be considered to be fata themselves. Cho-

lesterol, on the other hand, la a sterol compound con-

taining no fatty acid, but it does exhibit some of the

physical and chemical characteristics offats; it is derived

from fats, and it is metabolized similarly to fats There-
fore. cholesterol is considered from a dietary point of

view to be a fat.

Digestion of Fata in the Intestine. A small amount
ofshort chain tnglycendes of butterfat origin is digested

in the stomach by gastnc lipase (Inbutyrase) However,
the amount of digestion is so slight that it is unimpor-
tant Instead, essentially all fat digestion occurs m the

small intestine as follows
EmulsIScation ofFat by Bile Acids. The first step

m fat digestion is to break the fat globules into small

sizes so that the water-soluble digestive enzymes can

act on the globule surfaces This process is called emul-
sification of the fat, and it is achieved under the influ-

ence of 6i/«, the secretion of the liver that does not

contain any digestive enzymes. However, bile does con-

tain a large quantity of bile salts, mainly in the form of

ionized sodium salts, which are extremely important for

the emulsification of fat. The carboxyl and other polp
parts of the bile salt molecule ere highly soluble in

water, whereas most of the sterol portion of the bile salt

is highly soluble in fat Therefore, the fat-soIuble portion

of the bile salt dissolves in the surface layer of the fat

^obulc but with the polar portion of the salt projecting
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CH,— C —O— CHj

CH,~{CH,)„— C —O— CH + 2H,0-

CH,— (CH,),»— C —O— CHi

(Tristeann)

figure 65-Z. HydroEy&is of neutral fat catalyzed by lipase

O HO— CH. O

CHj— (CH,),.— C—O — CH + 2CH,— (CH.),.— C —OH
I

HO— CH,
(Z-Monogly^ctlde) (Stearic acid)

outward and soluble in the surrounding fluids; this effect

greatly decreases the interfacial tension of the fat And
this property of the bile acids is multiplied even several

more times by the small amounts of lecithin that are
also in the bile.

When the interfacial tension of a globule of nonous*
cible fluid is low, this nonmtscible fluid, on agitation,

can be broken up into many minute particles far more
easily than it can when the interfacial tension is great
Consequently, a major function of the bile salts is to

make the fat globules readily fragmentable by agitation
m the small bowel. Tlus action is the same as that of
many detergents that are used widely m most household
cleansers for removing grease.
Each time the diameters of the fat globules are de-

creased by a factor of 2 as a result of agitation m the
small intestine, the total surface area of the fat increases
two times. In other words, the total surface area of the
fat particles in the intestinal contents is inversely pro-

portional to the diameters of the particles Since the
average 8ii« of the emulsified fat particles in the intes-

tine is only 1 micron, this represents an increase of as
much as 1000-fold in the total surface area of the fats

caused by the emulsification process.

The Upases are water-soluble compounds and can
attack the fat globules only on their surfaces Conse-
quently, it can be readily understood how important
this detergent function of bile salts is for the digestion

of fats.

Digestion of Fats by Pancreatic Lipase. By far the
most important enzyme for the digestion of fats is

pancreatic lipase in the pancreatic juice. However, the

epithelial cells of the small intestine also contain a
minute quantity of lipase known as enteric lipase. Both
of these act alike to cause hydrolysis of fat.

End-Products ofFat Digestion. Most of the tnglyc-

endes of the diet are split into free fatty acids and 2-

monoglycendes, as illustrated m Figure 65-3. However,
small portions are not digested at all or remain in the

diglycende state.

1 Role ofBile Salts in Accelerating Fat Digestion—
Formation ofMi'cel/es. The hydrolysis of triglycerides

is a highly reversible process; therefore, accumulation
of monoglycendes and free fatty acids m the vicinity of

digesting fats very quickly blocks further digesUon
Fortunately, the bile salts play an important role in

removing the monoglycerides and free fatty acids from

the vicinity of the digesting fat globules almost as

rapidly as these end-products of digestion are formed.

This occurs in the following way
Bile salts have the propensity to form micelles, which

are small sphcncal globules about 25 Angstroms in

diameter composed of 20 to 40 molecules of bile salt

These develop because each bile salt molecule is com-
posed of a sterol nucleus, most of which is highly fat-

soluble, and a polar group that is highly water-soluble

The sterol nuclei of the 20 to 40 bile salt molecules of

the micelle aggregate together to form a small fat

globule in the middle of the micelle This aggregation

causes the polar groups to project outward to cover the

surface of the micelle Since these polar groups are

negatively charged, they allow the entire micelle globule

to become dissolved m the water of the digestive fluids

and to remain in stable solution despite the very large

size of the micelle

During tnglycende digestion, as rapidly as the mono-

glycendes and free fatty acids are formed they become
dissolved in the fatty portion of the micelles, which

immediately reduces these end-products of digestion m
the vicinity of the digesting fat globules Consequently,

the digestive process can proceed unabated

The bile salt micelles also act as a transport medium
to cany the monoglycendes and the free fatty acids,

both of which would otherwise be relatively insoluble,

to the brush borders of the epithelial cells. There the

monoglycendes and free fatty acids are absorbed, as will

be discussed later On delivery of these substances to

the brush border, the bile salts are again released back

into the chyme to be used again and again for this

"ferrying" process

Digestion of Cholesterol Esters and Phospho-
lipids. Most of the cholesterol in the diet is in the form
of cholesterol esters, which are combmations of free

cholesterol and one molecule of fatty acid. And phospho-

lipids also contain fatty acid chains within their mole-

cules. Both the cholesterol esters and the phospholipids

Z-Monoglycerides

rigure 65-3. DigesUon of fats.
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»re hydrolyzed by Upases in the pancreatic secretion

that free the fatty acids—the enzyme cholesienl ester

hydrolase to hydrolyze the cholesterol ester and phos-

pholipase A, to hydrolyze the phospholipid.

The bile salt micelles play identically the same role

in “ferrying^ free cholesterol as they play in "fenying”

laonoglycerides and free fatty acids. Indeed, this role of

the bile salt micelles is absolutely essential to the

absorption of cholesterol because essentially no choles'

terol IS absorbed without the presence of bile salts On
the other hand, as much as 60 per cent of the triglyc-

erides can be digested and absorbed even in the absence

of bile salts

DIGESTION OF PROTEINS

The Proteins of the Diet. The dietary proteins are

derived almost entirely from meats and vegetables

These protems m turn are fanned of long Aains of

ammo acids bound together by peptide linkages. A typ-

ical linkage is the following-

Wh ^ ^ H

+ HrN—CH-COOH-

0
" " R

1 I

r-CH-C-N-CH-COOH H.O

H I

The characteristics of each type of protein are deter-

mined by the types of ammo acids in the protein mole-
cule and by the arrangement of these amino acids The
physical and chemical characteristics of the different

proteins will be discussed in Chapter 69
Digestion of Proteins in the Stomach. Pepsin, the

important peptic enzyme of the stomach, is most active

at a pH of 2 to 3 and is completely inactive at a pH
above approximately 5 Consequently, for (his enzyme
to cause any digestive action on protein, the stomach
juices must be acidic. It will be recalled from Chapter

that the gastnc glands secrete a forge quantity of
hydrochloric acid This hydrochloric acid is secreted by
the oxyntic (panetal) cells at a pH of about 0 8, but, by
the time it is mixed with the stomach contents and with
the secretions from the nonoxyntic glandular cells of the

stomach, the pH ranges around 2 to 3, a highly favorable
range of acidity for pepsin activity

Pepsin is capable of digesting essentially all the dif-

ferent types of proteins in the diet. One of the important
features of pepsin digestion is its ability to digest col-

lagen, an albuminoid that is affected little by other
digestive enzymes Collagen is a major constituent of
the intercellular connective tissue of meats, and for the
digestive enzymes of the digestive tract to penetrate

meats and digest the cellular proteins it is first necessary
that the collagen fibers be digested Consequently, in
persons lacking peptic activity in the stomach, the
ingested meats are less well penetrated by the digestive

enzymes and, therefore, may be poorly digested.

As illustrated in Figure 65-4, pepsin usually only
begins the process of protein digestion, perhaps provid-

ing as much os 10 to 30 per cent of the total protein
digestion This splitting of proteins is a process of by-

Proteins-

pepsin Proteoses
|

Peptones L,
Polypeptides) 1

Inpsin, diviniitrspsiit, carbox'/pohpeptidnse

Polypeptides ) peptidases

+
f

<»Amtno acidj

Amino acids >

Figure 65—4. Digestion of procelru

drolysis occumng at the peptide linkages betv.een the

amino acids

Digestion of Proteins by Pancreatic Secretions.

Most protein digestion occurs pnncipally in the small

intestine, under the influence of the proteolytic cnzycies

of the pancreatic secretion When the proteins leave the

sloraach. they ordinarily are mainly in the form of

proteoses, peptones, and large polypeptides. Immedi-
ately upon entering the small intestine, the partial

breakdown products are attacked by the pancreatic

enzymes trypsin, ehymotrypsin, and carboxypolyptpti-

dose, as illustrated in Figure 65-4. Both trypsin and
ehymotrypsin can split protein molecules into small

polypeptides, carboxypolypeptidase then leaves individ-

ual ammo acids from the carboxyl ends of the polypep-

tides

Digestion of Peptides by the Epithelial Pepti-
dases of the Small Intestine. The brush border of the
small intestine contains several different enzymes for

hydrolyzing the final peptide linkages of the remaining
dipcptides and other email polypeptides as they come in
contact with the epithelium of the villi. The enzyiiies

responsible are amtnopolypepltdase and several dipep‘

ttdases

All the proteolytic enzymes—including those of the
gastnc juice, the pancreatic juice, and the brush border
of the intestinal epithelial cells—are very speafic for

hydrolyzing individual types of peptide linkages. The
linkages between certain pairs of amino acids differ jn
their bond energy and other physical characteristics

from the linkages between other pairs Therefore, a
specific eiujine is required for epecific types of linkages

7^‘ss£rs‘iiests&irtf:emal{cp!ivr^‘ijFpmCealftiveitr}^es
When food has been properly masticated and is not

eaten in too large a quantity at any one time, about 98
per cent of all the proteins finally become either amino
acids or dipeptides that can be absorbed into the blood

BASIC PRINCIPLES OF
CASTROINTESnNAL ABSORITION

ANATOMICAL BASIS OFABSORPnON
The total quantity of fluid that must be absorbed

each day is equal to the ingested fluid (about 1.5

liters) plus that secreted in the various gastroin-
testinal secretions (about 7 liters). This comes to

a total of approximately 8 to 9 liters. AH but 1.5

Uiers of this is absorbed in the small intestine,

leaving only 1.5 liters to pass through the ileocecal

valve into the colon each day.
The stomach is a poor absorptive area of the

gastrointestinal tract because it lacks the typical
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ngure 65-5. A lonslcudlnal section of the small intestine,

showing the valvulae conniventes covered by villl

villus t3rpe of absorptive membrane and also be-

cause the junctions between the epithelial cells

are tight junctions. Only a few highly lipid-soluble

substances, such as alcohol and some drugs like
aspirin, can be absorbed in small quantities.

The Absorptive Surface of the Intestinal Mu-
cosa—The Villi. Figure 65-6 illustrates the ab-
sorptive surface of the intestinal mucosa, showing
many folds called valvulae conniventes (or folds of
Kerckring), which increase the surface area of the
absorptive mucosa about threefold. These folds
extend circularly most of the way around the
intestine and are especially well developed in the
duodenum andjejuniun, where they often protrude
as much as 8 mm into the lumen.
Located over the entire surface of the small

intestine, from approximately the point at which
the common bile duct empties into the duodenum
down to the ileocecal valve, are literally millions

of small villi, which project about 1 mm from the
surface of the mucosa, as shown on the surfaces of
the valvulae conniventes in Figure 65-5 and in

detail in Figure 65-6. These villi lie so close to

each other in the upper small intestine that they
actually touch in most areas, but their distribution

is less profuse in the distal small intestine. The
presence of villi on the mucosal surface enhances
the 'absorptive area another tenfold.

The intestinal epithelial cells are characterized

by a brush border, consisting of about 600 micro-
villi 1 pm in length and 0.1 pm in diameter
protruding from each cell; these are illustrated in

the electron micrograph in Figure 65-7. This in-

creases the surface area exposed to the intestinal

materials another 20-fold. Thus, the combination
of the folds of Kerckring, the villi, and the micro-
villi increases the absorptive area of the mucosa
about 600*fold, making a tremendous total area of

about 250 square meters for the entire small in-

testine—about the surface area of a tennis court.

Figure 65-6A illustrates the general organiza-

tion of a villus, emphasizmg especially the advan-

tageous arrangement of the vascular system for

absorption of fluid and dissolved material into the

porta! blood, and the arrangement of the centrol

lacteal for absorption into the lymph. Figure

65-6B shows the cross-section of a villus, and
Figure 65-7 shows many small pinocytic vesicles,

which are pinched-o(f portions of infolded epithe-

lium surrounding extracellular materials that

have been entrapped inside the cells. Small
amounts of substances are absorbed by this phys-

ical process of pinocytosis, though, as noted later

in the chapter, most absorption occurs by means
of single molecular transfer. Located near the

brush border of the epithelial cell are many mito-

chondria, which supply the cell with oxidative

energy needed for active transport of materials

through the intestinal epithelium; this also is

discussed later in the chapter Also, extending

linearly into each microvillus of the brush border

ngute 65-6. Functional orgarUzatlon of
Cie villus. A. Longitudinal sectioa B, Ooss*
Action showing the epithelial ceils and
o*sement membrane.
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are multiple actm filaments that ore 'believed to

contract and cause continual movement of th®
microvilli, keeping them constantly exposed to nc'v

quantities of intestinal fluid.

BASIC MECHANISMS OF ABSORPTION

Absorption through the gastrointestinal mucosa
occurs by active transport and by di/Tusion. as
also true for other membranes. The ph.V8ical pnh*
ciples of these processes were explained in Chapter
4.

Briefly, active transport imparts energy to the
substance as it is being transported for the purpo^
of concentrating it on the other side of the merh*
brane or for moving it against an electrical poten-

tial On the other hand, the term dilTusion mcai«
simply transport of substances through the meih-
brane as a result of molecular movement alonf-
rather than against, an electrochemical gradient

ABSORPnON IN
THE SMALL INTESTINE

Normally, absonilion from the small intestihc

each day consists of several hundred grams ®f

carbohydrates, 100 or more grama of fat. 50 to ipO
grams of amino acids, 50 to 100 grams of ions, ahd
7 to 8 liters of water. However, the absorptive
capacity of the small intestine is far greater than
this as much as several kilograms of carbohy-
drates per day, 500 to 1000 grams of fat per day.
600 to 700 grams of amino acids per day, and ^
or more liters of water per day. In addition, th«
large intestine can absorb still more water add
ions, though almost no nutrients.

ABSORPTION or WATER

Isosmotic Absorption. Water is transported
through the intestinal membrane entirely by U*®
process of diffusion Furthermore, this diffusion

obeys the usual laws of osmosis Therefore, whea

the chyme is dilute, water is ab.<«orl)ed through th»

intestinal mucosa into the blood of the villi by

osmosis.

On the other hand, water con also be tran-sporWd

in the opposite direction, from the plasma into the

chyme. This occurs especially when hyperosmotic

solutions are discharge from the stomach into the

duodenum Usually within minutes, suflicient

water ts transferred by osmosis to make the chjiw

isosmotic with the plasma. Thereafter, the chyme

remains almost exactly i«osmotic throughout jti

total pas.saR0 through the small and large intc*-

tmes
As dissolved substances are absorbed from the

lumen of the gut into the blood the absorpticn

tends to decrease the osmotic pressure of the

chyme, but water diffuses so readily through the

inte.stinal membrane (because of large 7 to 15 Jt

intercellular pores through the scKjalled “light

junctions" between the epithelial celb) that it

almost mstnntaneou.sIy “follows" the absorbed sub-

stances into the bIo<^ Therefore, as ions ai^

nutrients ore absorbed, so also Is an i«o.smotie

wjuivalent of water absorbed In this way not only

are the ions and nutrients nlmost entirely absorbed

before the chyme p.i8ses through the Intestinal

tract but so n!.«o i.s almost 99 per cent ofthe water

absorbed

ABSORPTION OriONS

Active Transport of Sodium. Twenty to 30

grams of sodium are st-creted into the intestinal

secretions each day. In addition, the normal person

eats 5 to 8 grams of sodium each day. Combining
these two, the small intesUtie absorbs 25 to 35

grams ofsodium each day, which omounts to about

one seventh of all the sodium that is present in

the body. One can well understand that whenever
the intestinal secretions are lost to the exterior, as

in extreme diarrhea, the sodium reserves of the

body can be depleted to a lethal level within hours

Normally, this sodium is secreted and reabsorbed
continually with only about 1 milliequivalcnt lost

in the feces each day. The sodium plays an impor-

tant role m the absorption of sugars and ammo
acids, ns we shall see in subsequent di«cussion5
The basic mechanism ofsodium absorption from

the intestine is illustrated in Figure 65-8. The
principles ofthis mechanism, which were discussed

in Chapter 9, are also essentially the same os

those for absorption of sodium from the renal

tubules, ns discussed in Chapter 31. The motive

power for the sodium absorption is pro%'ided by
active transport of sodium from inside the epilhe*

lial cells through the side walls of these cells into

the Intercellular spaces. This is illustrated by the

heavy black arrows in Figure 65-8. This active

transport obeys the usual laws of active transport.

it requires energy, and it is catalyted by appropn-
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njure 65—8. Ab&orption of sodium through the Intestinal

epithelium. Note also the osmotk absorption of water—that is.

the water 'fonows* the sodium throush the epithelial membrane.

ate ATPase carrier enzymes in the cell membrane
(see Chapter 9). Part of the sodium is transported

along with chloride ions that are passively

“dragged” along by the positive electrical charges

of the sodium ion. However, other sodium ions are

absorbed while either potassium or hydrogen ions

are transported into the lumen of the gut in ex-

change for the sodium ions. In the membrane of

the brush border are special transport proteins

that facilitate theso exchanges between sodium
and potassium or sodium and hydrogen
The active transport of sodium reduces its con-

centration in tbe ceil to a low value (about 50
mEq/liter), as also illustrated in Figure 65-d. Since

the sodium concentration in the chyme is normally
about 142 mEq/liter (that is, approximately equal

to that in the plasma), sodium moves by passive

absorption from the chyme through the brush

border of the epithelial cell into the epithelial cell

cytoplasm. This replaces the sodium that is ac-

tively transported out of the epithelial cells into

the intercellular spaces.

The next step in the transport process is osmosis

of water into the intercellular spaces. This move-
ment is caused by the osmotic gradient created by
the elevated concentration of ions in the intercel-

lular space. Most of this osmosis occurs through
the “tight junctions” between the apical borders of
the epithelial cells, as discussed earlier, but a
smaller proportion occurs through the cells them-
selves. The osmotic movement of water creates a
flow of fluid into the intercellular space, then
through the basement membrane of the epithe-

lium, and finally into the circulating blood of the
villi.

Absorption of Chloride Ions in the Duo-
denum and Jejunum. In the upper part of the

small intestine chloride absorption is mainly by
passive diffusion. The absorption of sodium ions

through the epithelium creates electronegativity

in the chyme and electropositivity on the basal

side of the epithelial cells. ’Then chloride ions move
along this electrical gradient to “follow" the so-

dium ions.

“Active” Absorption of Bicarbonate Ions in
the Duodenum and Jejunum. Often, large quan-
tities of bicarbonate ions must be reabsorbed from
the upper small intestine because of the large
amounts of bicarbonate ions in both the pancreatic
secretion and bile. However, the bicar^nate ion
is absorbed in an indirect way as follows: When
S(xlium ions are absorbed, m^erate amounts of
hydrogen ions are secreted into the lumen of the
gut in exchange for some of the sodium, as ex-

plained earlier. These hydrogen ions in tiun com-
bine with the bicarbonate ion to form carbonic acid

(H2COs), and this then dissociates to form HjO and
COj- The water remains part of the chyme in the
intestines, but the carbon dioxide is readily ab-
sorbed into the blood and subsequently expired
through the lungs. Thus, this is the so-called “ac-

tive” absorption of bicarbonate ions. It is the same
mechanism that occurs in the tubules of the kid-

neys.

Active Absorption of Chloride Ions and Ac-
tive Secretion of Bicarbonate Ions in the Heum
and Large Intestine. The epithelial cells of the
ileum and of the large intestine have the special

capability of actively absorbing chloride ions by
means of a tightly coupled transport mechamsm
in which an equivalent number ofbicarbonate ions

are secreted. The functional role of this mechamsm
IS to provide bicarbonate ions for neutralisation of

acidic products formed by bacteria—especially in

the large intestine.

Various bacterial toxins, particularly those of
cholera, colon bacilli, and staphylococci, can
strongly stimulate this chloride-bicarbonate ex-

change mechanism.
Absorption of Other Ions. Calcium ions are

actively absorbed, especially from the duodenum,
and calcium ion absorption is exactly controlled in

relation to the need of the body for calcium. One
important factor controlling calcium absorption is

parathyroid hormone secreted by the parathyroid
glands, and another is vitamin D. The parathyroid
hormone activates vitamin D m the kidneys, and
the activated vitamin D in turn greatly enhances
calcium absorption. These effects are discussed in

Chapter 79.

Iron ions are also actively absorbed from the
small intestine. The principles of iron absorption

and the regulation of its absorption in proportion
to the body’s need for iron were discussed in Chap-
ter 4.

Potassium, magnesium, phosphate, and proba-
bly still other ions can also be actively absorbed
through the mucosa. In general, the monovalent
ions are absorbed with ease and in great quan-
tities. On the other hand, the bivalent ions are
normally absorbed in only small amounts; for in-
stance, the maximum absorption of calcium ions
is only 1/50 as great as the normal absorption of
sodium ions. Fortunately, only small quantities of
the divalent ions are normally needed by the body.
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s ABSORPTIOS or NUTRIENTS

Absorption of CAibobydrutes

Essentially all the carbohydrates are absorbed

in the form of monosaccharides, only a small frac*

tion of a per cent being absorbed as disaccharidea

and almost none as larger carbohydrate com-
pounds. Furthermore, little carbohydrate absorp-

tion results from simple dilTusion, for the pores of

the mucosa through which diffusion occurs are

essentially impermeable to water-soluble solutes

with molecular weights greater than 100.

That the tramport of most monosaccharides

through the intestinal membrane is an active proc-

ess IS demonstrated by several important experi-

mental observations:

1. Transport of most of them, especially glucose

and galactose, can be blocked by metabolic inhib-

itors, such as iodoaectic acid, cyanides, and phlor-

hizin

2

The transport is selective, specifically trans-

porting certain monosaccharides without trans-

porting others. The order of preference for trans-

porting different monosaccharides and their

relative rates of transport in comparison wiUi
glucose are;

Galactose l.l

Glucose 1.0

Fructose 0.4

Mannose 0.2

Xylose 0.16

Arabinose O.l

3 There is a maximum rate of transport for

each type of monosaccharide. The most rapidly
transported monosaccharide is galactose, with glu-
cose running a close second Fructose, which is

also one of the three important monosaccharides
for nutrition, is absorbed less than half as rapidly

as either galactose or glucose; also, its raechanisRi

of absorption is different, as will be explain^
below.

4 There is competition between certain sugars
for the respective earner system. For instance, if

large amounts of galactose are being transported,

the amount of glucose that can be transported
simultaneously is considerably reduced.
Mechanism of Glucose and Galactose Ab-

sorption. Glucose and galactose transport either

ceases or is greatly reduced wherever active so-

dium transport is blocked. Therefore, it is assumed
that the energy required for transport of these two
monosaccharides is actually provided by the so-

dium transport system. A theory that attempts to
explain this is the following: It is known that the
carrier protein for transport of glucose (which is

the carrier for galactose as welll is present in the
brush border of the epithelial cell. However, this
carrier will not transport the glucose in the ab-
sence ofsodium transport. Therefore, it is believed

the carrier protein has receptor sites for both

I

a glucose molecule and a sodium ion, and that it

will not transport either of these to the interior of

the epithelial cell until both receptor sites are

simultaneously filled. The energy to cause move-

ment of the carrier from the exterior of the mem-
brane to the interior is derived from the difference

in sodium concentration between the outside and

inside. That is, as sodium diffuses to the inside oi

the cell It "drags" the glucose along with it, thui

providing the energy for transport of the glucose,

For obvious reasons, this explanation is called the

sodium cotransport theory for glucose transport; it

IS also called secondary active transport of glucose.

This sodium cotransport of glucose obviously

moves the glucose only to the interior of the cell.

However, this increases the intracellular glucose

concentration to a higher than normal level, and

the glucose then diffuses, probably by facilitated

diffusion, tViTough the basoiaierai membiane
the epithelial cell into the extracellular fluid.

Subsequently, we will see that sodium transport

is also required for transport of many if not all

amino acids, suggesting a similar “carrier-drag”

mechanism for amino acid transport.

Absorption of Fructose. Transport of fructose

is slightly different from that of most other mono-
saccharides. It is not blocked by some of the same
metabolic poisons—specifically, phlorbirin—and it

does not require metabolic energy for transport,

even though it does require a specific carrier.

Therefore, it is transported by facilitated diffusion

rather than active transport. Also, it is mainly
converted into glucose inside the epithelial cell

before entering the portal blood, the fructose first

becoming phospborylated, then converted U> glu-

cose, and finally released from the epithelial cell

into the blood.

Absorption of Proteins

Most proteins are absorbed in the form ofamino
acids. However, small quantities of dipeptides and
even tripeptides are also absorbed, and extremely
minute quantities of whole proteins can at times
be absorbed by the process of pinocytosis, though
not by the usual absorptive mechanisms.
The absorption of amino acids also obeys the

principles listed above for active absorption of

gluo>se: that is, the different types ofammo acids
are absorbed selectively and certain ones interfere
with the absorption of others, illustrating that
common carrier systems exist. Finally, metabolic
poisons block the absorption of amino acids in the
Bame way that they block the absorption of glucose.

Absorption ofamino acids through the intestinal

mucosa can occur far more rapidly than can protein

digestion in the lumen of the intestine. As a result,

the normal rate of absorption is determined not by
the rate at which they can be absorbed but by the

rale at which they can be released from the pro-

teins during digestion. For these reasons, essen-
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tially no free amino acids can be found in the
intestine during digestion—that is, they are ab-

sorbed as rapidly as they are formed. Since most
protein digestion occurs in the upper small intes-

tine, most protein absorption occurs in the duo-
denum and jejunum.
Basic Mechanism.^ of Amino Acid Trans-

port. As is true for monosaccharide absorption,

very little is known about the basic mechanisms
of amino acid transport. However, at least four

different carrier systems transport different amino
acids—one transports neutral amino acids, a
second transports basic amino acids, a third trans-

ports acidic amino acids, and a fourth has specihc-

ity for the two imino acids proline and hydroxypro-

line. Also, the transport mechanisms have far

greater affinity for transporting L-ste-

reoisomers of amino acids than D-stereoisomers.

Amino acid transport (at least for most of the
amino acids), like glucose transport, occurs only in

the presence of simultaneous sodium transport.

Furthermore, the carrier systems for amino acid

transport, like those for glucose transport, are in

the brush border ofthe epithelial cell. It is believed

that amino acids are transported by the same
sodium cotransport mechamsm as that explained
above for glucose transport. That is, the theory
postulates that the carrier has receptor sites for

both an amino acid molecule and a sodium ion.

Only when both of the sites are filled will the
carrier move both the sodium and the amino acid

to the interior ofthe cell at the same time. Because
of the sodium gradient across the brush border,

the sodium diffusion to the cell interior pulls the
amino acid to the interior where the amino acid

becomes trapped. Therefore, amino acid concentra-
tion increases within the cell, and it then diffuses

through the sides or base of the cell into the portal

blood, probably by a facilitated diffusion process

Absorption of Fats

Earlier in this chapter it was pointed out that

as fats are digested to form monoglycerides and
free fatty acii5, both of these digestive end-prod-

ucts become dissolved in the lipid portion of the
bile acid micelles. Because of the molecular dimen-
sions of these micelles, only 2.5 nanometers in

diameter, and also because of their highly charged

exterior, they are soluble in the chyme. In this

form the monoglycerides and the fatty acids are

transported to the surfaces of the brush border

microvilli, even penetrating into the recesses

among the moving, agitating microvilli. On com-
ing in contact with these surfaces, both the mono-
glycerides and the fatty acids immediately diffuse

through the epithelial membrane, because they
are equally as soluble in this membrane as in the

micelles. This leaves the bile acid micelles still m
the chyme. The micelles then diffuse back through

the chyme and absorb still more monoglycerides
and fatty acids, and similarly transport these also

to the epithelial cells. Thus, the bile acids perform
a “ferrying’' function, which is highly important
for fat absorption. In the presence of an abundance
of bile acids, approximately 97 per cent of the fat

is absorbed; in the absence of bile acids, only 50 to

60 per cent is normally absorbed.

The mechanism for absorption of the monoglyc-
erides and fatty acids through the brush border is

based entirely on the fact that both these sub-
stances are highly lipid-soluble. Therefore, they
become dissolved in the membrane and simply
diffuse to the interior of the cell.

The undigested triglycerides and the diglycer-

ides are both also highly soluble in the lipid mem-
brane of the epithelial cell. However, only small

quantities of these are normally absorbed because
the bile acid micelles will not dissolve either tri-

glycerides or diglycerides and therefore will not

ferry them to the epithelial membrane.
After entering the epithelial cell, the fatty acids

and monoglycerides are taken up by the smooth
endoplasmic reticulum, and here they are mainly
recombined to form new tnglycerides. However, a
few of the monoglycerides are further digested into

glycerol and fatty acids by an epithelial cell lipase.

Then, the free fatty acids are reconstituted by the

smooth endoplasmic reticulum into triglycerides.

Most of the glycerol that is utilized for this purpose
is synthesized de novo from alpha-glycerophos-

phate, this synthesis requiring both energy from
ATP and a complex of enzymes to catalyze the

reactions.

Once formed, the triglycerides aggregate within

the endoplasmic reticulum into globules along

with absorbed cholesterol, absorbed phospholipids,

and small amounts of newly synthesized choles-

terol and phospholipids. The phospholipids arrange

themselves m these globules with the fatty portion

ofthe phospholipid toward the center and the polar

portions located on the surface. This provides an
electrically charged surface that makes these glob-

ules miscible with the fluids ofthe cell. In addition,

small amounts of ^-lipoprotein, also synthesized

by the endoplasmic reticulum, coat part of the

surface of each globule. In this form the globule

diffuses to the side of the epithelial cell and is

excreted by the process of cellular exocyiosis into

the space between the cells; from there it passes

into the lymph in the central lacteal of the villus.

These globules are then called chylomicrons.

The p-lipoprotein is essential for cellular cxocy-

tosis of the chylomicrons to occur, because this

protein provides a means for attaching the fatty

globule to the cell membrane before it is extruded.

In persons who have a genetic inability to form
this P-Iipoprotein, the epithelial cells become cn-
gorg«i with fatty products that cannot proceed the
rest of the way to be absorbed.
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Transport of the Chylomicrons in the

Lymph. From the sides of the epithelial cells the

chylomicrons wend their way into the central lac*

teals of the villi and from here are propelled, along

with the lymph, by the lymphatic pump upward
through the thoracic duct to be emptied into the

great veins of the neck. Between 80 and 90 per

cent of all fat absorbed from the gut is absorbed

in this manner and is transported to the blood by
way of the thoracic lymph in the form of chylomi-

crons.

Direct Absorption of Fatty Acids into the

Portal Blood. Small quantities of short chain

fatty acids, such as those from butterfat, are ab-

sorbed directly into the portal blood rather than
being converted into triglycerides and absorbed

into the lymphatics The cause of this difference

between short and long chain fatty acid absorption

IS that the shorter chain fatty acids arc more
water-soluble and are not reconverted into triglyc-

erides by the endoplasmic reticulum. This allows

direct dilTuaion of these fatty acids from the epi-

thelial cells into the capillary blood of the villus

ABSORPTION IN THE LARGE
INTESTINE: FORiSlATlON OF THE
FECES

Approximately 1500 ml of chyme pass through
the ileocecal valve into the large intestine each
day Most of the water and electrolytes in this are
absorbed in the colon, usually leaving less than
100 ml of fluid to be excreted in the feces Also,

essentially all the ions are also absorbed, leaving

only about 1 mEq each ofsodium and chloride lOns

to be lost in the feces.

Most of the absorption in the large intestine

occurs in the proximal half of the colon, giving
this portion the name absorbing colon, whereas
the distal colon functions principally for storage
and is therefore called the storage colon

Absorption and Secretion of Electrolytes
and Water. The mucosa of the large intestine,

like that of the small intestine, has a high capa-
bility for active absorption of sodium, and the
electrical potential created by the absorption of

the sodium causes chloride absorption as well The
“tight junctions” between the epithelial cells ofthe
large intestinal epithelium are much tighter than
those of the small intestine. This prevents signifi-

cant amounts of back-diffusion of ions through
these junctions, thus allowing the large intestinal

mucosa to absorb sodium ions far more com-
pletely—that is, against a much higher omcentra-
tion gradient—than can occur in the small intes-

tine.

In addition, as in the distal portion of the small
intestine, the mucosa of the large intestine actively
secretes bicarbonate ions while it simultaneously

actively absorbs an equal amount of chloride ions

in an exchange transport process. The bicarbonate

helps neutralize the acidic end-products of bacte-

rial action in the colon.

The absorption of sodium and chloride ions or-

ates an osmotic gradient across the large intestinal

mucosa, which in turn causes absorption of water.

Bacteria] Action in the Colon. Numennis bacteria,

especially colon bacilli, are present in the absorbing

colon. These are capable of digesting stnall amounts el

cellulose, m this way providing a few calories of nutri-

tion to the body each day. In herbivorous animals this

source of energy is very significant, though it is ol

negligible Importance m the human being Other sub-

stances formed as a result of bacterial activity art

vitamin K. vitamin B,„ thiamin, riboflavin, and various

gases that contribute to flatus in the colon—especially
carbon dioxide, hydrogen gas, end methane. Vitamin K
is especially important, for the amount of this vitajiun

m the ingested foods is normally InsufTicient to mainUm
adequate blood coagulation.

Composition of the Feces. The feces normally are

about three-fourths water end onc-fourth solid matter
composed of about 30 per cent dead bacteria, 10 to 20

per cent fat. 10 to 20 per cent inorganic matter, 2 to 3

per cent protein, and 30 per cent undigested roughage
of the fo^ and dried constituents of digestive juices,

such as bite pigment and sloughed epithelial cells. The
large amount of fot derives mainly from fat formed by
bacteria and fat m the sloughed epithelial cells.

The brown color of feces is caused by stermbthn and
urobiim, which ore denvatives of bilirubin The odor is

caused principally by the products of bacterial action;

these vary from one person to another, depending on
each person’s colonic bacterial flora and on the tjrpe of

food eaten The actual odoriferous products include in*

dole, skatole, mercaplans, and hydrogen sulfide

RtftRtNCfS

Andrrwn. P O VuevUr nnml In lh» colon ond rtrtum. Scand J
G<atmnttwt 9)65 iSS(

Bokor P r »ndKnlghl,D E ChMnioomolic hypOShe*e»ofe»eiejlM«
A cnUqu* Btotri Hrp . 4 2S5. ISM

Bicktl. il i«4.>' Digestion and AbsoivUon oT Netrlents. Fl l^. NJ.

J K Borgrtt. 1993
Case, R. M Tb« ral« of Ca*' tlorrs In McnUon Crll-Catcsu’’i, 5 89,

1994

Oinsisnwn, 11 N T1i« rrguUtwn of amino sod and fugsr sbaorption

by diet NuJr Rn . 42 237. 1981
Creamer. D Intestinal ilructure in relstion to aloorption B-omem

beonrs. 4A 1. 1974
Cumninigs. J (l Colonic alnorption The importance of short chain

fsUy acids in man Stand J Oattnenitnt (Suppl). 93 89. 1SS4
Pirenport, H W A DigeA of Digestion. 2nd Ed. ChKSgo. Year Bock

btedicol PublUheri, 1978
OoMsnU, M. rl a/ Cytnol free Ca" in the rtgulaUon of actiee

latescniaIMaaiadCUniuip<»t.KROC Found Srr, 17 171, l»51
fTemstrom.C, and Garner, A Some charactenAies ofduodenal epithe-

tioin Clio Found. Symp . IV9 91. 1991
Forth.W . and Pummel, W_ Iron ahnoTjrtlon. FAysW /}tv,S3 724 1913

Fncall, ft A . and Schulu, S Q Models of electrolyte abmrplioa and

secretion by gaslroinleeuaal epithetia tn Ccane. ft K (ed r Interna-

iwnai Review of PhyiioloiQ' CastrointetunsI Physiology lit Vol 19

Baltimore. UniversiCy Park Press. 1979. p 205
Gardner, M t.. Inlestinsl assimilstion of intact prptidrt and proteins

from the diet—a neglected field' Biof Rev.S9-2B9. 1984
Ttolzer, H.. and Tschesche, H (eds r Giologicsl Functions of Protelnases-

New York. Spnnger-Verlag, 1979
dackson, M J_ Treatment of short chain fatty acids Biomrmftranes,
4B 673. 1971



65 Digestion And Absorption In the (UstroIntesdojJ Tract 797

Kenoy, A. J , and Maroux, S. Topology of microvillar membrane
hjinlasei o( kidney aodtoteMuie PfijtMl. Hev . 62 31, 19S2

Kim. Y S.tlal: Inteslinal pepUde hydrolases. Peptide and ammo acid

abwrption Mtd Chn. North Am, S81Z31, 1974

Kotyk, A ' Mechanisms of nonelectrolyte transport BiocAim Btopkyt

Acta. 300 183, 1973

l.evitaQ, R. and Wilson, D Absorption of water soluble substances.

h MPT International Review of Physiology Vol 4. Baltimore, Uni-
versity Park Press. 1974, p 293

Mailman, D . Relationships between mtestinal absorption and bemody-
namics. Anna. Reu. Phyiiol ,44 43. I98Z

Matthews. D M.. Intestinal absorption of ammo acids and p^tides.
Proe.Nuir Soc. 31.171. 1972

Matthews. D M ' Absorption of ammo acids and peptides from the

intestine. Clin ErulocnnoL Uetabal . 3 3, 1974
Matthews, D M : Absorption of water soli^le vitamins Btomembranes,

4B 847. 1974

Matthews.D M ilntestinal abBorptionofpeptides.PAystol Rn.SSSSt,
1975

Nonim. K. R , e( al Transport of choleateroL Phy$u>l Reo , 63 1343.

1983

Ockner, R K , and Isselbacher, K J Recent concepts of intestinal fat

absorption Rev PAysiol fiiocAem. PAormocof
. 71 107. 1984

Okuda. K.: Intestinal muensa and vitamin Bn absorption Digeelum,

6.173. 1972.

Olsen. W. A.. Carbohydrate absorption. A/ed C/in North Am. 561387,
1974

Rose. R C Water-Soluble nlaiain absorpltoa m intestine Anna Reo
Phyeio} . 42.157, 1980

Schultz, S. G ‘ A cellular model for active sodium absorption by mam
maliancolomAnnu Rev PAysioI, 46 435, 1984

Schultz, S 0« Principles of electrophysiology and their appbeatioo in

^ilhelial tissues. In MPT International Review of Science Physiol-

ogy. Vot 4, Baltimore, University Park Press, 1974. p £9
Schultz.S G.etal lontransportbymammaliansmaUintcstine An/iu
Rev PAysiof .3651. 1974

Silk.1) B A , and Dawson. A. M Intestinal absorption of carbohydrate
and protein in man In Crane, R K (ed ) International Review of
Physiology. GastromtesUnol Physiology 111 Vol 19 Baltimore, Uni-
vmily Park Press. 1979, p 151

Simmonds, W J Absorption oflipids. /n MPT International Review of

Sacnce Physiology. Vol 4 Baltimore. University Park Press. 1974,

p 343
Smith, P L., and McCabe, R D Mechanisms and regulation of irans-

cellular potassium transport by the colon AnuJ PAyiiof. 247C445,
1984

Smyth, D H. <ed ) Intestinal Absorption. Vols 4A and 4B New York,

Plenum Press, 1974

Soergei, K IL, and Hofmann, A F Absorption In Frohlich, E D (ed i

Patbi^hysiology, 2ad Ed Philadelphia, J B Lippincoit Co , 1976. p
499

Stevens, B R, el el Intestinal transport of ammo acids and sugars

Advancesusingmembranevesic[es.Annu Rev Phytiol 46417,1934
Tuniberg. L. A Absorption and secretion of salt and water by the smalt

intestine Digestion. 9 357, 1973

Ugolev,- A M Membrane (contact) digestion. Riomc/n&mncs. 4A 285.

1974
VanCampen. D Regulation of iron absorption Fed Pnx 33 100. 1974

Watson. O W
,
and Sodeman, W V.. Jr The small intestine In

Sodeman, W A Jr andBodemAn,T M (eds.) Pathologic Physiology

Mechanisms of Disease 6lh Ed Philadelphis, W B Saunders Com
pany, 1979. p 824

Wiseman. C Absorption of protein digestion products RiomcmbninM
-lA 363. 1974



Physiology of
Gastrointestinal

Disorders

The logical treatment of most gastrointestinal disor-

ders depends on a basic knowledge of gastrointestinal

physiology. The purpose of this chapter, therefore, is to

discuss ft few repceaeatative types of malfunction that

have special physiological bases or consequences.

DISORDERS OF SWALLOWING AND
OF THE ESOPHAGUS

Paralysis of the Swallowing Mechanism. Damage
to the 5th, ath. or \0th nene can cause paralywt of

significant portions of the swallowing mechanism Also,

a f^ew diseases, such as poliomyelitis or encephalitis, can

prevent normal awallowinghy damaging the swallowing
center m the brain stem Finally, malfunction of the

swallowing muscles, as occurs in muscle dystmphy or m
failure of neuromuscular transmission in myasthenia
gravis or botulism, can also prevent normal swallowing
When the swallowing mechanism is partially or to.

tally paralyzed, the abnormalities that can occur include

( 1 ) complete abrogation of the swallowing act so that
swallowing cannot occur at all, (2) failure of the glottis

to close so that food passes into the lungs instead of the
esophagus, or (3 ) failure of the soft palate and uvula to

close the posterior narcs so that fo^ refluxes into the
nose during swallowing.

One of the most senous instances of paralysis of the
swallowing mechanism occurs when patients are under
deep anesthesia. Often they vomit large quantities of
matenals from the stomal into the pharynx; then,

instead of swallowing the matenals again, they simply
suck them into the trachea because the anesthetic has
blocked the reflex mechanism of swallowing As a result,

such patients occasionally choke to death on their own
vomitus
Achalasia and Megaesophagus. Achalasn^ a con-

dition in which _the lower esophageal sphincter fails to
relax during thVswailowng'mecTianism' As a’result,

food transmission from the esophagus into the stomach
IS impeded or prevented Pathological studies have
shown the physiological basis of this condition to be
either pathology of or absence of the myenteric plexus
in the lower two thirds of the esophagus. The muscula-
ture of the lower esophagus instead remains incoordi-

nately contracted, and the myenteric plexus has lost the

ability to transmit a signal to cause “receptive relax*-

tion" of the gastroesophageal sphincter as food ap-

proaches this area during the sw^lowing process

When achalasia becomes tevere, the esophagus may
not empty the swallowed food into the stomach for many
hours, instead of within a few seconds which is the

normal lime Over months and years, the esophagus

becomes tremendously enlarged until it often can hold

as much as one liter of food, which becomes putridly

infected during the long penods of esophageal stasis.

The infection may also cause ulceration of the esopha*

geal mucosa, sometimes leading to severe substemsl

pain or even rupture and death. The food often refluxes

into the pharynx and sometimes is then aspirated into

the lungs, causing aspiration pneumonia Fortunately,

considerable benefit can be achieved by stretching the

lowerend of the esophagus by means ofa balloon infiated

on the end of a swallowed esophageal tube Also, anti-

spasmotic drugs (drugs that relax smooth muscle), such

BS hydralazine and nifedipine, can also be helpful

DISORDERS OF THE STOMACH

Gastritis. Gastn^ means inflammatioiLPCthe gastric
muTOsai This is exceedii^y common in the population

as'a'whole, especially in the later years of adult life.

Yet, strangely enough, except in its severest forms, it

rarely causes severe symptoms.
The inilammation of gastritis can be only superfiaal

and thereforo not very hamful, or it can penetrate

deeply into the gastnc mucosa, and in many long-

standing cases cause almost complete atrophy of the

gastnc mucosa. In a few cases, gastntis can be very

acute and severe, with ulcerative excoriation of the

stomach mucosa by the stomach’s own peptic secretions

The cause of gastritis in most inslance8_i5.not known.
In the past this was ascribed mainly to.iriitaiit foods,

but the present clinical belief is that almost no food can

be as irritant to the gastric mucosa as the normal acid-

pepsin gastric juices themselves. Therefore, patients

with gastritis are usually told to eat almost any food

that will not cause nausea or burning epigastnc pain.

Yet, a few substances that are often ingested can be

very damaging to the protective gastnc mucosal bar-

rier—that IS, to the mucous glands end the tight cpithe-
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hal junctions between the gastric lining cells—often

leading to severe acute or chronic gastritis. The two
most common of these substances are alcohol and aspU
nn.
The Gastric Barrier and Its Penetration in Gas*

tritis. Absorption from the stomach is normally very
slight. This low level of absorption is mainly caused by
two specific features of the gastric mucosa: (1) it is lined

with highly resistant mucous cells that secrete a very
viscid and adherent mucus, and (2) it has very tight

junctions between the adjacent epithelial cells. These
two together are called the “gastric barrier.” Normally
this barrier is so resistant to diffusion that even the
highly concentrated hydrogen ions of the gastric juice,

averaging about 100,000 times the concentration of the
hydrogen ions m the plasma, barely diffuse through the
epithelial membrane. However, in gastritis, this barrier
b«oraes inflamed and its permeability is greatly in-

creased. The hydrogen ions do then diffuse into the
stomach epithelium, creating additional havoc and lead-

ing to a vicious circle of progressive stomach mucosal
damage and atrophy. It also makes the mucosa suscep-
tible to peptic digestion, thus frequently resulting m
gastric ulcer.

Gastric Atrophy. In many persons who have chronic
gastritis, the mucosa gradually becomes atrophic until

httie or no gastric gland activity remains. It is also

believed that some persons develop autoimmunity
against the gastric mucosa, this also leading eventually
to gastric atrophy. Loss of the stomach secretions in

gastric atrophy leads to achlorhydria and, occasionally,

to pernfctoua anem«i<
AcblSrHydria (and Hypocblorbydria), Achlorhy-

dria means simply that the &£Qaucb*faUs^ secrete

hydrochloric acid, and it is <{m^osed when the pH of
the gastne secretions fails to decrease below 6 5 follow-

ing ma&imal stimulation. Hypochlorhydna means di-

minished acid secretion. Usually, when acid is not se-

creted pepsin also is not secreted, and, even if it is, the
lack of acid prevents it from functioning because pepsin
requires an acid medium for activity Obviously, then,

essentially all digestive function in the stomach is lost

when achlorhydna is present.
The method usually used to determine the degree of

hypochlorhydna is to ipject 0.4 milligram of pentagas-
tnn (a synthetic gastrin—see Chapter 64) and then to
aspirate the stomach secretions through a tube for the
foUowtng hour. Each 15-imnute sample of stomach se-

cretion is titrated against sodium hydroxide to a pH of
7.0 using a pH meter, which gives a measure of total

ocid secreted. The maximum rate of acid secretion dur-
ing any 15-minute interval in the normal person nscs
to almost exactly I milHequivalent of hydrochloric sod
per minute, and the total hydrochloric acid secreted
during the entire hour after the injection averages about
22 milliequivaients. All degrees of hypochlorhydna

—

down to no acid whatsoever—occur.
Though achlorhydna is associated with depressed or

even no digestive capability by the stomach, the overall

digestion of food in the entire gastrointcsUnal tract is

stjJJ almost normal. This is because trypsin and other
enzymes secreted by the pancreas are capable of digest-
ing most of the protein m the diet—particularly if the
food is well chewed so that no portion of the protein is

protected by collagen fibers, which need peptic activity

for most elfectn-e ^gesticn.
Pem/cjousAacou'a in Gastric Atrophy. Pernicious

anemia is a common.accompanirneJit of achlorhydria

and gastric atrophy. The normal gastric secretions con-

tain a glycoprotein called intrinsic /cefor, which is se-

creted by the'Same' ^parietai)*cells that secrete

the hydrochloric^ acfdnntrinsic factor must be present
for adequate'ab^rption of vitamin B„ from the ileum.

The inriinsic factor combines with_vitamin B„ and
profe^ it &om being destroyed as it pas^s through the

gastrointestinal tract Then, when the intrinsic fac-

tor-vitamin B,2 complex reaches the ileum, the intrinsic

factor binds wi^ receptors on the ileal epithelial surface.

In some yet unknown way this makes it possible for the

vitamin B„ to be absorbed. In the absence of intrinsic

factor, an adequate amount of vitamin B^, is not made
available from the foods. As a result, maturation failure

occurs m the bone marrow, resulting in pernicious

anemia. This subject was discussed in more detail in

Chapter 4.

Pernicious anemia also occurs frequently when most
of the stomach has been removed for treatment of either

stomach ulcer or gastne cancer or when the ileum, where
vitamin B^^ is almost entirely absorbed, is removed.

PEPTIC ULCUt

A peptic, ulcer is an excoriated area of the mucosa
caus^ by thr digestive action'ofjastric’juice Figure

66-1 illustrates the'points m'lhcTgastrointestinal tract

at which peptic ulcers frequently occur, showing that by
far rite most fi^equent site is m the first few centimeters

of the duodenum. In addition, peptic ulcers frequently

occur along the lesser curvature of the antral end of the

stomach or, more rarely, in the tower end of the esoph-

agus where stomach juices frequently reflux. A peptic

ulcer called a marginal ulcer also frequently occurs

wherever an abnormal opening, such as a gastrojejunos-

tomy, is made between the stomach and some portion of

the small intestine.

Basic Cause of Peptic Ulceration. The usual cause

of peptic ulceration is an imbalance between the rate of

secretion of gastric juice and the degree of protection

afforded b3rthe^st^apdeiiaJ.mucCSal bamer and the

neutralization w tKTgastric acid hyMluodenal juices. It

will be recalled that 'all areas normally exposed to

gastne juice are well supplied with mucous glands,

beginning with the compound mucous glands of the

lower esophagus, then including the mucous cell coating

of the stomach mucosa, the mucous neck cells of the

gastric glands, the deep pyloric glands that secrete

mainly mucus, and, finally, the glands of Brunner of the

upperduodenum, which secrete a highly alkaline mucus.

In addition to the mucus protection oflHe mucosa, the

duodenum is also protect^ by the alkalinity of the
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small intestinal secretions. Espraally important is pan-

creatic secretion, which contains large quantities of

sodium bicarbonate that neutralize the hydrochloricodd
of the gastric juice, thus inactivating the pepsin to

prevent digestion of the mucosa. Two additional mech-

anisms insure that this neutralization of gastnc juices

is complete:

1. Vhicn excess acid enters the duodenum, it reflexly

inhibits gastnc secretion and peristalsis in the stomach,

both nervously and hormonally, thereby decreasing the

rate of gastnc emptying This allows increased time for

pancreatic secretion to enter the duodenum to neutralize

the acid already present After neutralization has taken

place, the reflex subsides and more stomach contents

arc emptied
2 The presence of acid in the small intestine liberates

secretin from the intestinal mucosa, which then passes

by way of the blood to the pancreas to promote rapid

secretion of pancreatic juice containing a high concen-

tration ofsodium bicarbonate, thus making more sodium
bicarbonate available for neutralization of the acid

These mechanisms were discussed in detail in Chaplets

63 and 64 in relation to gastrointestinal motility and
secretion

Therefore, a peptic ulcer can be caused m either of
two ways (1) excess secretion of acid and pepsin by the
gastnc mucosa, or (2) eftminis/isd! capability of the gas-
troduodenal mucosal barrier to protect against the diges-

tive properties of the aeid-pcpsin complej.

Experimental Peptic Ulcer. Experimental peptic

ulcers have been created in dogs and other animals in

the following ways la) Feeding ground glass to an
animal causes excoriation of the pytone wall and allows

the peptic juices to begin digesting the deeper layers of

the mucosa, (b) Transplantation of the pancreatic duct
to the ileum removes the normal neutralizing effect of
pancreatic secretion in the duodenum and, therefore,

allows the gastricjmee to attack the mucosa of the upper
duodenum (c) Repealed injection of histamine causes
excessive secretion of gastnc juice, fdl Continual infu-

sion ofhjdrochfonc ocid through a tube into the stomach
causes direct damage to the stomach mucosa and also

prevents full neutralization of the gastric juices by the
pancreatic and other secretions of the small intestine

Tbar
,
wwi wppcvi

in either the stomach or duodenum (e) A portion of the
stomach is anastomosed directly to the small tnlesline so

that gastnc juice can pass directly and rapidly into the
small intestine. The mucosa of the small intestine,

except at the uppermost part of the duodenum, is not
sufficiently resistant to gastnc juice to prevent peptic

digestion (f) Obstruction of the blood /low or even re-

duction of the blood flow to an area of the stomach or
upper duodenum will cause uicen to develop because
the local epithelium degenerates or cannot produce ap-
propnale protective secretions.

In summary, any factor that (Vi increases the rote of
production of gastnc juice or (2» blocks the normal
pmtcctire mechanisms against this juice can produce
peptic ulcers The same general principles apply to the
development of peptic ulcers in the human being.
Causes of Peptic Ulcer in the Human Deing. About

fl5 per cent of the patients with peptic ulcer of the
duodenum secrete approximately two tunes as much
gastnc acid following injection of a test dose of penta-
gastnn as do normal persons. Therefore, It is believed
that duodenal ulcers are caused by excessiv^^sectEtioa

of acid and pepsin by the gastric glands In the 15 P

cent of the patients who secrete normal amounts of sa

it IS presumed that one of four abnormalities is A

usual cause, (a) possible secretion of an abnormal mii^

that hks less than normal protective value, (b) diioi

ished secretion of mucus, (c) failure of the normal Ju

denal-gastric feedback mechanisms to limit the rate

gastric emptying into the duodenum, or (d) failure

5ie secretm-pancreatic and secretin-bile duct feedl>a«

mechanisms to cause the secretion of enough alkaline

pancreatic juice and bile to neutralize the gastric j^UM

as it enters the duodenum
The development of duodenal peptic ulcers is stroPgh

hereditary For instance, the offspring of pereons who

secrete excessive amounts of gastric acid, like their

parents, tend to secrete excessive amounts of acid. Alse,

the offspring of patients who have diminished mucosal

protection have a strong hereditary tendency to develop

peptic ulceration as well.

In addition to hereditary factors, psychogenic facton

that cause stress anxiety seem also to play a role in

peptic ulceration, though this probably occurs mainly m
persons who already have a hereditary basis for devel-

oping ulcers The number of persons who developed

peptic ulcer increased greatly during the air raid® o'

London in World War 11. Therefore, it is believed th^t

many instances of duodenal peptic ulcer in the hui°nn

being are precipitated by excessive stimulation of^
dorsal motor nucleus of the vagus by signals originabag

elsewhere m the brain, with this in turn greatly jner«W‘

ing the stomach secretions

Paradoxically, gastric ulcers, m contradistinction

duodenal ulcers, often occur m patients who have noi^al

or even slightly low secretion of hydrochloric acid. How-

ever, these patients frequently have an associated, often

atrophic, gastritis, indicating that ulceration in we
stomach most often results from reduced resistance of

the stomach mucosa to digestion rather than from exce«

secretion of gostric juice. Stomach ulceration frequently

occurs in patients who have ingested substances such

aspirin or alcohol that reduce the mucosal resistance

Also, reflux of duodenal contents into the stomach often

leads to gastnc ulceration: this results mainly from the

bile acid.s in the refluxed chyme because these adds

bwe a ^fc\vfTgeTi\ rfTect that reium \Vie mutcfsa'i xiW'
tance

Physiology of Treatment. The usual medical tr^nt-

ment for peptic ulcer is a combination of (11 reduction

of stressful 8itu^ations_that.tn.ightJ,ead to excessive noid

secretion, (2) administration of antacid drugs m PSO'

tralize much of the acid in the stonragK's'ecretrons, 131

administration of the drug cimetidine.which blocks the

effect of histamine on H^rcceptofs 'and thereby redi^w®

the action of gastnn m stimulating gastric juice 86*70*

tion by 70 to 80 per cent, (4) interdiction of smoking

because statistical studies have shown that smokers ate

several times as prone to have peptic ulcers as are

nonsmokers, and (5) removal of such ulcer-causing,”^'

tors as alcohol, aspirin, or other substances that m'ght

break down the gastroduodenal mucosal bamer.
Surgical treatment of peptic ulceration is usually

one or both of two procedures (1 ) vagotomy

C

it (2) remPi’^

ofa portion of the stomach Fortunately, however, since

the advent of the drug cimelidme, the more drast'c

surgical procedures are employed far less frequently

than in the past.

Vagotomy means section of the yagus nerves to the
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stomach; this temporarily blocks almost all secretion of

acid and pepsin by the stomach and oilen cures the ulcer

or ulcers within a week after the operation is performed.

Unfortunately, though, a large amount of basal stomach
secretion returns after a few months, and in many
patients the ulcer also returns. Also, gastric atony usu-

ally follows section of both vagus trunks; this can be
very distressing, since stomach motility is often reduced

so much that gastric emptying becomes minima], lead-

ing to partial or sometimes almost total pyloric obstruc-

tion. ^veral different procedures have been developed

to prevent this: (1) One is selective section of the vagus
nerve branches to the oxyntic glandular regions of the

stomach while leaving intact the vagus nerve blanches

to the pyloric region of the stomach, to the duodenum,
the pancreas, and the biliary system. In many patients

this can reduce gastric acid secretion sufficiently to cure

the ulceration without leading to other unwanted effects.

(2) A second procedure is to perform along with the

vagotomy a pyloroplasty, which is an opieration to m-
crease the size of the opening of the pylorus from the

stomach into the duodenum Or (3) along with vagotomy,
the stomach antrum and pylorus are removed, and the

body of the stomach is connected directly to the proximal
end of the duodenum

In the past, large numbers of patients were treated

by removing the lower three fourths to four fifths of the

stomach and then anastomosing the stomach to the

jejunum If less than this amount of the stomach is

removed, far too much gastnc juice continues to be

secreted, and a morginaf ufeer soon develops where the

stomach is anastomosed to the intestine. Since a mar-

ginal ulcer is usually equally as debilitating as, or

sometimes even more debilitating than, the original

ulcer, nothing will have been accomplished. Fortunately,

this very severe procedure is rarely required in present-

day therapy of peptic ulcer

DISORDERS OF THE
SMALL INTESTINE

Abnormal Digestion of Food in the Small Intes-

tine; Pancreatic Failure. Perhaps the commonest
cause of abnormal digestion is failure of the pancreas to

secrete its juice into the small intestine. Lack of pan-

creatic secretion frequently occurs (a) in^ooci^dfis.
which IS discussed later, (b) when the pancreatic duct is

blocked by a gallstone at the papilla, oLVatec. or (c)

after the head ofthe pancreas Kaso^en removed because

of malignancy. Loss of pancreatic juice means loss of

trypsm, chymotrypsin, carboxypolypeptidase, pancreatic

amylase, pancreatic lipasC and*stin a few other diges-

tive enzymes. Without these enzymes, as much as half

the fat entering the small intestine may go unabsorbed
and as much as one third of the proteins and starches.

As a result, large portions of the ingested food are not

utilized for nutrition; and copious, fatty feces are ex-

creted.

PancreatiUs. PancreaUtis pjeans inflamm^ion ofthe

pancreas, and this caii'occur m the form of ertbefWute
pancreatitis or chronic pancreatitis. The commonest
cause of pancreatitis is alcohol and the second most
common cause is blockage of the papilla.pfVater.by a

gallstone; the two together account for over 90 per cent

of all cases, ^^en a gallstone blocks the papilla of

Vater, this blocks the main secretory duct from the

pancreas as well as the common bile duct. The pancreatic
enzymes are then dammed up in the ducts and acini of
the pancreas. Eventually, so much trypsinogen accu-
mulates that It overcomes the trypsin inhibitor in the
secretions, and a small quantity of trypsinogen becomes
activated to form try^isin. Once this happens the trypsin
activates still more trypsinogen as well as chymotryp-
sinogen and carboxyjwlypeptidase, resulting in a vicious
circle until most of the proteolytic enzymes in the
pancreatic ducts and acini become activatt^. These rap-
idly digest large portions of the pancreas itself^ some-
times completely and permanently destroying the ability

of the pancreas to secrete digestive enzymes.
Often in acute pancreatitis the proteolytic enzymes

eat their way all the way to the surface of the pancreas,
and pancreatic juice then empties into the peritoneal
cavity where additional proteolytic activity occurs, caus-
ing chemical peritonitis However, as soon as large
portions of the pancreas have been destroyed, the acute
stage of pancreatitis subsides, leaving the person with
diminished or sometimes totally absent pancreatic se-

cretion into the gut
Ordinarily, the islets of Langerhans are not senously

affected by pancreatitis, so that insulin still continues
to be secreted by the pancreas even though secretion of
pancreatic juice into ^e intestine is markedly reduced.
Malabsorption by the Small Intestinal Mucosa

—

“Sprue.” Occasionally, nutrients are not adequately

absorbed from the small intestine even though the food

IS well digested. Several different diseases can cause
decreased absorbability by the mucosa; these are often

classified together under the general heading of sprue.

Obviously, also, malabsorption can occur when large

portions of the small intestine have been removed.
iVbnfrQPi'ca/ Sprue. One type of sprue, called var-

iously by the names idiopathic sprue, celiac disease (m
children), or gluten enteropathy, results from the toxic

effects of gluten present in certain types of grains,

especially wheat and rye It is the partly digest^ frac-

tions of gluten containing glutamine that are responsi-

ble for this toxic eftect, perhaps because of a direct

destructive effect on the intestinal epithelial cells, or

perhaps as the result of an immunological or allergic

reaction In milder forms of the disease, the microvilli

of the absorbing epithelial cells on the villi are de-

stroyed. thus decreasing the absorptive surface area as

much as twofold In the more severe forms, the gluten

products cause early and total destruction and dissolu-

tion of newly forming epithelial cells m the crypts of

Lieberkuhn Therefore, these cells fail to migrate up-

w'ard onto the vilii. As a result, the villi themselves

become blunted or disappear altogether, thus still fur-

ther reducing the absorptive area of the gut. Removal
of wheat and rye flour from the diet frequently results

in a miraculous cure within weeks, especially in children

with this disease.

Tkvpicaf Sprue. A different type of sprue called

tropical sprue frequently occurs in the tropics and can
often be treated with antibacterial agents. Even though
no specific bactenum has ever been implicated as the
cause, it IS believed that this variety is often caused by
inflammation of the intestinal mucosa resulting from
yet unidentified infectious agents.

Malabsorption in Sprue. In the early stages of
sprue, the absorption of fats is more impaired than the
absorption of other digestive products. The fat appearing
in the stools is almost entirely in the form of soaps
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rather than undigested neutrai fat, illustrating that the

problem is one of absorption and not of digestion. In this

stage of sprue, the condition is frequently called idi-

opathic steatorrhea, which means simply excess fats in

the stools as a result of unknown causes

In more severe cases of sprue the absorption of pro-

teins, carbohydrates, calcium, vitamin K, folic acid, and

vitamin Bu. as well as many other important sub-

stances, bwomes greatly impaired As a result, the

person suffers (1) severe nutritional deficiency, often

developing severe wasting of the body. <21 osteomalacia

(demineralization of the bones because of calcium lack),

(3) inadequate blood coagulation due to lack of vitamin

K, and (4) macrocytic anemia of the pernicious anemia
type, owing to diminished vitamin B„ and folic acid

absorption

Regional Enteritis and Appendicitis. Regional en-

teritis means an infiaramatoiT^ condition.ofJhe^terminal

portion of the ileum, and ap^ndicitis means iiHlam-

raation dt tHe appendix Appendicitis is usually caused
by an actual inf^idn in the appendix, while the cause

of regional enteritis is not known but in some instances

might also result from a low grade infectious process, or

perhaps an allergic or autoimmune reaction Either
appendicitis or ileitis cause cratnpy pain that is referred

to the mid-abdomen Simultaneously, each also elicits

intense enterointestinal reflexes resulting in severe in-

hibition of gastrointestinal mobility. As a result, func-

tional obstruction often occurs in the smalt bowel, caus-

ing symptoms of acute intestinal obstruction, mainly
distension of the upper small intestine associated with
protracted cramping pains and vomiting These will be
discussed later m the chapter

DISORDERS OF THE LARGE
INTESTINE

CONSTIPATION

Constipation means slow jnovement of feces through
the large intestine, and it is offra associated with large

quantities of dry, hard feces m the descending colon
which accumulate because of the long time available for
absorption of Ruid

A frequent cause of constipation is irregular bowel
habits that have developed through a lifetime of inhi-

bition of the normal defecation reflexes Kewbom chil-

dren are rarely constipated, but part of their training
in the early years of life requires that they learn to

control defecation, and this control is effected by inhib-

iting the natural defecation reflexes Clinical experience
shows that if one fails to allow defecation to occur when
the defecation reflexes are excited or if one overuses
laxatives to take the place of natural bowel function,
the reflexes themselves becomes progressively less
strong over a period of time and the colon becomes
atonic. For this reason, if a person establishes regular
bowel habits early in life, usually defecating in the
morning after breakfast when the gastrocolic and duo-
denocoUe reflexes cause mass movements in the large
intestine, the development of constipation in later life

can generally be prevented
Constipation can also result from spasm of a small

segment of the sigmoid. It should be recalled that mo-
tility, even normally, is weak in the large intestine, so

that even a slight degree of spasm is often capable of

causing serious constipation This effect frequently oc-

curs in the so-called irritable colonj;jtndrome in which

bowel spasm causes constipation and consequent devel-

opment of small and hard feces, a condition also oflen

associated with crampy abdominal pains After several

days, the constipation is relieved by a bowel movement

that often contains a moderate to large amount ofmucus.

The period of constipation may then be followed by a

day or so of diarrhea Following this, the qycle begins

again, with repeated bouts of alternating constipation

and diarrhea
Megacolon. Occasionally, a person develops consti-

pation which IS so severe that bowel movements (X-xur

only once every week or so Obviously, this allow

tremendous quantities of fecal matter to accumulate in

the colon, causing the colon sometimes to distend to a

diameter as great as 3 to 4 inches. The condition i^

called megacolon, or Hirschsprung’s disease

The most frequent cause of megacolon is lack oj or

deficiency of ganglion cells m the myenteric plexus in a

segment of the sigmoid As a consequence, neither

fecation reflexes nor penstaltic motility can occur

through this area of the large intestine. And the siginoi^

itself becomes small and almost spastic while feces

accumulate proximal to this area, causing megactriun.

Thus, the diseased portion of the large intestine appears

normal by x-ray, whereas the originally normal portion

of the large intestine appears greatly enlarged,

DIARXHTA

Diarrhea results from rapid movement of fecalmatt**

through the large intestine Several causes ofdiarrhes

with important physfological overtones are:

Enteritis. Enteritis means infection caused either by

a virus or by bartena in the intestinal tract In usu^
infectious diarrhea, the infection is most extensive iit

the large intestine and the distal end of the ileU®

Everywhere that the infection is present, the mucosa

becomes extensively imtated, and its rate of secref'oo

becomes greatly enhanced. In addition, the motility of

the intestinal wall usually increases many fold As ^

result, large quantities of fluid are made available for

washing the infectious agent toward the anus, and
the same time strong propulsive movements propel this

fluid forward Obviously, this is an important mecha*

nism for nddtng the Intestinal tract of the debilitatine

infection.

Of special interest is the diarrhea caused by cAo/r™
(and sometimes by other bacteria such as pathogouo
colon bacilli) The cholera toxin directly stimulates e**

cessive secretion of electrolytes and fluid from the crypts

of Lieberkdhn in the distal ileum and colon, and it

apecifically enhances the bicarbonate-chlonde exchange

mechaniaro, causing extreme quantities of bicarbonate

Ions to be secreted into the intestinal tract along With

massive amounts of sodium ions and water. The loss of

fluid and electrolytes can be so debilitating within a day

or so that death ensues. Therefore, the most important

physiological basis of therapy is simply to replace the

fluid and electrolytes as rapidly as they are lost, mainly

by giving the patient saline and glucose solutions. With

proper therapy of this type, along with the use of

antibiotics, almost no cholera patients die, but without

therapy 50 per cent or more do.



66 Fhys/ology of CutrolatistiniJ Dlsordtn 803

^
Psychogenic Diarrhea, Everyone is familiar with

' the diarrhea that accompanies periods of nervous ten-
^ sion, such as during examination time or when a soldier

! is about to go into battle. This type of diarrhea, called
^ psychogenic or emotional diarrhea, is caused by exces*
^ Bive stimulation ofthe parasympathetic nervous system,

which greatly excites both motility and secretion of
’ mucus in the distal colon. These two effects added

together can cause marked diarrhea.
* The irritable colon syndrome, which was discussed in

I
relation to constipation and which often causes alters

‘ nating constipation and diarrhea, is also generally be*

lieved to be at least partially a psychogenic (or emo-
^ tional) disorder; it usually occurs in anxiety states.
* Ulcerative Colitis. Ulcerative colitis is a disease in
' which extensive areas of the walls of the large intestine

become inflamed and ulcerated. The motility of the
' ulnirated colon is often so great that mass movements
' occur most of the time, rather than the usual 10 to 20

minutes per day. Also, the colon's secretions are greatly
1 enhanced. As a result, the patient has repeated diarrheal

bowel movements.
‘ The cause of ulcerative colitis is unknown Some
' clinidans believe that it results from an allergic or
! immune destructive effect. But whatever the cause,
> there is a strong hereditary tendency for suscepiibiiity

to ulcerative colitis. Once ^e condition bos progressed
very far, the ulcers usually will not heal until on

* ileostomy is performed to allow the intestinal contents
to drain to the exterior rather than to (low through the
colon. Even then the ulcers sometimes fail to heal, and

I
the only solution is removal of the colon itself.

' PAMLYSIS OF DtflCATIOS IS
SPISAl CORD INJURIES

From Chapter 63 it will be recalled that defecation is

I
normally initiated by the movement of feces into the

' rectum, which causes a cord-mediatcd defecation reflex

' passing from the rectum to the spinal cord and then
' back to the descending colon, sigmoid, rectum, and anus
^ This reflex adds greatly to the activity of the intrinsic
' defecation reflex mediated through the myenteric plexus

of the sigmoid and colon wall itself. Frequently, this

I

cord defecation reflex is blocked or alter^ by spinal

\ cord iiyuncs. For instance, destruction of the conus
mcdullaris of the spinal cord destroys the sacral centers

’ in which the cord reflex is integrated and therefore
almost completely paralyzes defecation. In such in*

stances defecation requires extensive supportive mcas*

I

urcs, such as cathartics and large enemas.
‘ Out, more frequently, the spinal cord is injured some-

where between the conus mc^ullans and the brain, in
’ which case the voluntary portion of the defecation act
‘ is blocked while the basic cord reflex for defecation is
' still intact. N’eveithelcss, loss of the voluntary aid to

j

defecation—that is. loss of the increased abdominal
' pressure and the stretching of the anal nng by the pch ic

‘ mu.vclcs—often makes defecation a difflcuit process in

the person with this type of cord injury. YeU since the
' y cord defecation reflex con still occur, a small enema to
' exulo the action of this reflex, usually given m the
!
* morning shortly aAer a meal, can often cauM adequate

’ defecation, in this way persons with spinal cord injunes

J

can usually control their bowel tnovvmenU each day.

GENERAL DISORDERS OF THE
GASTROINTESTINAL TRACT

VOMinSG
Vomiting is the means by which the gastrointestinal

tract nds itself of its contents when almost any part of
the upper gastrointestinal tract becomes excessively

irritated, overdistcndcd, or even ovcrcxcitabic. Exces-

sive distension or imtation of the duodenum provides

the strongest stimulus for vomiting. Impulses arc trans-

mitted, as illustrated in Figure 66-2, by both vagal and
sjrmpathetic afferents to the bilateral wmiting center of

the medulla, which lies near the tractus soiitanus at
approximately the level of the dorsal motor nucleus of

the vagus. Appropnate motor reactions are then insti-

tuted to cause the vomiting act, and the motor impulses
that cause the actual vomiting ore transmitted from the

vomiting center through the 5th, 7th, 9th, 10th, and
12th cranial nerves to the upper gastrointestinal tract

and through the spinal nerves to the diaphragm and
abdominal muscles.

Antiperistalsis, the Prelude to Vomiting. In the

early stages of excessive gastrointestinal irritation or

ovc^istension, anlipenstalsis begins to occur, often

many minutes before vonuUng appears. The antipen-

stalsis may begin as far down in the intestinal tract as

the ileum, and tlic antipenstaltic wave travels backward

up the intestine at a rate of 2 to 3 cm per second; this

proMiss can actually push the intestinal contents all the
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v.ay back to the duodenum and stomach within 3 to 5

minutes Then, as these upper portions of the gastroin-

testinal tract, especially the duodenum, become overly

distended, this becomes the exciting factor that initiates

the actual vomiting act During the vomiting, strong

intrinsic contractions occur in both the duodenum and
the stomach, along with simultaneous relaxation of the

gastroesophageal sphincter, thus causing the vomitus to

be expressed into the esophagus From here a specific

vomiting act involving the abdominal muscles expels

the vomitus to the extenor, as explained In the following

paragraph.

The Vomiting Act. Once the vomiting center has

been sufficiently stimulated and the vomiting act insti-

tuted, the first effects are (1) a deep breath, {2) raising

of the hyoid bone and the larynx to pull the cncoeso-

phagcal sphincter open, (31 closing of the glottis, and (4)

lifting of the soft palate to close the posterior nares.

Next comes a strong downward contraction of the dia-

phragm along with simultaneous contraction of all the

abdominal muscles This obviously squeeics the stomach
betv.ecn the two sets of muscles, building the intragas-

tnc pressure to a high level Finally, the gastroesopha-

geal sphincter relaxes, allowing expulsion of the gastric

contents upward through the esophagus.

Thus, the vomiting art results from a squeezing action

of the muscles of the abdomen associated with opening
of the esophageal aphinrtera so that the gastric contents

can be expelled

The Chemoreceptor Trigger Zone of the Medulla
for Initiation of Vomiting by Drugs or by Motion
Sickness. Aside from the vomiting initiated by imta-
tive stimuli in the gastrointestinal tract itself. vomiUng
can also be caused by impulses arising in areas of the
brain outside the vomiting center. This is particularly

true of a small area located bilaterally on the fioor of
the fourth ventricle in or above the area postrema and
called the chemorweplor trigger zone Electrical stimu-
lation of this area will initiate vomiting, but, more
importantly, administration of certain drugs, including
apomorphine, morphine, and some of the digitalis denv-
atives, can directly stimulate the chemoreceptor trigger

zinc and initiate vomiting Destruction of this area
blocks this t>*pe of vomiting but does not block vomiting
Tcsuhing from imlative stimuli m the gastrointastjmO

tract Itself

Also, it IS well known that rapidly changing motions
of the body cause certain people to vomit. The mecha-
nism for this is the following: The motion stimulates
the receptors of the labyrinth, and impulses are trans-
mitted mainly by way of the vestibular nuclei into the
cerebellum, then to the chemoreceptor trigger zone, and
finally to the vomiting center to cause vomiting
Cortical Excitation of Vomiting, Vanous psychic

stimuli, including disquieting scenes, noisome odors,and
other similar psychological factors, can also cause vom-
iting Stimulation of certain areas of the hypothalamus
also causes vomiting The precise neuronal connections
for these effects are not known, though It Is probable
that the impulses pass directly to the vomiting center
and do not involve the chemoreceptor trigger zone

NAUSEA

Everyone has experienced the sensation ofnausea and
knows that it is often a prodrome of vomiting. Nausea
is the conscious recognition of subconscious exatation

in an area of the medulla closely associated with orpa«

ofDie vomiting center, and it can be caused by imtatiw

impulses coming from the gastrointestinal tract, iiQ.

pulses originating in the lower brain associated mtli

motion sickness, or impulses from the cerebral cort«xtc

initiate vomiting. However, vomiting occasionally os

curs without the prodromal sensation of nausea, jo^

eating that only certain portions of the vomiting ceijtm

arc associated with the sensation of nausea

CASTnOfNnSTlNAL OBSTRUCTION

The gastrointestinal tract can become obstructed at

almost any point along its course, as illustrated in

Figure 6&^; some common causes of obstruction are

cancer, fibrotte constnetton resulting from ulceration or

from peritoneal adhesions, spasm ofa segment ofthe gut,

or poroJysis ofa segment of the gut
The abnormal consequences of obstruction depend on

the point in the gastrointestinal tract that becomes

obstructed If the obstruction occurs at the pylorus,

which results often from fibrotic constriction following

peptic ulceration, persistent vomiting of stomach con-

tents occurs This obviously depresses bodily nutrition,

and It also causes excessive loss of hydrogen ions from

the body and can result in vanous degrees of alkalosis

If the obstruction is beyond the stomach, antipcnstal-

tic reflux from the small intestine causes the intestinal

juices to flow backward into the stomach, and these are

vomited along with the stomach secretions la this

instance the person loses large amounts of water and

electrolytes so that he becomes severely dehydrated, but

the loss of acids and bases may be approximately equal

so that little change in add-base balance occurs If the

obstruction is near the lower end of the small intestine,

then It IS actually possible to vomit more basic than

acidic substances; in this case acidosis may result Also,

the vonutus, afler a few days of obstruction, beojTnee

fecal in character.

Also important in obstruction of the small intestine

13 marked distension of the intestine proximal to the

obstructed point Large quantities of fluid and electro-

lytes continue to be secreted into the lumen of the small

intestine and even large amounts of proteins are lost

from t)» bice^ stream, parily into the intestiss) inroen

and partly into the gut wall which becomes edematous
as a result of the excessive distention The plasma
volume diminishes because of the protein loss, and
severe circulatory shock often ensues One might im-

mediately ask. Why does the small intestine not reab-

1
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sorb these fluids and electrolytes? The answer is that
distension of the gut usually stimulates the secretory

activity of the gut but does not correspondingly increase

the rate of absorption. Normally this would act to flush

the chyme farther down the small intestine and there-

fore relieve the distension. But, if obstruction is present,

obviously this normal mechanism cannot occur and
mstead a vicious circle of more and more distension

occurs.

If the obstruction is near the distal end of the large

intestine, feces can accumulate in the colon for several

weeks. The patient develops an intense feeling of con-

stipation, but in the flrst stages of the obstruction

vomiting is not severe After the large intestine has
''ecome completely filled and it Anally becomes impos-
ible for additional chyme to move from the small
itestine into the large intestine, vomiting does then
egin severely. Prolonged obstruction of the large intes-

ine will Anally cause rupture of the intestine itself or

ehydration and circulatory shock resulting from the
evere vomiting.

'A5ES IN THE GASTROINTESTINAL
RACTAND riATUS

Gases can enter the gastrointestinal tract from three
iifferent sources: (1) 8wallow€_d_ah, (2) gases formed as
I result of bacterial gases that diffuse
ixtm the blood into'the^'i^trointestinal tract.

Most gases in the stomach aVe'nltrogen and oxygen
lerived from swallowed air, and in the normal person
nost of these are expelled by baching.
Only small amounts of gas are usually present m the

imall intestine, and much of these are air that passes
'rom_ the stomach into the intestinal tract. In addition,

nnsiderable carbon dioxide also often occurs because
.he reaction between acidic gastric juice and bicarbonate
;n pancreatic juice sometimes is too rapid for the liber-

ated CO| to be absorbed.
In the large intestine, the greater proportion of the

gases is derived from bacterial action, including espe-
cially carbon dioxide, methane, and hydrogen TTiese
iccur along with varying amounts of oxygen and nitro-
gen from swallowed air. When the methane and hydro-
gen become suitably mixed with oxygen from the swal-
lowed air, an actual explosive mixture is occasionally
formed; arjd'use of the electric cautery during sigmoid-
oscopy has rarely caused colon explosions
Certain foods are known to cause greater expulsion of

flatus from the large intestine than others—beans, cab-
onion, cauliflower, com, and certain imtant foods

such as vinegar. Some of these foods serve as a suitable
medium for gas-forming bacteria, especially because of
nnabsorbed fermentable types of carbohydrates (for in-

stance, beans contain an undigestible sugar that passes
into the colon and becomes a superior food for the colonic
bacteria), but in other instances excess gas results from
irritation of the large intestine, which promotes rapid
expulsion of the gases before they can be absorbed.
The amount of gases entenng or farming m the large

intestine each day averages 7 to 10 liters, whereas the
^erage amount expelled is usually only about 0 6 liter.

The remainder is absorbed through the intestinal mu-

cosa. Most often, a person expels large quantities of
gases not because of excessive bacterial activity, but
because of excessive motility of the large intestine, the
gases being moved on through the large intestine before
they can be absorbed.
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Metabolism of
Carbohydrates and
Formation of
Adenosine
Triphosphate

The next few chapters deal with metabolism in the

body, which means the chemical processes that make it

possible for the cells to continue living It is not the

purpose of this textbook, however, to present the chem*

ica) details of all the venous cellular reactions, for this

lies in the discipline of biochemistry Instead, these

chapters are devoted to (1) a review of (he principal

chemical processes of the cell, and (2V an analysis of

their physiological implications, especially in relation

to the manner in which they tit into the overall concept

of homeostasis

R£IM5£ OT INIRGY TROA! fOODS AND
THE CONCEPT OF “EREE INERCr

A great proportion of the chemical reactions in the

cells is concerned with making the energy in foods

available to the various physiological systems of the

cell For instance, energy is requited for ta> muscular
activity, (b) secretion by the glands, <c) maintenance of

membrane potentials by the nerve and muscle fibers, <d)

synthesis of substances in the cells, (e) absorption of

foods from the gastrointestina] tract, and (D many other

functions
Coupled neactions. All the energy foods—carbohy-

drates, fats and proteins—can be oxidized m the cells,

and in this process large amounts ofenergy are released

These same foods can also be burned with pure oxygen
outside the body in an actual fire, again releasing large

amounts of energy However, this time the energy is

released suddenly, all m the form of heat Hie ene^’
needed by the physiological processes of the cells is not
heal but instead energy (a) to cause mechanical move-
ment in the case of muscle function, (b) to concentrate

solutes in the case of glandular secretion, and (c) to

effect other functions. To provide this energy, the chem-
ical reactions must be "coupled” with the systems re-

sponsible for these physiological functions This coupling

M accomplished by special cellular ciuyme and energy
transfer systems, some of which will be expimned in

this and subsequent chapters

1

"Free Energy." The amount of energy liberated by

complete oxidation of a food is called the free energy^
Ike food, and this is generally represented by the symbol

AF. Free energy is usually expressed In terms of calories

per mole of food substance. For instance, the amount of

free energy liberated by oxidation of 1 mole of glu»se

( 180 grams of glucose) is 686,000 calories

ROU orADENOSINE TRIPHOSPHATE (ATP)
IN METABOLISM

ATP is a labile chemical compound that is present in

all cells and has the chemical structure shown in the

formula on the following page.
From this formula it can be seen that ATP is *

combination of adenine, ribose, and three phosphate

radicals The last two phosphate radicals are connec^
with the remainder of the molecule by sixaUed
energy bonds, which are indicated by the symbol The

amount of free energy in each of these high energy

bonds per mole of ATP js approximately 7300 calories

under standard conditions and about 12,000 calorie*

under the conditions of temperature and concentration*

of the reactants m the body. Therefore, removal ofea^
phosphate radical liberates 12,000 calories of energy

After loss of one phosphate radical from ATP, the com-

pound becomes odenostne diphosphate (ADP), and after

loss of the second phosphate radical the compound be-

comes oefenostne monophospfiote (AMP). The intercon-

versions between ATP, ADP. and AMP are the following:

- 12,000 cal fAnPl -12.000 cal fAMP]
ATP . + , -r

+ 12,000 cal I POJ 12,000 cal L^PO* 1

ATP IS present everywhere in the cytoplasm and nue[t^'

plasm of all cells, and esserUially all the physiologl^J

fnechanisms ihol require energy for operation obtain this

directly from theATP (or some other similar high energy

compound—guanostne triphosphate, GTP. for example}-
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TRIPHOSPHATE

0 o~~^
H li 11

CHr-O—P—0~P—O-^P—0“
1 I 1

0“ o- o-

In turn, (he food in the cells is gradually axidvted. and
the released energy is used to re-form the ATP, thus
always maintaining a supply of this substance, alt these

energy transfers take place by means ofcoupled reactions

In summary, ATp is an intermediary compound that
has the peculiar ability of entering into many coupled
reactions—reactions with the food to extract energy, and
reactions in relation to many physiological rnechanisms
to provide energy for their operation For this reason,
ATP has frequently been called the energy currency of
the body that can be gained and spent again and again
The principal purpose of the present chapter is to

explain how the energy from carbohydrates can be used
to form ATP in the cells. At least 99 per cent of all the
carbohydrates utilized by the body is used for (his

purpose.

CENTRAL ROLE OF GLUCOSE IN

CARBOHYDRATE METABOLISM

From Chapter 65 it will be recalled that the final

products of carbohydrate digestion in (he alimentary
tract are almost entirely glucose, fructose, and galac-

tose—with glucose representing, on the a^erage. about

80 per cent of these. After absorption from the intestinal

tract, much of the fructose and almost all the galactose

are also rapidly converted into glucose Therefore, very
httle fructose and galactose are present m the circulat-

ing blood. Glucose thus becomes the final common path-
way for transport of almost all carboh)drates to the
tissue cells.

In the case of fructose, some of this is comerlcd into

glucose as it is absorbed through the intestinal epithelial

cells into the portal blood. This conversion was discussed
in Chapter 65. Much of the remaining fructose and
essentially all the galactose are then comerlcd into

glucose by the liver as will be explained.
In liicr cells, appropriate enrymes are available to

promote inlerconvcrsions among the monosaccharides,
as shown m Figure 67-1 Furthermore, the dj naroics of
the reactions are such that when the liver releases the

monosaccharides back into the blood the final product
15 almost entirely glucose The reason for this is that
the liver cells contain large amounts of g/ucosc phos-
phatase; ihcrifore. glucose G-pbo«pbate can be degraded
back to glucose and phosphate, and the glucose trans-
ported hack into the blood.

Cell membrane

i

ilaciose 1-pho<phatew
Uridine diphoiphate galacmw

It
Uridine diphoiphaie glucoie

l^^Clycogcn

Glucose I-phosphaie

Glucose &*phoiphate

Fructose 6-nhojiiha(C

I
- GLYCOLYSIS

figure 67-1, Interconvervions of the three rn.vor monowc-
charktcwglucose, fniciose. and saiactose—m iNer cellv

Therefore, once again it should be cmph.-isi 2a-d that at

least 90 to 95 per cent of all the monosacchandcs that

circulate in the blood arc the final conversion pniduct,

glucose

TRANSPORT OF GLUCOSE
THROUGH THE CEU MEMBRANE

Before glucose can be UM-d by the cciU, it must be
transported through the cell membrane into (he cellular

cytoplasm. However, glucose c.inn<>t diffuse through tiie

pores of the cell membrane because the maximum mo-
lecular weight of particles that can do thi* is about ll/i,

while glucosc has a molecular w eight of ! e>0 Yet, glucose
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does pass to the intenor of the cells with a reasonable

degree of freedom but is transported through the mem-
brane by the mechanism of facilitated diffusion. The
principles of this type of transport were discussed m
Chapter 9. Basically, they are the following- In the lipid

matrix of the cell membrane are large nurobera of

protein comer molecules that can bind with glucose In

this bound form the glucose can be transported by the

earner from one side of the membrane to the other side

and then released Therefore, if the concentration of

glucose IS greater on one side of the membrane than on
the other side, more glucose will be transported from

the high concentration area than in the opposite direc-

tion

It should be noted that this transport of glucose

through the membranes of most tissue cells is quite

different from that which occurs through the gastroin-

testinal membrane or through the epithelium of the

renal tubules In both these cases, the glucose la trans-

ported by the mechamsm of active aodium cotransport,

in which active transport of sodium provides energy for

absorbing glucose against a concentration difference

This sodium cotransport mechanism functions only in

certain special epithelial cells that are specihcally

adapted foe active absorption of glucose Instead, at alt

other cell membranes, glucose is transported only from
higher concentration toward lower concentration by the

process of facilitated diffusion, made possible by the
Rpccial binding properties of the glucose earner

fAaitTATlOS or CIUCOSE TRANSPORT
BY INSULIN

The rate of glucose transport, and also transport of
some other monosaccharides, is greatly increased by
insulin When large amounts of insulin are secreted by
the pancreas, the rate of glucose transport into most
cells increases to 10 or more times the rate of transport
when no insulin at all is secreted The amounta of
glucose that can diffuse to the insides of most cells of
the body in the absence of insulin, with the exceptions

of the liver and brain cells, are far too little to supply
anywhere near the amount of glucose normally required

for energy metabolism Therefore, in effect, the rate of
carbohydrate utilization by most cells is controlled by
the rate of insulin secretion in the pancreas The func-

tions of insulin and its control of carbohydrate metabo-
lism will be discussed in detail in Chapter 78.

Failure of Disaccharidcs to Be Transported. Very
minute amounts of disacchandes are absorbed into the
blood from the gastrointestinal tract, but essentially

none of these can be transported into the cells Therefore,
no disacchandes or larger polysacchandes are utilized

for cellular metabolism Instead, they arc excreted com-
pletely in the urine

PHOSPHORYLATION OF GLUCOSE

Immediately upon entry into the cells, glucose com-
bine.s with a phosphate radical in accordance with the
following reaction.

giucokinasc or hexokinase
Ulucosc

+'aTP
* Glucose 6-phosphate

This phosphorylation is promoted by the enzyme glueo-
Ainoje in the liver or hexokinase in most other cells

The phosphorylation of glucose is almost complcUl;

irreversible except In the liver cells, the renal tubulsr

epithelium, and the intestinal epithelial cells in whidi

glucose phosphatase is available for reversing the tear

tion Therefore, in most tissues of the body phosphorjl.

ation serves to capture the glucose in the cell—once u
the cell the glucose will not diffuse back out except froa

those special cells listed earlier that have the necessary

phosphatase

STORAGE OF GLYCOGEN IN LIVER
AND MUSCLE

After absorption into the cells, glucose can be used

immediately for release of energy to the cells or it can

be stored in the form of glycogen, which is a large

polymer of glucose

All cells of the body are capable of stonng at least

some glycogen, but certain cells can store large amounts,

especially the liver cells, which can store up to 5 to 8

per cent of their weight as glycogen, and muscle cell®,

which can store up to 1 to 3 per cent glycogen. The

glycogen molecules can be polymerized to almost any

molecular weight, the average molecular weight being

5.000.000 or greater, most of the glycogen precipifafas

m the form of solid granules This conversion of the

monosacchandes into a high molecular weight, preapi-

tated compound makes it possible to store large quan-

tities of carbohydrates without significantly altering the

osmotic pressure of the intracellular fluids. Obviously,
high concentrations of low molecular weight, aoluble

monosacchandes would play havoc with the osmotic

relationships between intracellular and extracellular

fluids

GLYCOCINESIS

Glycogenesis is the process of glycogen formation, the

chemical reactions for which are illuslraled in Figure

67-2. From this figure it can be seen that glucose €
phosphate first becomes glucose J-phosphate; then this

IS converted to undine diphosphate glucose, which is

then converted into glycogen ^veral specific enzymes

^ood

membruie

^Glycogen

Uridine diphosphsie glucose I (Pbosphoiylase)

1-phcapbale

(glucolioase} 11
- Glucose 6-phosphate

Figure 67-2. The chemical reactions of glycogenesis and

glycogenolysls. showing also the iwerconverslons between Wood
^ucose and Uver glycogea (The phosphatase required foe release

ofglucose from the ceil 1$ absent In muscle cells-)
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Q are required to cause these conversions, and any mono*
I saccharide that can be converted into glucose obviously
II can enter into the reactions. Certain smaller compounds,
' including lactic acid, glycerol, pyruvic acid, and some

9 deaminated amino acids, can also be converted into

c glucose or closely allied compounds and thence into

glycogen.

CLYCOCENOLY5IS

Glycogenolysis means the breakdown of glycogen to

re-form glucose in the cells. Glycogenolysis does not
occur by reversal of the same chemical reactions that

serve to form glycogen; instead, each succeeding glucose

molecule on each branch of the glycogen polymer is ^ht
' away by a process of phosphorylation, catalyzed by the

enzyme phosphorylase (several other enzymes split the
‘ glycogen molecule at the branching points).

Under resting conditions, the phosphorylase is in an
1 inactive form so that glycogen can be stored but not
‘ reconverted into glucose. When it is necessary to re-
' form glucose from glycogen, therefore, the phosphorylase
‘ must hrst be activated. This is accomplished m the

following two ways:
' Activation of Phosphorylase by Epinephrine and

Glucagon. Two hormones, epinephrine and glucagon,
‘ can specifically activate phosphorylase and thereby

cause rapid glycogenolysis The initial e^ect of eadi of
^ these honnones is to increase the formation of cyclic
* adenosine monophosphate (cAMP) in the cells. This

substance then initiates a cascade of chemical reactions

that activates the phosphorylase. This will be discussed
' in more detail in Chapter 78
' Epinephrine is released by the adrenal medullae when
’ the sympathetic nervous system is stimulated. There-

fore, one of the functions of the sympathetic nervous
system is to increase the availability of glucose for rapid

metabolism. This function of epinephrine occurs mark-
edly both in liver cells and in muscle, thereby contnb*

i uting, along wiA other effects of sympathetic stimula-
r tion, to preparing the body for action, as was discussed

m Chapter 57.

Glucagon is a hormone secreted by the alpha cells of
the pancreas when the blood glucose concentration falls

too low. It stimulates the formation of cAMP mainly in
the liver. Therefore, its effect is primanly to convert
liver glycogen into glucose and to release this into the
blood, thereby elevating blood glucose concentration.
The function of glucagon in blood glucose regulation is

discussed in Chapter 78.

RELEASe OF ENERGY FROM THE
GLUCOSE MOLECULE BY THE
GLYCOLYTIC PATHWAY

Since complete oxidation of 1 gram-mole of glucose

releases 686,000 calories of energy, and only 12,000
calories of energy are required to form I gram-mole of
adenosine triphosphate (ATP), it would be extremely

wasteful of energy if glucose should be decomposed all

the way mlo water and carbon dioxide at once while
forming only a single ATP molecule. Fortunately, cells

contain an extensive series of different protein enzymes
that cause the glucose molecule to split a little at a time
in many successive steps, with its energy released in

small packets to form one molecule of ATP at a time,

forming a total of 38 moles of ATP for each mole of

glucose utilized by the cells.

The purpose of the present section is to desaibe the

basic principles by which the glucose molecule is pro-

gressively dissected and its energy released to form ATP.

ClVCOiyS/5 A^D THE FORMATIOS OF
PYRUVIC ACID

By far the most important means by which energy is

released from the glucose molecule is by the process of

glycolysis and then oxidation of the end-products of

glycolysis. Glycolysis means splitting of the glucose y
molecule to form two molecules of pyruvic acid This

occurs by 10 successive steps of chemical reactions, as

illustrated in Figure 67-3 Each step is catalyzed by at

)

Ogure 67-3. "me sequence of chemical
leautons responsible for glycolysis.

\tl TituUen:

Glucose

-tt-
Glucose S^phosphate

Fructose 6-phospiiaie

I t-
Fructose 2, 6-photpit»te

i^Thhydronyacetone phospharc

(Clyccraltlehydc 3-phoiphate)

I t

2ADP-
2 (1, 3-DiphosphogtyccrkC acid)

-It.
—

2 (3-Pliosphogl)Xcric acid)

2 (2-Pf>osphogl)Cenc acid)

2 ii*lio»i)lH>ei»>ljniu»K: J<id)

2ADP- 1 !

2 (P)ruslc acid)

—f- 2A'l P

SlucoK -p 2AT)P + 2PO. •—2 Pyruvic add -f 2ATP + 4H
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Ira>t CM fpe^xfie prolcm ennire Ncte that pIuco«e is

f rtt fcnvcrtH intn fructose* l.f>-Fho«phateand then split

ifita t»-o thfpe<a:bfn otom molcoilrt, each of «hich w
then<«‘n*en«!lhreu;Th fire luccc«'«ite step* intopjTuvjc

a«id

Formation of Adenosine Triphosphate (ATP)

During (Jlyeolysis. Despite the many chmical wac-

two* in the Rljcolrtie trnrs. onlv a small portion of the

fn e tntTKV in the jlucose nnitmle is rtleaded lioi».c\eT.

between the 1.3-diph'»*phoFlycrric acid and the 3-phoa-

p* oslycmc acid itapes. and atjam between the pho«phij-

p>-nme acid and the pynivie acid stages, the packets of

rntriO' relcavd an* greater than 12.000 calories per

mrlp. the amount t«iutrvd to form ATP. and the reac*

ttnni are coupled in such a way that ATP is formed

f Thai, a total of 4 moles of ATI’ are formed for each mole
of frurtcree J.R pho-phate that is split into pyruvic acid

Yet 2 moles of ATP had been required to phosphoryl-

a'e the original glucose to form fruetov? l.^phosphole
bef >re glymlysis wuld begin Therefore, the net gam in

ATI’ molecules by the entire ghcol>tic piwss i« only 2
moles far each mole of glucov* utilized This amounts to

24.000 calories of enorgi* stored in the form of ATP. hut
during glrcolysn a total of M.OOO calones of energy is

lost from the nrigira! glucose, pnng an overall tfficitncy

fur ATP formation of 43 per cent The rtraaming 57 per
cent of the energy is lost in the form of heat

Ilelrasr of Hydrogen Atoms During Glycolysis.

Note m Figure C7-3 that 2 hydrogen atoms are released

fmm each nolmile of glyeeraldeliyde during its conver*

non to i;S'dirhosj'hoslycenc and And. imee 2 mole*
culi’s of glyreraldrhyde arc formed from each glucose
mnlecuU*. a totnl of 4 hydrogen atoma m releaved Later
in the chapter we will see that pfilt many more hydrogen
atom* are rrien«ed when pyniiie acid t* split into its

ffimpunent parts and that these hydrogen atoms plus
the 4 release*! dunng gl)cnl>»is are oxidized to provide
iTi'Hl ef the energy th.il is cientually used m the syn-
the*i« of ATI’

co.v\TJts/o\ or nuimc acid to
ACimCOlSZTMlA

Tlio nest stage m the degradation of gluc<ii*e is (I I

ficilitateil trsniport of the 2 denvntlve piYruvic and
rviJecules into the rintnt of the mitnchondns. and then
t‘l»<onver»i'.neftlK-«ein!o2 molecules of oevAlw'iryfne
A laeet)! CoA) in aecordaece with the following rese*
t>on

O
!

2CH.~C-COOH 2C0A-SH-
'I’yruvic acid) <CoenzymeA»

0

2CT1.— (•-';-<*oA s 2CO, 41!
(Acetyl CoAi

Frran l> u resrtirrn i? ran be seen that 2 carbon dioxide
r^ftlreules 4*d 4 hyd'ogen alum* are released, while the
rersiln'hTf ef the 2 Pynrvir and molecules comline
wnh r^enrymr A, a d.-nv9tivr of the iitamin panto*
theftkf and. to f*m 2 m-'Seculre ©f aceiyl-CoA In this
ccnsersfei. no ATT is f^*mcd but wp to R mriletules cf

are f-rmed when the 4 hydrogen atom* are btrr
•e*i. «s will l«e dkSrutred in a later *ertK>n

THE CITRICAOD CYCLE
j

The next stage in the degradation of the gl-jesa

molecule is calW the citric acid cycle (also called Os

trtearboxylicttcid cycle orKrebs cycle). This is a seqoetn

of chemical reactions m which the acetyl portion d

aeetyl-CoA is degraded to carbon dioxide and hydrt^t

atoms. These reactions all occur in the matrix cf t>i

mitochondnon The released hydrogen atoms are r-is

scquenlly oxidized, as will be discussed later, rclea.uz<

tremendous amounts of energy to form ATP.
Rgure 67-4 shows the different stages of the ehemkil

reactions in the citric acid cycle. The substances to the

left arc added during the chemical reactions, and

products of the chemical reactions are shown to the

right Note at the top of the column that the cycle begmi

with ojo/orMTtic oerrf, and then at the bottom of the

chain of reactions, eaatoncelic aetd is formed once sgsia.

Thus, the cycle can continue over and over

In the initial stage of the citnc acid cycle, acetyl Cat

com&fne* « ifA orn/cwf'i'i'i'jr acad la Amr cdirc acid Tbe

coenzyme A portion of the acctyl-CoA is released sr.!

can be used again and again for the formation of ttiH

more quantities of acetyl-CoA from pyruvic acid Th»

acetyl portion, however, becomes an Integral partefUif

citnc acid molecule Dunng the successive stages of O’*

citnc aod cycle, *e\-eral molecules of water are added,

and carbon dicatde and hydrogen atoms are released at

various stages m the c)clc, as shown on the right in th*

figure

The net results of Iho entire citric acid cycle are given

in the legend cf Figure 67-4, illustrating that foreath

molecule of Rlun»e ortginnlly metabolized, 2 acetyl-CoA

molecules enter into the citric acid cycle along with B

molecules of water Tho«e then are degraded into 4

carbon dioxide molecules. 16 hydrogen nloms, and 3

molecules of coenzyme A
Formation of ATP In the Citric Acid Cycle* hotl

great amount of energy is released during theatric acid

cycle it<elf, monly one ofthe chemical reactiona—durifS

the change from n kctoglutaric acid to succinic aeid-ii

a molecule of ATP formed Thus, for each rnolecule o.

gluc(»e metabolized, 2 acctyl-CoA molecules ps*'

through the cilrie acid cycle, each forming a moicculeci

ATP. or. a total or2 molecules of ATP i» formed
Function of the Dehydrogennses and Nicotin-

amide Adenine Dinucieotide (NAD*) in CauslnS

Relense of Hydrogen Atoms. As noted at «vcre

points m this discussion, hydrogen atoms arc reles*rt

during different chemical reactions—4 hydrogen ot^J
during gljrnlysia, 4 dunng the formation of acetyl C©^

from pyruvic acid, and 16 in the citnc and cycle, thi^

makes a total of 24 hydrogen atom* However, tw

hydrogen atoms are not simply turned loose in tw

intracellular fluid Instead, they ore released in

of two. and in each in«tance the release is calalyicd b>

a apecific protein enzyme called a dehydrogtnait

Twenty of the 24 hydrogen atoms immediately comhin*

with nieotmamido adenine dinucieotide (NAD’), s ^
nvalive of the vitamin niacin, in accordance with tw

following reaction

11

dthydrogena‘e
Substrate * NAD*' - -

\
H

NADU s II' - Substrate
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CHj—CO-CqA

Hgure 67-4. The chemical reactions of the citric acid tydfe

showing the release of carbon dioxide and an especially laiS*

number of hydrogen atoms during the cycle

Net reaction per molecule ofglucose-

2 Acetyl-CoA + 6HiO + 2A0P
4COx + I6H + 2CoA + 2A7P

This reaction will not occur without the initial inter-

mediation of the specific dehydrogenase nor without the
availability of NAD* to act as a hydrogen earner. Both
the free hydrogen ion and the hydrogen bound with
NAD' subsequently enter into the oxidative chemical
reactions that form tremendous quantities of ATP, as

will be discussed later.

The remaining 4 hydrogen atoms released dunng the

breakdown of glucose—the four released during the

citnc acid cycle between the succinic and fumanc acid

stages—combine with a specific dehydrogenase but are

not then subsequently released to NAD*. Instead, they

pass directly from the dehydrogenase into the oxidative

processes

Function of Decarboxylases in Causing Release
of Carbon Dioxide. Referring again to the chemical

reactions of the citnc acid cycle and also to those for

formation of acetyl-CoA from pyruvic acid, we find that

iVieie are ibite stages m wVoth carbon iioxide ts re-

leased. To cause the carbon dioxide release, other specific

protein enxymes, called decarboxylases, split the carbon

dioxide away from the substrate. The carbon dioxide in

turn becomes dissolved in the fluids of the cells and is

transported to the lungs where it is expired from the

body (see Chapter 41)

fORMATlON OF ATP BY OXIDATIVE
PHOSPHORYLATION

Despite all the complexities of (a) glycolysis, (b) the

citnc acid cycle, (c) dehydrogenation, and (d) decarbox-

ylation. pitifully small amounts of ATP are formed

dunng all these processes—only 2 ATP molecules in the

glycolysis scheme and another 2 in the citric acid cycle.

Instead. 90 per cent of the total ATP formed by glucose

metabolism is formed during subsequent oxidation of

the hydrogen atoms that are released during these

earlier stages of glucose degradation Indeed, the prin-

cipal function of all these earlier stages is to make the
hydrogen of the glucose molecule available m forms that

can be utilized for oxidation.

Oxidation of hydrogen is accomplished by a senes of

enzymatically catalyzed reactions m the mitochondna
that (a) split each hydrogen atom into a hydrogen ion

and an electron, and (b) use the electrons eventually to

change the dissolved oxygen of the fluids into hydroxyl

ions. Then the hydrogen and hydroxyl ions combine
with each other to form water. Dunng the sequence of

oxidative reactions, tremendous quantities ofenergy are

released to form ATP. Formation ofATP in this manner
is called oxidatiie phosphorylation. This occurs entirely

in the mitochondria by a highly specialized process

(^led the chemiosmotic mechanism.

The Chemiosmotic MechAnlsm
of the MItochondriA

Ionization of Hydrogen, the Electron Transport
Chain, and Formation of Water. The first step in

oxidative phosphorylation in the mitochondria is to

ionize the hydrogen atoms that have been removed from
the food substrates. As described earlier, these hydrogen
atoms are removed in pairs' one immediately ^comes
a hydrogen ion, H*, and the other combines with NAD*
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FOOD SUBSTRATE

CYTO-
PLASM

ngure CT-’S. The chemlostnotfc (h«oiy of oxidactve pho$phor
ylation for fermlns great ouantftjes of ATP

to form NAOH The upper portiort of Figure 67-^ shows
in color the subsequent fate of the NADH and K * The
initial effect is to release the other hydrogen atom bound
with NAD to form another hydrogen ion, H*: this

procesa also reconstitutes NAD* that will be reused

again and again
The electrons that are removed Grom the hydrogen

atoms to cause the lonuation immediately enter an
electron transport chain that is an integral part of the

inner membrane (the shelf membrane) of the mitochon-
drion This transport chain consists ofa series ofelectron

acceptors that can be reversibly reduced or oxidized by
accepting or giving up electrons The important mem-
bers of this electron transport chain include ftavoprotein,

several iron sulfide proteins, ubiquinone, and cyto-

chromes B, Cl, C, A, and A, Each electron is shuttled

from one of these acceptors to the next until it finally

reaches cytochrome A,, which is called cytochrome oxi-

dase because it is capable, by giving up two electrons,

of causing elemental oxygen to combine with hydrogen
ions to form water
Thus, Figure 67-5 illustrates transport of electrons

through the electron chain and then ultimate use of
these by cytochrome oxidase to cause the formation of

water molecules During the transport ofthese electron#

through the electron transport chain energy is released

that IS later used to cause synthesis of ATP.
Pumping of Hydrogen Ions into the Outer Chum^

ber of the Mitochondrion, Caused by the Electron
Transport Chain. As the electrons pass through the
electron transport chain, large amounts of energy are
released. This energy is used to pump hydrogen km#
from the inner matrix of the mitochondrion into th#
outer chamber between the inner and outer mitochon'
driai membranes This creates a high concentration of
hydrogen ions in this chamber, and it also creates #

^ve electrical potential in the inner matrlz>

/

Formation of ATP. The next step in oxidative phos-

phorylation is to convert ADP into ATP. This occurs fa

cortiunction with a large protein molecule that protnsla

all the way through the inner mitochondrial membrsM
and projects with a knoblike head into the inner ciatni

This molecule is an ATPase, the physical nature af

which 13 illustrated in Figure 67-6. It is called ATP

synthetase It is believed that the high concentration cf

hydrogen ions in the outer chamber and the lai?«

electrical potential difference across the inner mem
brane cause the hydrogen ions to flow into the mito-

chondrial matrix through the substance of the ATPase

molecule In doing so, energy derived from this hydrogen

ion flow 15 utilized by the ATPase to convert ADP inta

ATP by combining ADP with inorganic phosphate (Pi),

thus forming an additional high energy phosphate bond

The final step in the process is transfer of the ATP

from the inside of the mitochondrion back to the ej'to-

plasm This occurs fay facilitated diffusion outward

through the inner membrane and then by simple diffu

•srtm Wfitrtig’n tVit •rery T«Tn*vtWit trcAw •jwAM-biimfefli

membrane In turn, ADP is continually transferredb a

like manner back into the mitochondrial matrix foi

continual conversion into ATP.
For each 2 electrons that pas# through the entin

electron transport chain (representing the ionization el

2 hydrogen atoms), up to 3 ATP molecules are synthe

SIZM

SlMfAMilF orATP fORMATJON DURING
TH£ BRIAKDOWN Of CLUC05C
We can now determine the total number of ATP

molecules formed by the energy from 1 molecule of

glucose

First, during glycolysis, 4 molecules ofATP are formed
while 2 are expended to cause the initial phosphoryls-
tion of glucose to start the procesa going. This gives a

net gam of2 molecules ofATP.
Second, during each revolution of the citric acid cycle,

I molecule of ATP is formed. However, because each

glucose molecule aphis into 2 pyruvic acid molecules,

there are two revolutions of the cycle for each molecule

of glucose metabolized, giving a net production of 2

mi^ecuhs ofATP
Third, during the entire schema ofglucose breakdown,

a total of24 hydrogen atoms isreleas^ during glycolysis

and dunng the citric acid cycle. Twenty of these atoms

are oxidized by the schema of oxidative reactions shown

HI Figure 67-5, with the releaseofup to 3 ATP molecules

per 2 atoms of hydrogen metabolized This gives a

production of30 ATP molecules.

Fourth, the remaining 4 hydrogen atoms are released

by their dehydrogenase into the oxidative schema in the

mitochondrion beyond the first stage of Figure 67-5, so

that for these 4 hydrogen atoms only 2 ATP molecules

are usually released for each 2 hydrogen atoms oxidized,

giving a total of4 ATP molecules.
Now, adding all the ATP molecules formed, we find a

maximum of55 ATP molecules formed for each molecule

of glucose degraded to carbon dioxide and water. Thus.

456.000 calones of energy can be stored m the form of

ATP, while €86,000 calones are released during the

complete oxidation of each gram-mole of glucose- This

represents an overall maximum efficiency of energy

transfer of 66 per cent. The remaining 34 per cent of

the energy becomes heat and therefore cannot be used

by the cells to perform specific functions
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CONTROL OF GLYCOLYSIS AND
OXIDATION BY ATPAND ADP

Continual release of energy from glucose when the

energy is not needed by the cells would be an extremely

wasteful process. Fortunately, glycolysis and the sub-

sequent oxidation of hydrogen atoms are continually

controlled in accordance with the needs of the cells for

ATP. Tbis control is accomplished by a multitude of

feedback control mechanisms within the chemical sche-

mas. However, among the more important of these are

the eiTects of both ADP and ATP in controlling the rates

of chemical reactions in the energy metabolism se-

quence.

An important way in which ATP helps control energy
metabolism is its effect in causing an allosteric inhibition

of the enzyme phosphofructokinase Because this enzyme
promotes the formation of fructose 1,6-phosphate, one of

the initial steps in the glycolytic series of reactions, the

net effect of excess ATP, therefore, is to stop glycolysis,

which in turn stops most carbohydrate metabolism

Conversely, ADP (and AMP as well) causes the opposite

allosteric change in this enzyme, greatly increasing its

activity. Therefore, whenever ATP is used by the tissues

for energy, this reduces the ATP inhibition of the en-

zyme but at the same time increases its activity as a

result of the ADP that is formed, and the glycolytic

process is set in motion Soon the total cellular store of

ATP is replenished.

Another control linkage is the citrate wn formed in

the citric acid cycle An excess of this ion also strongly

inhibits phosphofructokinase. thus preventing the gly-

colytic process from getting ahead of the ability of the

ntne add cyde to utilize the pyruvic acid formed during

glycolysis.

A third way by which the ATP-ADP-AMP system
controls carbohydrate metabolism, as well as controls

energy release fkim fats and proteins, is the following.

Referring back to the various chemical reactions for

energy release, we see that at many different stages

ADP is converted into ATP. IfADP is not available, the

reactions at each of these stages simply cannot occur,

thus stopping the degradation of the glucose molecule,

fat molecule, or protein molecule Then, when ATP is

used to energize the different physiological functions in

the cell, the resulting ADP and AMP turn on the energy

processes again, and the ADP and AMP are almost

instantly returned to the ATP state In this way. essen-

tially a full store of ATP is automatically maintained

all the time, except during extreme cellular activity aa

might occur in very heavy exercise.

anaerobic release of energy—
“ANAEROBIC GLYCOLYSIS”

Occasionally, oxygen becomes either unavailable or

insulTicicnt so that oxidative phosphorylation cannot

take place. Yet, e^en under these conditions, a small

amount of energy can still be released to the cells by

ebcolysis, for the chemical reactions m the glycolytic

breakdown of glucose to pyruvic acid do not require

ox>gen. Unfortunately, this process is extremely waste-

ful of glucose because only 24,000 calorics ofenergy are

used to form ATP for each molecule of glucose utilized,

"hicli represents only a little o>er 3 per cent of the total

energy in the glucose molecule. Nevertheless, this re-

lease of glycolytic energy to the cells can be a life-saving

measure for a few minutes when oxygen becomes un-

available.

Formation of Lactic Acid During Anaerobic Gly-
colysis. The law of mass action states that as the end-
products of a chemical reaction build up in the reacting
medium, the rate of the reaction approaches zero. The
two end-products of the glycolytic reactions (see Fig. 67-
3) arc (1) pyruvic acid and (2) hydrogen atoms, which
arc combined with NAD" to form NADH and H*. The
buildup of either or both of these would stop the glyco-
lytic process and prevent further formation of ATP.
Fortunately, when their quantities begin to be excessive
these two end-products react with each other to form
lactic acid in accordance with the following equation:

O lactic

0 dehydrogenase

CH,—C—COOH + NADH + H" —
(Pyruvic acid)

OH

(Lactic acid)

Thus, under anaerobic conditions, by for the major
proportion of the pyruvic acid is converted into lactic

acid, which diffuses readily out of the cells into the
extracellular fluids and even into the intracellular fluids

ofother less active cells Therefore, lactic acid represents
a type of “sinkhole” into which the glycolytic end-
products can disappear, thus allowing glycolysis to pro-
ceed for longer than would bo possible if the pyruvic
acid and hydrogen were not removed from the reacting
medium. Indeed, glycolysis could proceed for only a lew
seconds without this conversion Instead, it can proceed
for several minutes, supplying the body with consider-
able quantities ofATP even m the absence of respiratory
oxygen.

Reconv ersion of Lactic Acid and Pyruvic Acid to
Glucose in the Presence of Oxygen. The entire

schema of glycolysis, all the way from glucose to lactic

acid. 13 theoretically reversible, but in practice the
reverse change of pyruvic acid into phosphocnolpyruvic
aud is extremely slow. However, other enzymes cause
the pynivic acid to be converted first into oxaloacetic
aad and then into phosphocnolpyruvic acid, oiler which
the scheme of reconversion can proceed. Unfortunately,
however, UuB reverse process consumes 6 ATP molecules
m comparison with the 2 ATP molecules formed during
glycolysis.

When a person begins to breathe oxygen again after
a period of anaerobic metabolism, the extra NADH and
11' as well as the extra pyruvic acid that have built up
in the body fluids are rapidly oxidized, thereby greatly
reducing their concentrations. As a result, the chemical
reaction for formation of lactic aud immediately re-
verses Itself, the lactic acid once again bi^ming pyruvic
aad. Large portions of this arc immediately utilized by
the cilne acid cycle to provide additional oxidative
energy, and large quanUUes of ATP are formed. This
excess ATP then causes as much as three-fourths of the
remaining excess pyruv ic aud to be conv erted back into
glucose.

Tbus, the great amount of lactic aud that forms dunne
anaerobic glycolysis docs not become lost from the body
for when oxygen is again available, the Uctw aad either
can be rcconvcrtc-d to glucose or can be ' r
energy. By for the greater proportion
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sion occurs in the liver, but a small amount can also

occur in other tissues.

Use ofLactic Acid b>' the Heart for Energy, Heart

muscle IS especially capable of converting lactic acid to

pyruvic acid and then utilizing this for energy This

occurs to a great extent in very heavy exercise, during

which large amounts of lactic acid are released into the

blood from the skeletal muscles.

RELEASE OF ENERGY FROM
GLUCOSE BY THE
PHOSPHOCLUCONATE PATHWAY

Though, in muscle, essentially all the carbohydrates

utilized for energy are degraded to pyruvic acid by
glycolysis and then oxidized, the glycolytic schema is

not the only means by which glucose can be degraded

and then oxidized to provide energy A eecond important

schema for breakdown and oxidation of glucose is called

the phonphogluconali! pathway, which is resp<5n«ihle for

as much os 30 per cent of the glucose breakdown in the

luvr and ci en more than this in fat cells it is especially

important because it can provide energy independently

of all the enzymee of the citric acid cycle and therefore

13 an alternate pathway for energy metabolism iii some
enzymatic abnormalities of the cells

Release of Carbon Dioxide and Hydrogen by
Means of the Phosphogluconate Pathway. Figure
67'C illustrates most of the basic chemical reactions in

the phosphogluconato pathway This shows that glucose,

alter several stages of conversion, releases 1 molecule
of carbon dioxide and A atoms of hydrogen, with rrsuh
tanl formation of a five<aTbon sugar, o-nbulose This
substance in turn can change progressively into several

other five*, four*, seven-, and three-carbon sugars Fi-

nally, various combinations of these sugars can resyn-
thesize glucose However, only 6 molecules ofglucose air
resynihesued for eirry 6 molecules of glucose that ini.

tiaify enter into the reactions Thai 1-,. the pho^pbogk

conate pathway is a cyclic procen in which 1 moleca!

ofglucose is metabolized for each revolution of the eytl*

Thus, by revolution of the cycle again and again, alltJi

gluco-Hi can eventually be converted into carbon dioxid

and hydrogen, and the hydrogen in turn can enter ll

oxidative phosphorylation pathway to form ATP, t

more often it is used for synthesis of fat us fellows

Use of I lydrogen to Synthesize Fat; The Functio

of Nicotinamide Adenine Dmuclcotide Phosphal
(NADP'I The hydrogen released during the phespht

gluconate cycle dex's not combine with NAD' as in th

glycolytic pathway, but combines with NADP', whjc

IS almost identical with NAD' except for an cjtr

phosphate radical Yet. this diiTorence is extremely Jif

nificant because only hydrogen bound with NADP' i

the farm of NADPIl can be u*cd for synthesis of fai

from carbohydrates, which «s discussed in the followr

chapter tVTien glycolysis becomes slowed bccau^ i

cellular inactivity, the phosphogluconatc pathway sli

remains opcrntiic (mainly m the liver) to break dow
any excess gluco*-e that continues to he transported in

the cells, and NADI’Hbeeomcsahundant to heipconve
acetyl radicals into long fvttv acid chains

CtUC05£ COW£«/OV TO
CLYCOCIN OR FAT

When glucose i« net immediately required forenerg;

the extra glurove that continually enters the cells eithi

is stored as glycogen or is converted into fat Clutw
preferentially stored ns glycogen until the cells hat

stored as much glycogen os they can—an omount lufl

eienl to supply the energy needs of the body for only 1

to 24 hours \Yhen the cells (primarily liver and muse
cellsi approach saturation with glycogen, the ndditioni

glucose IS then converted into fat m the liver and in fi

cells and then is stored in the fat tells. Other steps in

the chermslry of this conversion are discussed in the

following chapter

Gtufove 6-phosphaic

i1-
6-i’tioiphogIueono.j.lac<onp

H
C'Phosphogluconic acid

u-
3.Keto-^*ptio9phogluconic acxi

H CO,
u-Ribulose S'phosphsic

jo^Xvlulose S-pbosptutcl

Ilo-Riboic y.phosphaK

,
tt

/
fD-Sedohcpuilosc 7*phosphaie I

I
I VD-Gl^ceraldehydc 3-phojphatc/

/ fFruciosc fi.phojphaic I

!
\ lErythrose 4-phosphatcJ

Sri •raelion

Clucow + I2NADP- 6H,0—^6C0, I2H + lINADPli

(Igute «7-6. The phosphosluconaw pidvway foi glucose me-
tabolism.

rORMATION or CAREOHYDRATtS
FROM PROTEINS AND FATS—
"GIUCONEOCENESIS"

When the body's stores of carbohydrates decrease
below normal, moderate quantilicv of glucsjRc can be

formed from ammo acids and from the ghcerol portion

of fat. This process is called gluconeogenesis Approxi-
mately 60 per cent of the amino acids in the body
proteins can be converted easily into carbohydrates,
while the remoming 40 per cent have chemical ronfig*

urationa that make this difficult. Each amino acid is

converted into glucose by a slightly different chemical
process. For instance, alanine can be converted directly

into pyruvic acid simply by deamination, the pyruvic

acid then is converted into glucose, as explained previ-

ously Several of the more complicated ammo acids can
bo converted into dilTerent sugars containing three-,

four-, five-, or seven-carbon atoms: these can then enter

the phosphogluconatc pathway and eventually form glu-

cose. Thus, by means of deamination plus several simple
interconversions, many of the amino acids become glu-

cose. Similar interconversions can change glycerol into

carbohydrates.
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Regulation of Gluconeogenesis. Diminished car*

bohydrates in the cells and decreased blood sugar are
the basic stimuli that set oiT an increase in the rate of

gluconeogenesis. The diminished carbohydrates can di-

rectly cause reversal of many of the glycolytic and
phosphogluconate reactions, thus allowing conversion of

deaminated amino adds and glycerol into carbohy-
drates. However, in addition, several of the hormones
secreted by the endocrine glands are especially impor-
tant in this regulation, as follows'

Effect of Corticotropin and Glucocorticoids on
Gluconeogenesis. When normal quantities of carbo-
hydrates are not available to the cells, the adenohypo-
physis, for reasons not completely understood at present,

begins to secrete increased quantities of corticotropin,

which stimulate the adrenal cortex to produce large

quantities ofglucocorticoidhormones, especially corfts^.

In turn, cortisol mobilizes proteins from essentially all

cells of the body, making these available in the form of
ammo acids in the body fluids. A hi^ proportion of
these immediately become deaminated in the liver and
therefore provide ideal substrates for conversion into

glucose. 11108, one of the most important means by
which gluconeogenesis la promoted is through the re-

lease of glucocorticoids from the adrenal cortex
Effect of Thyroxine on Gluconeogenesis. Thyrox-

ine, secreted by the thyroid gland, also increases the
rate of gluconeogenesis. This, too, is believed to result

pnncipally from mobilisation of proteins from the cells.

However, it might result to some extent also from the
mobilization of fats from the fat depots, the glycerol

portion of the fats being converted into glucose

BLOOD GLUCOSE

The normal blood glucose concentration in a person
who has not eaten a meal within the past three to four
hours is approximately 90 mg/dl and. even after a meal
containing large amounts of carbohydrates, this rarely
rises above 140 mg/dl unless the person luis diabetes
mellitus, which will be discussed m Chapter 78.

The regulation of blood glucose concentration is inti-

mately related to the hormones insulin and glucagon,
this subject will be discussed m detail in Chapter 78 in
relation to the functions of these hormones.
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A number of different chemical compounds in the food

and in the body are classified as lipids These include

(1) neutral fat, known also as triglycerides, (2) the

phospholipids, 13) cholesterol, and (4) a few others of less

importance. Chemically, the basic lipid moiety of both

the triglycerides and the phospholipids is fatty acids.

which are simply long chain hydrocarbon organic acids

A typical fatty acid, palmitic acid, is the following

CH,(CH,l„COOH

Though cholesterol does not contain fatty acid, its sterol

nucleus, as pointed out later in the chapter, is synthe-

sized from degradation products of fatty acid molecules,

thus giving It many of the physical and chemical prop-

erties of other lipid substances

The triglycerides are used in the body mainly to

provide energy for the different metabolic processes; this

function they share almost equally with the carbohy-

drates However, aome lipids, especially cholesterol,

phospholipids, and derivatives of these, are used
throughout the body to provide other intracellular func-

tions,

Basic Chemical Structure of Triglycerides (Neu-
tral Fat). Since most of this chapter deals with utiliza-

tion of tnglycendes for energy, the following basic

structure of the tnglycende molecule must be under-
stood.

CH,—(CH,)..—COO-CH,
1

CH,—(CH,),.—COO—CH

CH,—{CH,),4-COO-CH,

Tnstearin

Note that three long chain fatty aad molecules are
bound with one molecule of glycerol. In the human body,

the three fatty acids roost commonly present in neutral

fat are (1) stearic acid, which has an IS-carbon chain
and IS fully saturated with hydrogen atoms, (2) oUtc
acid, which also has an 18-carbon chain but has one
double bond in the middle of the chain, and (3) palmitic

acid, which has 16 carbon atoms and is fully saturated.

TRANSPORT OF LIPIDS IN THE
BLOOD

TRANSPOKT fROM WE CASmOINTESTISAL
TRACT—WE CHYLOMICRONS

It will be recalled from Chapter 65 that almost all the

fats of the diet are absorbed into the lymph In the

digestive tract, most triglycerides are split into mono-

glycerides and fatty aads Then, on passing through the

intestinal epithelial cells, these are resynthesized into

new molecules of tnglycendes which aggregate end

enter the lymph as minute, dispersed droplets called

chylomicrons, having sizes between 0.03 and 0 5 microa

A small amount of the protein apoprotein B adsorbs to

the outer surfaces of the chylomicrons; this increases

their su^nsion stability in the fluid of the lymph and

prevents their adherence to the lymphatic vessel walls.

Most of the cholesterol and phospholipids absorbed

from the gastrointestinal tract, as well as small amounts

of phospholipids that are continually synthesized by the

intestinal mucosa, also enter the chylomicrons Thus,

chylomicrons are composed principally of triglycerides,

but they also contain approximately 9 per cent phospho-

lipids, 3 per cent cholesterol, and 1 per cent apoprotein

B as well The chylomicrons are then transport^ up the

thoracic duct and emptied into the venous blood at the

juncture of the jugular and subclavian veins.

ReioovaJ of the Chylomicrons from the Blood. An
hour or so after a meal that contains large quantities of

fat, the chylomicron concentration in the plasma may
nse to as high as 1 to 2 per cent, and, because of the

large sizes of the chylomicrons, the plasma appears

turbid and sometimes yellow However, the chylomi-

crons have a half-life of less than an hour so that the

plasma becomes clear again within a few hours The fat

of the chylomicrons is removed mainly in the following

way.
Hydrolysis of the Chylomicron Triglycerides by

Lipoprotein Upase; Fat Storage !n the Fat sad
Liver Cells. Most of the chylomicrons are removed from

the circulating blood as they pass through the capillaries

of adipose tissue and the liver. Both adipose tissue and

the liver contain large quantities of the enzyme called

lipoprotein lipase This enzyme is active m the capillary

endotheliutn where it hydrolyzes the tnglycendes of

chylomicrons that stick to the endothelial wall, releasing

fatty acids and glycerol The fatty acids, being highly

i
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miscible with the membranes of the cells, immediately
diffuse into the fat and liver cells. Once within these
cells, the fatty acids are res}mthesized into triglycerides,

new glycerol being supplied by the metabolic processes

of the cells, as will be discussed later in the chapter.

The lipase also causes hydrolysis of phospholipids, this

too releasing fatty acids to be stored in the cells in the
same v-sy. Thus, essentially all the mass of the chylo-

microns is removed from the circulating blood.

TRANSPORT OF FATTY ACIDS IN

COMBINATION WITH ALBUMIN—
“FREE FATTY ACID”

When the fat that has been stored in the fat cells is

to be used elsewhere in the body, usually to provide
energy, it must hrst be transported to the other tissues.

It is transported almost entirely in the form of free fatty

acid. This is achieved by hydrolysis of the triglycerides

once again into fatty acids and glycerol At least two
classes of stimuli play important roles in promoting this

hydrolysis. First, when the availability of glucose to the

cell falls too low, one of its breakdown products, a-

glycerophosphate, also becomes too low This substance
IS required to form the glycerol portion of newly synthe-
sized triglycerides, and in its absence the equilibrium
shifts in favor of hydrolysis. Second, a Aor/none-sensirii'e

cellular lipase can be activated by a multitude of difter-

ent hormones, and this promotes rapid hydrolysis of the
trigljceride. This also will be discuss^ later in the
chapter.

leaving the fat cells, the fatty aads ionize strongly
in the plasma and immediately combine with albumin
of the plasma proteins. The fatty aud bound with pro-
teins in this manner is called free fatty acid or nonester-
ifkd fatty acid (or simply FFA or NEFA) to distinguish
It from other fatty acids in the plasma that exist in the
form of esters of glycerol, cholesterol, or other sub-
stances.

The concentration of free fatty acid in the plasma
under resting conditions is about 15 mg/dl, which is a
total of only 0.45 gram of fatty acids in the entire
circulatory system. Yet, strzingely enough, even this
small amount accounts for almost all the transport of
fatty acids from one part of the body to another for the
following reasons:

(1) Despite the minute amount of free fatty aad in
the blood, its rate of “turnover" is extremely rapid; half
the plasma fatty acid is replaced by new fatty acid every
tuo to three minutes. One can calculate that at this rate
almost all the normal energy requirements of the body

^ be provided by oxidation of the transported free
“tty acid without using any carbohydrates or proteins
for ene^. (2) All conditions that increase the rale of
utilization of fat for cellular energy also increase the
free fatty acid concentration in the blood; this sometimes
lOCTcases os much os five- to eightfold. Especially docs
ws occur in starvation and in diabetes, in ^ih ofwhich

I
ccndiijons the person derives little or no energy from
'^rtwhydrates.

Under normal conditions, about 3 molecules of fatty
acid combine with each molecule of albumin, but as
many aa 30 fatty acid molecules can combine with a

single albumin molecule when the need for fatty acid
transport is extreme. This shows how variable the rate
of lipid transport can be under different physiological
needs.

THE UPOPROTEINS

In the postabsorptive state—that is, after all the
chylomicrons have been removed from the blood—over
95 per cent of all the Hpids in the plasma are m the
form of lipoproteins, which are small particles much
smaller than chylomicrons but qualitatively similar in

composition, containing mixtures of triglycerides, phos-
pholipids, cholesterol, and protein. The protein in the
mixture averages about one fourth to one third of the
total constituents, and the remainder is lipids The total

concentration of lipoproteins in the plasma averages
about 700 mg/dl, and this can be broken down into the
following average concentrations of the individual con-

stituents:

mgidl ofplasma
Cholesterol 180
Phopholipids 160
Triglycerides 160
Protein 200

Types of Lipoproteins. Chylomicrons ore sometimes
classified as lipoproteins because they contain both lipids

and protein. In addition to the chylomicrons, however,
there are three other m^or classes of lipoprotein based
on their densities, as measured in the ultracentnfuge:

(1) very low density lipoproteins, which contain high
concentrations of tng)> cendes and moderate concentra-

tions of both phospholipids and cholesterol; (2) low
density lipoproteins, which contain relatively little tn-

glycendo but a very high percentage of cholesterol; and
(3) high density lipoproteins, which contain about 50 per

cent protein with smaller concentrations of the lipids.

Formation of the Lipoproteins. The lipoproteins

are formed almost entirely in the liver, which is in

keeping with the fact that most plasma phospholipids,

cholesterol, and tngl>cendcs (except those in the chy-

lomicrons) arc synthesized m the liver, ilowcvcr. small

quantities of high density lipoproteins are synthesized

ID the intestinal epithelium dunng the absorption of

fatty acids from the intestines

Function of the Lipoproteins. The principal func-

tion of the lipoproteins in the plasma is to transport

lipids throughout the body For instance, the turnover

oftrigbeendes in the lipoproteins is as much as several

grams per hour and perhaps half this much turnover of

cholesterol and phospholipids.

Tnglyroridcs are synthesized mainly from carbohy-

drates m the liver and aro transported to the adipose

tissue and other penphcral tissues in the lery low

deruity lipoproteins. The tow density lipoproteins arc the

residuals of the very low density lipoproteins after they

have delivered most of their tnglycendes to the adipose

tissue, leaving large concentrations of cholesterol and
phospholipids in the low density lipoproteins. On the

other hand, the high density ItpoproUtns transport cho-

lesterol away from the penphcral tissues ai^ to the

liver; thert-fore. this l>-pe of lipoprotein probabiy pU>«
a very important role in preventing the development of

athcrosrierosis, os we shall discuss later in the chapter.
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THE rAT DErOSlTS

ADIPOSE TISSUE

Large quantities of fat are frequently stored in two
major tissues of the body, the adipose tissue and the

liver.The adipose tissue is usually called the fat deposits,

or simply the fat depots

The major function of adipose tissue is etarage of

triglycerides until these are needed to provide energy
elsewhere in the body However, a subsidiary function

13 to provide heat insulation for the body, as will be
discussed in Chapter 72.

The Fat Cells. The fat celts of adipose tissue are

modihed fibroblasts that are capable of storing almost

pure triglycerides' in quantities equal to 80 to 95 per

cent of their volume. The triglycerides are generally in

a liquid form, and when the tissues of the skm are

exposed to prolonged cold, the fatty acid chains of the

triglycerides, over a period of weeks, become either

shorter or more unsaturated to decrease their melting

point, thereby always allowing the fat in the fat cells to

remain in a liquid state. This is particularly important

because only liquid fat can be hydrolyzed and then

transported from the cells

Fat cells can synthesize small amounts of fatty acids

and triglycendes from carbohydrates, this function sup-

plementing the aynthesis of fat m the liver, as discuss^
later in the chapter

Exchange of Fat Between the Adipose Tissue and
the Blood—Tissue Lipases. As discussed above, large

quantities of lipases are present in adipose tissue Some
of these enzymes catalyze the deposition of triglycendes

from the chylomicrons and other lipoproteins Others,

when activated by hormones, cause splitting of the

triglycendes of the fat cells to release free fatty acids

Because of rapid exchanges of the fatty acids, the tri-

glycerides in the fat cells are renewed approximately
once every two to three weeks, which means that the
fat stored in the tissues today is not the same fat that

was stored last month, thus emphasizing the dynamic
state of the storage fat.

THE LIVER LIPIDS

The principal functions ofthe liver in lipid metabolism
are (II to degrade fatty acidainto small compounds that
can be used for energy, (2) to synthesize triglycendes,

mainly from carbohydrates but to a lesser extent from
proteins as well, and (3) to synthesize other hpids from
fatty acids, especially cholesterol and phospholipids

Large quantities of triglycendes appear in the liver

(al during starvation, (b) in diabetes melUtus. or <c> to

any other condition m which fat is being utiliz^ rapidly

for energy In these conditions, large quantities of tri-

glycerides are mobilized from the adipose tissue, trans-

ported as free fatty acids m the blood, and then rede-

poaited os triglycendes in the liver, where the initial

stages ofmuch of the fat degradation begin. Thus, under
normal physiological conditions the total amount of
triglycendes in the liver is controlled to a great extent

by the overall rate at which lipids are being utilized for

energy
The liver cells, m addition to containing tnglycerides,

contain large quantities of phospholipids and choles-

terol, which arc continually synthesized by the liver.

Also, the liver cells are much more capable than other

tissues of desaturatifig fatty acids so that the lim

triglycerides normally are much more unsaturated thaa

the tnglycerides of the adipose tissue This capability ol

the liver to desaturate fatty acids is functionally impor-

tant to all the tissues of the body, because many of il«

structural members of all cells contain reasonable quan-

tities of unsaturated fats, and their principal source is

the liver This desaturation is accomplished by a dehy

dnigenase in the liver cells

USE OF TRIGLYCERIDES FOR
ENERGY^ AND FORMATION OF
ADENOSINE TRIPHOSPHATE (ATP)

Approximately 40 to 45 per cent of the calones in th<

normal American diet are derived from fats, which u

about equal to the calories denved from carbohydrates

Therefore, the use of fats by the body for energy is

equally as important as the use of carbohydrates, h
addition, much of the carbohydrates ingested with escl:

meal is converted into triglycerides, then stored, and

later utilized as tnglycerides for energy.

Hydrolysis of the Triglycerides. The first stage ir

the utilization of triglycendes for energy is hydrotysi!

of these compounds into fatty acids and glycerol anc

subsequent transport of both these products to the activi

tissues where they will be oxidized to give energy

Almost all cells, with the notable exception of bran
tissue, can use fatty acids almost interchangeably witl

glucose for energy
The glycerol, on entering the active tissue, « imme

diately changed by intracellular enzymes into glycero

3-phosphatc, which enters the glycolytic pathway foi

glucose breakdown and in this way is used for energy
However, before the fatly acids can be used for energy
they must be processed farther in the following way:
Entry of Fatty Acids Into the Mitochon^a. Thi

degradation and oxidation of fatty acids occur only ir

the mitochondria Therefore, the first step for utilizatior

of the fatty acids is their transport into the mitochon
dria This is an enzyme-catalyzed process that employs

comitiRe as a earner substance. Once inside the mito
chondna, the fatty acid splits away from the carnitine

and IS then oxidized

Degradation of Fatty Acid to Acetylcocniyme A
by Beta Oxidation. The fatty acid molecule is degraded
in the mitochondria by progressive release of 2-carbOD

segments in the form of acetylcoenzyme A (acetyl-CoA)
This process, which is illustrated in Figure 68-1,
called the beta oxidation process for degradation of fattj

acids l^t US summarize the results of the equations in

this figure

1. The beta carbon of the fatty acid molecule iJ

oxidized by adding a water molecule, then removing twe

hydrogen ions, leaving the oxygen from the water bound
with the beta carbon.

2. The molecule then splits between the alpha and

beta carbons, releasing 1 molecule of acetyl-CoA llius,

the fatty acid molecule becomes two carbon atonu

shorter.

3 Then the process repeats itself again and again

until the entire fatty acid chain has been split into

multiple acetyl-CoA molecules
4. For each acetyl-CoA molecule split from the fatty

acid, a total of four hydrogen atoms is released. These
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tiuokuiaK
(I) RCHjCUCt^COOH + Co-A + ATP _7

- - RCH.CH.CH.CQCo.A + AMP + P>rophosphate
(Fatty acid) (Fatty acyl Co-A)

U) RCH.CH.CH.COCO-A + FAD -
liCHCH-CHCOCo-A + FADH,

(Fatty acyl Co-A)

cnoy) hydrase
(3) RCl^CH=CHCOCo-A + H.0 *- RCH.CHQHCH.COrn.A

0-hydroxyacyl
(4) RCHCHOHCl^COCo-A + NAD» - RCH.COCH.COC0-A + NADH + H‘

dehydrogeoaae

Ihiota&e

(5) RCH,COCH,COCo-A + Co-A
,

*• RCH.COC!o.A + CH,COCo-A
(Fatly acyl Co-AKAcelyl Co-A)

Figure 68-1. Beta oxidaoon of faoy adda to yield acetylcoenzyme A

are oxidized in the initochondna to form large amouata
ofATP, as we shall discuss subsequently.
Oxidation ofAcetyl-CoA. The acetyl-CoA molecules

formed by beta oxidation of fatty aci^ enter into the
dtric acid cycle as explained in the preceding chapter,
combimng with oxaloacetic acid to form citric acid,

which then is degraded into carbon dioxide and hydrogen
atoms. The hydrogen is subsequently oxidized by the
oxidative system of the mitochondria, which was ex-

plained in the preceding chapter. The net reaction for

each molecule of acetyl-CoA is the following:

CH4COCo<A + Oxaloacetic acid + 3H,0 -i- ADP

Ctirte acid cycle

2CO, + 8H + HCo-A +• ATP Oxaloacetic acid

Thus, after the initial degradation of fatty acids to
acetyl-CoA, their final breakdown is precisely the same
as ^at of the acetyl-CoA formed from pyruvic acid
during the metabolism of glucose
ATP Formed by Oxidation of Fatty Acid. In Figure

68-1 note also that 4 hydrogen atoms are released each
tune a molecule of acetyl-CoA is formed from the fatty
acid chain. Therefore, for every stearic acid molecule
that IS split, a total of 32 hydrogen atoms is removed
In addition, for each acetyl-CoA degraded by the citnc
acid cycle, S hydrogen atoms are removed, making an
additional 72 hydrogens for each molecule ofsteanc acid
metabolized. This, added to the above 32 hydrogen
atoms, makes a total of 104 hydrogen atoms Of this
group 34 are removed from the degrading fatty acid by
flavoproteins and 70 are removed by NAD* as NADH

H*. These two groups of hydrogen atoms are oxi-
dized in the mitochondria, as discussed in the preceding
chapter, but they enter the oxidative system at different
points, so that up to 1 molecule of ATP is synthesized
for each of the 34 flavoprotem hydrogens and up to 1.5
molecules of ATP are synthesized for each of the 70
NADH and H* hydrogens. This makes 34 plus 105, or

I

^ fotal of 139 molecules ofATP formed by the oxidation
of hydrogen derived from each molecule of stearic acid.
And another 9 molecules ofATP are formed in the citric

wid cycle, one for each of the 9 acetyi-CoA molecules
metabolized. Thus, a total of 148 molecules of ATP is

formed during the complete oxidation of 1 molecule of
steanc acid. However, 2 high energy bonds are consumed

in the initial combmation of coenzyme A with the fatty

acid molecule, making a net gam of 146 molecules of

ATP.

tORMATION OF ACETOACETIC ACID IN
THE LIVER AND ITS TRANSPORT IN THE
BLOOD

A large share of the initial degradation of fatty acids

occurs m the liver, especially when excessive amounts
of lipids are being mobilized for energy However, the

liver uses only a small proportion of the fatty acids for

Its own mtrmsic metabolic processes Instead, when the

fatty acid chains have been split into acelybCoA, 2

molecules of acetyl-CoA condense to form 1 molecule of

acetoacetic acid that is then transported in the blood to

the other cells throughout the body where it is used for

energy The chemical processes are the following'

2CH,COCo-A + H,0 .

-**“*
>

Actlyl-CaA eOwr cell>

CH,COCH,COOH + 2HC0-A
Acrlooai^oad

A large part of the acetoacetic acid is also converted

into p-Aycfmzy&utync acid and minute quantities into

acetone in accord with the following reactions:

0 0
II II

CH—C—CH,-C—OH

^2H

OH
1 . ..

CH—CH—CHi—C—OH
S-Hydroiubut/ric »<

XH,—C—CH,

The acetoacetic acid and p-hydroxybutync add diffuse

ireely through the liver cell membranes and are trans-
port^ by the blood to the penpheral tissues. Here they
again dilTtise into the cells where reverse reactions occur
2^ acetyl-CoA molecules are formed. These in turn
enter the citnc aad cycle and are oxidiz^ for energy,
as explained.
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Nomally. the acetoaectic acid and p-hydroxjbuQrric

acid that enter the blood are transported so rapidly to

the tissues that their combined concentration in the

plasma rarely rises above 3 mg.'dl. Yet despite the small

quantities in the blood, large amounts are actually

transported: this is analogous to the high rate of free

fatty acid transport. The rapid transport of both these

substances depends on thevr high degree of lipid solu-

bility, which allows rapid diffusion through the cell

membranes
Ketosis and Its Occurrence in Starvation, Diabe-

tes, and Other Diseases. Large quantities of aceto-

acetic acid, p-hydroxybutync acid, and acetone occasion-

ally accumulate in the blood and interstitial fluids; this

condition is called ketosis because acetoaectic acid is a
keto acid, and the three compounds are called ketone

bodies Ketosis occurs especially in starvatitm, in dia-

betes raellitus, or sometimes even when a person's diet

13 composed almost entirely of fat In all these states,

essentially no carbohydrates are metabolized—in star-

vation and following a high fat diet because carbohy-

drates are not available and in diabetes because insulin

IS not available to cause glucose transport into the cells.

iVhen carbohydrates are not uUlized for enci^. al-

most all the energy of the body must come from metab-
olism of fats shall see later in the chapter that lack

of availability of carbohydrates automatically increases

the rate of removal of fatty acids from adipose tissues,

and in addition, several hormonal factors—such as In-

creased secretion of corticotropin by the adenohypo-
physis. increased secretion of glucocorticoids by the
adrenal cortex, and decreased secretion of insulin by the
pancreas—all further enhance the removal of fatty acids

from the fat tissues As a result, tremendous quantities

of fatty acids become available to the liver for degrada-
tion. The ketone bodies in turn pour out of the liver to

be carried to the cells. Yet the cells are limited in the
amount of ketone bodies that can be oxidized for several

reasons, the most important of which is the foUowing-

One of the products of carbohydrate metabolism is the
oxaloacetate that is required to bind with acetyi-CoA
before It can be processed in the citnc acid cycle There-
fore, defiacncy of oxaloacetate limits the entry of acetyl-

CoA into the citnc aad cycle, and because of the simul-
taneous outpounng of tremendous quantities of aceto-

acctic acid and the other ketone bodies from the liver,

the blood concentration of acetoacetic and and p-hy-
draxybutync acid sometimes nses to as high os 20 to 30
times normal, thus leading to extreme acidosis, as ex-
plained m Chapter 37.

The acetone that is formed dunng ketosis is a volatile

substance that is blown off in amall quantities in tk

expired air of the lungs, often giving the breath a
acetone smell. This smell is frequently used as a dia;

nostic criterion of ketosis.

Adaptation to a High Fat Diet, Upon changinj

slowly from a carbohydrate diet to an almost complete!}

fat diet, a person’s b^y adapts to the utilization of fti

more acetoacetic acid than usual, and, in this instance

ketosis does not occur. For instance, the Eskimos, mhi

sometimes live almost entirely on a fat diet, do no'

develop ketosis. Presumably some factor enhances thi

rate of acetoacetic acid metabolism by the cells.

SYNTHtSIS OF TRJCLYCIRIDES FROM
CARBOHYDRATES

Whenever a greater quantity of carbohydrates enter

the body than can be used immediately for enc^ o:

stored in the form of glycogen, the excess is rapidli

converted into triglyccndes and then stored in this fore

m the adipose tissue In human beings, most triglyceridi

synthesis occurs in the liver, but small quantities an

also synthesized in the adipose tissue. The triglyceride

formed m the liver are transported by the very !o^

density lipoproteins to the adipose tissue.

Conversion of Acetyi-CoA into Fatty Acids. Th'

first step m the synthesis of tnglyeerides is conversiei

of carbohydrates into acetyl-CoA. It will be recsllei

from the preceding chapter that this occurs during tb

normal degradation of glucose by the glycolytic system

It wiU also be remembered from earlier in this ehapte

that fatty acids are actually large polymers of aeeti

acid. Therefore, it is easy to understand how aeetyl-Co/

could be converted into fatty acids
However, synthesis of by far the largest proportion c

the fatty acids from acetyl-CoA is not achieved by simpl;

reversing the oxidative degradation that was describei

above Instead, this occurs by the two-step processshow
in Figure 68-2, using malonyl CoA and NADPH as thi

principal intermediates in the polymerization process.

Combination of Fatty Acids with o-Glyceropbo»
phete to Form Triglycerides. Once the synthesize!

fatty acid chains have grown to contain 14 to 18 carboi

atoms, they then become bound to glycerol to forn

triglyccndes The enzymes that cause ^is convcrsioi

are highly specific for fatty acids with chain lengths o

14 carbon atoms or greater, a factor that actually con

trols the physical quality of the triglyccndes sto^ h
the body.

As illustrated in Figure 68-3, the glycerol portion o

Step I:

Step 2:

CH,COCo-A + COl, -fr ATP

||

(Acfiyl C<M carboiytofet

r"
CH, + ADP + PO,

—

O-C—CO-A
Malonyl Co-A

I Acetyl Co-A -* S Mjtonyl Co-A * I6NADPH + 1611* .

I Sleanc Aci«l + 8COi + *Cb-A + I6NADP* + 7H,0
ngure 08-2. Synchesis of

eckts.
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the triglyceride is furnished by a-glycerophosphate,
which IS a product derived from the glycolytic s^eme
of glucose degradation. The mechanism of this was
discussed in Chapter 67.

Efficiency of Carbohydrate Conversion into FaL
During triglyceride synthesis, only about IS per cent of
the original energy in the glucose is lost in ^e form of
heat, while the remaining 85 per cent is transferred to

the stored triglycendes.

Importance of Fat Synthesis and Storage. Fat
synthesis from carbohydrates is especially important for

two reasons: (1) The ability of the different cells of the
body to store carbohydrates m the form of glycogen is

generally slight; a maximum of only a few hundred
grams ofglycogen can be stored in the liver, the skeletal

muscles, and all other tissues of the body put together
In contrast, many kilograms of fat can be stored There*
fore, fat synthesis provides a means by which the energy
of excess ingested carbohydrates (and proteins, too) can
be stored for later use. Indeed, the average person has
almost 150 times as much energy stored m the form of
fat as stored in the form of carbohydrate (2) Each gram
of fat contains 2.25 times as many calories of energy as
oach gram of glycogen Therefore, for a given weight
gain, a person can store far more energy m the form of
fat than in the form of carbohydrate, which is exceed-
ingly important when an animal must be highly motile
to survive.

Failure to Synthesize Fats from Carbohydrates
m the Absence of Insulin. \Vben insulin is not avail-
able, as in diabetes mellitus, fats are poorly if at all

synthesized. This results from the following effects.

First, when insulin is not available, glucose does not
enter the fat and liver cells satisfactonly, so that little

of the acetyl-CoA and NADPH needed for fat synthesis

0^ be derived from glucose. Second, lack of glucose in
the fat cells greatly reduces the availability of a-glycer-

ophosphate, which also makes it difficult for the tissues
to form triglycerides.

iWTHlSlS Of TRIGLYCERIDES FROM
nOWNS

Many amino acids can be converted into acetyl-CoA,
ax will be discussed in the following chapter. Obviously,

can be synthesized into triglycerides. Therefore,
when people have more proteins in their diets than their
tissues can use as proteins, a large share of the excess
IS stored as fat.

REGULATION OF ENERGY RELEASE
FROM TRIGLYCERIDES

Pat-Sparing Effect of Carbohydrates; Control of
Pat Synthesis from Carbohydrates. When adequate

quantities of carbohydrates are available m the body,

the utilization of triglycerides for energy is greatly

depressed In place of fat utilization, the carbohydrates

are utilized preferentially There are several different

reasons for this “fat-spanng” effect of carbohydrates

One of the most important is the following' The fats in

adipose tissue cells are present m two different forms,

triglycendes and small quantities of free fatty acids.

These are in constant equilibrium ndth each other.

When excess quantities of a-glycerophosphate are pres-

ent. the equiiibnum between free fatty acids and tri-

glycerides shifts toward the tnglycendes; as a result,

oidy minute quantities of fatty acids are then available

to^ utilized for energy Since a-glycerophospbate is an
important product of glucose metabolism, the availabil-

ity of large amounts of glucose automatically inhibits

the use of fatty acids for energy
Second, when carbohydrates are available in excess,

fatty acids are synthesized more rapidly than they are

degraded This effect is caused partially by the large

quantities of acetyl-CoA formed from the carbohydrates

and by the low concentration of free fatty acids m the

adipose tissue, thus creating conditions appropriate for

conversion of acetyl-CoA into fatty acids However, an
even more important effect that promotes conversion of

carbohydrates to fats is the following- The Erst step, and
the rate-limiting step, in the synthesis of fatty acids is

carboxylation of acetyl-CoA to form malonyl-CoA, as

was discussed above. The rate of this reaction is con-

trolled pnmanly by the enzyme acetyl-CoA carboxylase,

the activity of which is accelerated in the presence of

the intermediates of the citric and cycle. \^en excess

carbohydrates are being utilized, these intermediates

increase, thus automatically causing increased synthesis

of fatty acids. Thus, an excess of carbohydrates in the
diet not only acts as a fat-sparer but also increases the
fat in the fat stores.

Acceleration of Fat Utilization for Energy in the
Absence of Carbohydrates. All the fat-sparing effects

ofcarbohydrates are lost and are actually reversed when
carbohydrates arc not available or are available in short
supply. Therefore, the equilibrium now shilU in the
opposite direction, and fat is mobilized from the adipose
cells and used for energy in place of the absent carbo-
hydrates.



824 B Meubcllsm Mid Temperature ResuUdon

But also important are several hormonal changes that

take place to promote rapid fatty acid mobilization from

adipose tissue. Among the most important of these Is a

marked decrease in insulin secretion caused by the

absence of carbohj'drates This not only reduces the rate

of glucose utilization by the tissues but also decreases

fat syTitheais, which further shifts the equilibrium in

favor of fat utilization in place of carbohydrates

Hormonal Regulation of Fat Utilization. At least

seven of the hormones secreted by the endocrine glands

have marked effects on fat utilization. In addition to the

important effect of insulin lack discussed earlier, some
other important hormonal effects on fat metabolism are

listed here

Probably the most dramatic increase that occurs in

fat utilization is that observed during heavy exercise

This results almost entirely from release of epinephrine

and norepinephrine by the adrenal medullae during
exercise, os a result of sympathetic stimulation. These
two hormones directly activate hormonesensttice (rt-

glyceride lipase that is present in abundance in the fat

cells, and this causes very rapid breakdown of triglyc-

erides and mobilization of fatty acids Sometimes the

free fatty acid concentration m the blood rises as much
as eightfold, and the use of these fatty acids for energy
IS correspondingly increased Other types of stress that

activate the sympathetic nervous system can also in-

crease fatty acid mobilization and utilization in a similar

manner.
Stress also causes large quantities of corticotropm to

be released by the anterior pituitary gland, and this, in

turn, causes the adrenal cortex to secrete excessive

quantities of glucocorticoids Both the corticotropin and
glucocorticoids activate either the same hormone-sensi-
tive tnglyeende lipase as that activated by epinephrine
and norepmephnne or a similar lipase. Iherefore, this

is still another mechanism for increasing the release of
fatty acids from fat tissue. IVhen corticotropin and
glucocorticoids are secreted in excessive amounts far

long periods of time, as occurs in the endocrine disease
called Cushing’s disease, fats ore frequently mobilized
to such a great extent that ketosis results Corticotropin
and glucocorticoids are then said to have a ketogentc

effect.

Growth hormone has on effect similar to but less than
that of corticotropin and glucocorticoids in activating
the hormone-sensitive lipase. Therefore, growth hor-
mone can also have a mild ketogenic effect.

Finally, thyroid hormone causes rapid mobilization of
fat. which is believed to result indirectly from an in-

creased overall rate of energy metabolism in all cells of
the body under the influence of this hormone. The
resulting reduction m acetyl-CoA and other intermedi-
ates of both fat and carbohydrate metabolism in the
cells would then be a stimulus to cause fat mobilization
The effects of the different hormones on metabolism

are discussed further in the chapters dealing with each
of them

OBTStn

Obesity means deposition of excess fat in the body.
This subject will be discussed in detail in relation to
dietary balances in Chapter 73, but briefly it is caused
by ingestion of greater amounts of food than can be

'ized by the body for energy. The excess food, whether
. carbohydrates, or proteins, is then stored as fat in

the adipose tissue to be used later for energy. Strain'

rata have been found in which hereditary obesity occi

in at least one of these strains, the obesity is caused

inefferttve mobilization of fat from the adipose tis;

while synthesis and storage of fat continue norms

Obviously, such a one-way process causes progress

enhancement of the fat stores, resulting in severe ol

tty The problem of obesity will be discussed furthei

ChapUr 73.

PHOSPHOLIPIDS AND
CHOLESTEROL

PHOSPHOUPJDS

The three major types of body phospholipids are

lecithins, the cephalins, and the sphingomyelins, typi

examples ofwhich are shown in Figure 68-4.

Phospholipids always contain one or more fatty
^

molecules and one phosphoric acid radical, and t'

II

-(cn»)>-Cfi=cn—fcutii-ciii

A IrcilKin

o

(CH,)i-CH=CH -fCHi>r-CHi

ik-.-o-c—<cn.),r-cii,

H-C-O—P-O-CIlr-CHr- N*H,

CH,
I

no-o—H o
I I

JIO—Nil—C—(CH,),.—Cll,

HC—O-P-O-CHr-CI r,—

V

H I Xoa XH,
Sphingomj'rlin

nture 68-4. Typical phosfrfiollpldt
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‘ usually contain a nitrogenous base. Though the chemical
' structures of phospholipids are somewhat variant, their

' physical properties are similar, for they are all lipid

‘ soluble, are transported together in lipoproteins, and
are utilized in similar ways throughout the body for

' various structural purposes.

Formation of Phospholipids. Phospholipids are
' formed in essentially all cells of the body, though certain

cells have a special ability to form them. Probably 90

per cent are formed in the liver cells, though reasonable

quantities can also be formed by the intestinal epithelial

cells during lipid absorption from the gut.

The rate of phospholipid formation is governed to

some extent by the usual factors that control the rata of

fat metabolism, for when triglycerides are deposited m
the liver, the rate of phospholipid formation increases.

Also, certain specific chemical substances are needed for

I

formation of some phospholipids For instance, cholme.

either in the diet or synthesized in the body, is needed

I
for the formation of lecithin because choline is the

i
nitrogenous base of the lecithin molecule. Also, inositol

is needed for the formation of some cephalms.
Specific Uses of Phospholipids. Several isolated

functions of the phospholipids are the following. (1)

Phospholipids are an important constituent of lipopro-

teins and are essential for the formation of some of

these; in their absence serious abnormalities of fat

transport can occur. (2) Thromboplastin, which is needed
to initiate the clotting process, is composed mainly of

one of the cephalms. (3) Large quantities of sphingo*

myelin are present in the nervous system; this substance

I acts as an insulator in the myelin sheath around nerve
*

fibers. (4) Phospholipids are donors ofphosphate radicals

when these are needed for different chemical reactions

in the tissues. (5) Perhaps the most important of all the

functions of phospholipids is participation in the for-

mation of structural elements—mainly membrane*—
within the cells throughout the body, as is discussed

later m connection with a similar function for choles-

terol.

CHOLESTEROL

Cholesterol, the formula of which is illustrated m
. Figure 68-5, is present in the diet of all persons, and it

^
ten be absorbed slowly from the gastrointestinal tract

into the intestinal lymph. It is highly fat soluble but

only slightly soluble in water, and it is capable of

forming esters with fatty acids. Indeed, approximately
70 per cent of the cholesterol in the lipoproteins of the

plasma is in the form of cholesterol esters.

Formation of Cholesterol. Besides the cholesterol

absorbed each day from the gastrointestinal tract, which
IS called exogenous cholesterol, an even greater quantity

IS also formed in the cells of the body, called endogenous
cholesterol. Essentially all the endogenous cholesterol
that circulates in the lipoproteins of the plasma is

formed by the liver, but all the other cells of the body
form at least some cholesterol, which is consistent with
the fact that many of the membranous structures of all

cells are partially composed of this substance.

As illustrated by the formula of cholesterol, its basic
structure is a sterol nucleus This is synthesized entirely

from multiple molecules of acetyl-CoA In turn, the
sterol nucleus can be modified by means of various side

chains to form (a) cholesterol, (b) cholic acid, which is

the basis of the bile acids formed in the liver, and (c)

many important steroid hormones secreted by the ad-

renal cortex, the ovaries, and the testes (these arc
discussed in later chapters).

Factors That Affect the Plasma Cholesterol Con-
centration—Feedback Control of Body Cholesterol.
Among the important factors that alTect plasma choles-

terol concentration are the following

1 An increase in the amount of cholesterol ingested

each day increases the plasma concentration slightly

However, when cholesterol is ingested, the nsmg con-

centration of cholesterol inhibits one of the essential

enzymes for endogenous synthesis of cholesterol, thus
providing on intrinsic feedback control system to regu-

late plasma cholesterol concentration As a result,

plasma cholesterol concentration usually is not changed
upward or downward more than ± 15 per cent by alter-

ing the amount of cholesterol in the diet, though ex-

tremes of cholesterol in the diet can probably alter the

level by as much as ± 30 per cent

2 A saturated fat diet increases blood cholesterol

concentration as much as 15 to 25 per cent. This results

from increased fat deposition in the liver, which then

provides increased quantities of acetyl-CoA in the liver

cells for production of cholesterol. Therefore, to decrease

the blood cholesterol concentration, it is equally as

important to maintain a diet low in saturated fat as to

maintain a diet low in cholesterol concentration.

3 Ingestion of fat containing highly unsaturated fatty

acids usually depresses the blood cholesterol concentra-

tion a slight to moderate amount Unfortunately, the

mechanism of this eifect is unknown despite the fact

that this observation is the basis of much of present-day

dietary strategy

4 I^ck of thyroid hormone increases the blood cho-

lesterol concentration, whereas excess thyroid hormone
decreases the concentration. This effect is believed to be

related to the increased metabolism of all Iipid sub-

stances under the influence of thyroxine.

5 The blood cholesterol also rises greatly m diabetes

mellitus. This is believed to result from the general

increase in lipid mobilization in this condition.

6 The female sex hormones, the estrogens, decrease

blood cholesterol, whereas the male sex hormones, the
ondre^ens, increase blood cholesterol Unfortunately,

the mechanisms of these effects are unknown, but the
sex cfTects are very important because the higher cho-

lesterol m men is associated with a higher incidence of
heart attacks at the earlier ages.

Specific Uses of Cholesterol. By far the most abun-
dant use of cholesterol in the body is to form cholic acid
in the Uver. As much as 80 per cent of the cholesterol

» «mverte4 into clvilw acid. As explained in Chapter
70, this is conjugated with other substances to form bile
salts, which promote digestion and absorption of fats
which has already been discussed in connection with fat
digestion.
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A small quantity of cholesterol is used la) hy the

adrenal glands to form adrtnocorltcal hormones, (b) the

ovaries to form progesterone and estrogen, and (c) by the

testes to form testos/crone However, these glands can

also synthesize their own sterols and then form their

hormones from these, as is discussed in the chapters on

endocrinology later in the text

A large amount of cholesterol is precipitated in the

comeum of the skin This, along with other lipids, makes
the skin highly resistant to the absorption of water-

soluble substances and also to the action of many chem-

ical agents, for cholesterol and the other lipids are highly

inert to such substances os acids and different solvents

that might otherwise easily penetrate the body Also,

these lipid substances help to prevent water evaporation

from the skin, without this protection the amount of

evaporation (as occurs in bum patients who have lost

their skin) can be as much as S to IQ liters per day
instead of the usual 300 to 400 milliliters

CULUIAR SnUCTURAL FUNCTIOSS OF
PHOSPHOUP105 AND CHOLESTIROL—
ESPFOALtY FOR MEMBRANES

The above-listed uses of phospholipids and eholcstcrot

arc of only minor importance in comparison with their

importance for general structural purposes throughout
the cells of the body, mainly for formation ofmembranes

In Chapter 2 it was pointed out that large quantities

of phospholipids and cholesterol are present in both the
cell membrane and the membranes of the internal or-

ganelles of all cells It IS also known that membrane
percentages of both cholesterol and the phospholipids
are especially important in determining the fluidity of
the cell membranes

For membranes to be formed, substances that are not
soluble m water must be available In general, the only
substances m the body (hat arc not soluble m water
(besides the inorganic substances of bone) are the lipids

and some proteins Thus, the physical integrity of cells

throughout the body is based mainly on phospholipids,

cholesterol, and certain insoluble proteins Tlie polar
charges on the phospholipids especially give them the
important property of helping decrease the interfaaal
tension between the membranes and the surrounding
fluids

Another fact that indicates the importance of phos-
pholipids and cholesterol for the formation of structural

elements of the cells is the slow turnover rate of these
substances m most nonhepatic tissues For instance,

radioactive phospholipids formed in the brain of mice
remain in the brain several months after they are
formed Thus, these phospholipids are only slowly me-
tabolized. and the fatty acid is not split away from them
to any major extent Consequently, the purpose of their
being in the cells of the brain is presumably related to

their indestructible physical properties.

ATHEROSCUROStS

Atherosclerosis is a disease of the intima of the arter-
ies, especially of the large arteries, that leads to fatty
lesions called atheromatous plaques on the inner sur-
faces of the arteries. The earliest stage in the develop-

of these lesions is believed to be damage to the

endothelial cells and Buhlying ultima. The damage (a

be caused by physical abrasion of the endothelium, ^
abnormal substances in the blood, or even by the

of the pulsating arterial pressure on the vessel utD

Once the damage has occurred, the endothelial ((Hi

swell and proliferate, and even sublying smooth musli

cells proliferate and migrate from the media of tli'

arteries into the lesion S^n thereafter Ilpid substai^cv’

espeaally cholesterol, begin to deposit from the bloc*! i

the proliferating cells, forming the atheromatou

plaques Because these plaques contain so much cho'e

terol, they are frequently called simply cholesterol

posits In the later stages of the lesions, flbrobl^i

infiltrate the degenerative areas and cause progre^’''

sclerosis (fibrosis) of the artenes And still later, calcim

often precipitates with the lipids to develop cole'll^

plaques When these two processes have occurred,

arteries are then extremely hard, and the diseas®

called arteriosclerosis, or simply “hardening of th?

teries
*'

Obviously, arteriosclerotic arteries lose most of their

distensibility, and because of the degenerative are^s

they are easily ruptured Also, the atheromatous plait**®*

often protrude into the flowing blood, and the rough**®**

of their surfaces causes blood clots to develop,

resultant thrombus or embolus formation (see ChsPi®*

9) Almost half of all human beings in the United Stal«

and Europe die of arteriosclerosis. Approxuaately i**"®

thirds of these deaths are caused by thrombosis of ®”
or more coronaiy arteries, and the remaining one t***™

by thrombosis or hemorrhoge of vessels in other or|“*
of the body—especially the brain, that causes Strok®®”

but also in the kidneys, liver, gastrointestinal tf®®*'

limbs, and so forth

Despite the extreme prevalence of atheroscler®**

little IS known about its cause Therefore, it is neeesW
to outline the general trends of the experimental stu®'**

rather than to present a definitive description of l®*

mechanisms that cause atherosclerosis.

EXPERIMENTAL PRODUCTION OF
ATHEROSCLEROSIS IN ANIMALS

In the past, it had been believed that all that

necessary to cause atherosclerosis was to increase^®
amount of cholesterol circulating in the blood Ind®®®-

very early it was demonstrated that feeding
amounts of cholesterol to rabbits vfiU cause large n**®'

bers of cholesterol deposits m the intimal layer of '*®

artenes This expenment has often been cited as p®®®*

of the hypercholesterolemie theory of atherogen®***
However, these deposits do not lead to subsequent

®*‘'

tenal wall fibrosis and death of the animal Furtb®/’’

more, it has been difficult to achieve such deposi^ ***

carnivorous animals such as the dog, except by feedmff

extreme amounts of cholesterol and also removing w®
thyroid gland to prevent normal utilization of cht*!®®*

terol.

Therefore, in recent years much more emphasis h***

been placed on the initial endothelial and intimalles*®”
as the primary cause of the ultimate atherosdcf®”®
plaques. Almost any factor that can cause daraag®
the endothelial cells will lead to the following sequ®**®®

of events First, platelets adhere to the cndotheli***"

Second, the platelets dissolute, and some factor from th®

pUUclets causes proliferation of the sublying
muscle cells; these then infiltrate the damag^ reg*®**
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(
Subsequently, cholesterol (and to much lesser extent

’ other lipids) infiltrates the lesion until eventually le*

• sions typical of human atherosclerotic plaques develop,

i The severity of these lesions is enhanced in the presence

I
of hypercholesterolemia.

I
ATHOtOSCLUtOSIS IN THC HUMAN BUNG

Effect of Age, Sex, and Heredity on Atheroscle*
I rosis. Atherosclerosis is mainly a disease of old age, but
small atheromatous plaques can almost always be found

: in the arteries ofyoung adults. Therefore, the full-blown

disease is a culmination of a lifetime ofvascular damage
: and lipid deposition rather than deposition over a few

years.

Far more men than women die of atherosclerotic heart
disease. This is especially true of men younger than 50
years of age. For this reason, it is possible that the male
sex hormone accelerates the development of atheroscle-

I rosis, or that the female sex hormone protects a person
. from atherosclerosis. Indeed, administration ofestrogens

to men who have already had coronary thromboses has
decreased the number of secondary coronary attacks in

some clinical trials. Furthermore, administration of es-

trogens to chickens with atheromatous plaques m their

coronaries has actually caused the disease to regress.

Atherosclerosis and atherosclerotic heart disease are
highly hereditary in some families. In some instances,
this is related to an inherited familial hypercholesUroU
emia, the excess cholesterol occurring almost entirely m
the low density lipoproteins. This most often results from

I lack of low density lipoprotein receptors on the cell

membranes throughout the l>ody. These receptors rec-

ognlK a protein called apoprotein 5-iOO of the low
density lipoproteins and causes the lipoproteins to ad-
here to the cells. This adherence is required before the
lipoproteins can deliver their load of cholesterol to the
cells, especially back to the liver cells from which the
cholesterol had come in the first place In the absence
of the return of most of the cholesterol to the liver cells,

the internal feedback mechanism ofthe liver cells causes
prolific production of cholesterol along with the forma-
tion of still additional low density lipoproteins. There-
fore, the blood concentration of cholesterol, found prin-
cipally in low density lipoprotems, can nse to as high
as 600 mg^dl, more than three times the normal level of
175 to 200 mg/dl. Homozygous persons with this disease
usually die of a heart attack before the age of 20 years.
In other persons with hereditary atherosclerosis, the

blood cholesterol level is completely normal, but other,
less well-defined factors lead to atherosclerosis never-
theless.

Other Factors That Predispose to Atherosclero-
sis. Human beings with severe diabetes or severe hypo-
tbymidism frequently develop premature and severe

atherosclerosis. In both these conditions the blood cho-
lesterol is greatly elevat^, whidi is at least part of the
cause of the atherosclerosis.
Another disease associated with atherosclerosis, in

human beings as well as in experimental animals, is
‘ hypertension; the inadence of atherosclerotic coronary

heart disease is a^ut twice as great in hypertensive
people as in normal persons. Though the cause is not
known, it possibly results from pressure damage to the
urterial walls, with subsequent deposition ofcholesterol
plaques.

Still another factor that increases the likelihood of

atherosclerosis is smoking, though here again the cause
of this relationship is not understood. On the average,
a jwrson who smokes approximately doubles his or her
chances of dying from a heart attack.

Relationship of Dietary Fat to Atherosclerosis in
the Human Being. A high fat diet, especially one
containing cholesterol and saturated fats, increases one’s
chances of developing atherosclerosis. Therefore, de-
creasing the fat can help greatly in protecting against
atherosclerosis, and some expenments indicate that this
can benefit even patients who have already had coronary
heart attacks A recent clinical trial conducted by the
United States National Institutes of Health on dietary
measures to reduce the blood cholesterol level showed
that for each 1 per cent decrease in the cholesterol there
was about a 2 per cent decrease m mortality from heart
attacks Also, life insurance statistics show that the rate

of mortality—mainly from coronary disease—of normal
weight middle and older aged persons is about half the
mortality rate of overweight subjects of the same age.

As pointed out earlier, eating unsaturated fats instead

of saturated fats, for reasons not known, can decrease
the blood cholesterol concentration, and this seems to

be beneficial in preventing atherosclerosis

SUMMARY OF FACTORS CAUSING
ATHEROSCLEROSIS

Atherosclerosis is highly associated with abnormali-

ties of lipid metabolism, but it is also exacerbated by
almost any factor that injures the artenal wall In

particular, elevated blood cholesterol is often related to

atherosclerosis. But, perhaps equally as important

might be some undiscovered third factor that is inherited

from generation to generation which causes increased

arterial intima) degeneration or increased rate of cho-

lesterol deposition in the artenal walls irrespective of

the blood cholesterol concentration
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Protein Metabolism

About three quarters of the body solids are proteins.

These include structural proteins, enzymes, nucleopro^

teins, proteins that transport oxygen^ proteins of the

muscle that cause contraction, and many other tyT^es

1 that perform specific functions both intracellularly and
extracellularly throughout the body
The basic chemical properties of proteins that explain

their diverse functions are so extensive that they con-

stitute a major portion of the entire discipline of bio-

chemistry. For this reason, the present discussion is

confined to a fev/ speaflc aspects of protein metabolism
that are important as background for other discussions

in this text.

I

BASIC PROPERTIES OF PROTEINS

THt AMINO ACIDS

The principal constituents of proteins are ammo acids.

20 of which are present in the body proteins in sigpifi*

cant quantities Figure 69-1 illustrates the chemical

formulas of these 20 amino acids, showing that they all

have two features in common. Each ammo acid has an
acidic group (—COOH) and a nitrogen radical attached
to the molecule near the acidic radical, usually repre-

sented by the ammo group (—NH,)
Peptide linkages and Peptide Chains. In proteins,

the amino acids are aggregated into long chains by
means ofpeptide linkages, one of which is illustrated by
the following reaction:

the peptide linkage has been formed, an ammo radical

and a carboxyl radical are stil! in the new molecule,
both of which are capable of combining with additional
ammo acids to form a peptide chain Some complicated
protein molecules have many thousand ammo acids

combined together principally by peptide linkages, and
even the smallest protein usually has more than 20
amino acids combined together by peptide linkages The
average is about 400 ammo acids

Other Linkages in Protein Molecules. Some protein

molecules are composed of several peptide chains rather
than a single chain, and these m turn are bound with

each other by other linkages, often by hydrogen bonding
between the CO and NH radicals of the peptides as

follows.

^C=o • • -

R-HC^ \m-U'
\ /
N-H - 0=C

/ \

Also, many peptide chains arc coiled or folded, and
the successive coils or folds are held m a tight spiral or

in other shapes by similar hydrogen bonding Out. m
addition to hydrogen bonds, separate peptide chains can
be held together by hydrophobic bonds, electrostatic

forces, and sulfhydryl, phenolic, and salt linkages, os

well 05 by others

NH,
1

R-CH—capH/ +

" l^.NHnR—CH—COOH —
R—CH—CO

!

NH + H,0

,
I

R—CH—COOH
Note in this reaction that the nitrogen of the ammo
radical of one ammo acid bonds with the carbon of the
carboxyl radical of the other amino acid. A hydrogen
atom is released from the ammo radical, and a hydroxyl
radical is released from the carboxyl radical; these two
combine to form a molecule of water. Nolo that

TRANSPORT AND STORAGE OF
AMINO ACIDS

THl BLOOD AMINO AODS
Hie normal concentration of ammo acids m the blood

IS between 35 and 65 mg'dl. This is an average ofabout

2 mg'dl for each of the 20 ammo acids, though some are
present in far greater concentrations than others Since

the ammo acids arc relatively strong ands. they exist

in the blood pnncipaily in the ionized state and account

for 2 to 3 millicquivalcnts of the negative ions m the
blood. The precise distribution of the different .imino
acids tn the blood depends to some extent on the ty-pes

of proteins ingested, but the concentrations of at least

some individual amino acids arc regulated by selective

synthesis in the different cidls.

Fate ofAmino Acids Absorbed from the Gastroin-
testinal Tract, It will be nulled from Chapter 65 that

829
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Cfytlnf

H

H-i-COOH

Nllj

Afanint

H H

H-i-C-COOH

H NHj

Strht

H H

H—i i-COOH

SH,

Cyiitlnt

H H

H-C C-COOH

MIj

Atpariic A€ld

coon

H-C-NHj

H-i-H

<toon

Cluiamd AeU
coon

H-c-n

H-C-H

Atparaimt

0 H SH]

*jn, -c-c-t-iooH

H H

Claiamiat

O n H NH]

Mlj--C-C--C-i_COOH

II H H

r/foj/w

HO- 'S-C-C-COOH

II NH<

AMINO ACIOS

C-COOH
/

N H

tSSENTlAL AMINO ACIDS

tsoievase
^ " •' c-n1h

c-coon
II II CH, Ml, |I_C_SH,

COOH

rijure 69-1. The amlrw acids,

showing the IO essential arrUiW
acids, which cannot be syntfieslzed

at all or in sufficient quanUiy In the
body

the end-products of protein digestion in the gastromtes-
tmal tract are almost entirely amino aads and thatonJy
rare ^lypeptide or whole protein molecules are ab-
sorbed Immediately after a meal, the ammo acid con-
centration m the blood rises, but the nse is usually only
a few milligrams per cent for two reasons: First, protein
digestion and absorption is usually extended over two
to three hours, which allows only small quantities ofammo acids to be absorbed at a time Second after
entering the blood, the excess amino acids are absorbed
within five to ten minutes by celU throughout the entire

•nil'
the liver Therefore, almost never do

hi!^
wnecntrations of ammo acids accumulate in the

•« M ® the turnover rate ofthe amino acids
rapid that many grams of proteins can be earned
one part of the body to another in the form of

annno aads each hour.
Active Transport of Amino Acids into the Cells,

rte moleimles of essentially all the amino acids are
through the pores of the cell

m^branre. Therefore, significant quanUties of aminoaads con be transported through the membrane only by
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1

f3cilitate<l or active transport utilizing earner mecha-
nisms. The nature of the carrier mechanisms is still

poorly understood, but some are discussed in Chapter 9.

Renal Threshold for Amino Acids. One of the

special functions of carrier transport of amino acids is

to prevent loss of these in the urine. All the different

amino acids can be actively transported through the

proximal tubular epithelium, thus removing them from
the glomerular filtrate and returning them to the blood

However, as is true ofother active transport mechanisms
m the renal tubules, there is an upper limit to the rate

at which each type of amino acid can be transported.

For this reason, when a particular t^e of ammo acid

rises to too high a concentration in the plasma and
glomerular filtrate, the excess above that which can be
actively reabsorbed is lost into the urine

In Chapter 38 it was pointed out that appropriate

carrier systems for active reabsorption of certain ammo
acids are often deficient or lacking m the renal tubular

epithelium. Under these conditions the plasma threshold

for the respective amino acids is greatly reduced How-
ever, in the normal person, the loss of ammo acids m
the unne each day is insignificant

5rOA4C£ OFAMINO ACIDS
AS PROTEINS IN THE rriLS

Almost immediately after entry into the cells, ammo
acids are combined by peptide linkages, under the di-

rection of the messenger RNA and nbosomal system, to
form cellular proteins so that the concentrations of the
amino acids inside the cells probably always remains
low. Thus, storage of large quantities of amino acids as
such probably does not occur in the cells; instead, (hey
are mainly stored m the form of actual protems. Yet
many intracellular protems can be rapidly decomposed
again into amino acids under the infiuence of intracel-

lular lysosomal digestive enzymes, and these ammo
acids in turn can be transported back out of the cell into
the blood. The proteins that can thus be decomposed
include many cellular enzymes as well as some other
functioning protems. However, the proteins in the chro-

aiosomeaofthe nucleus and the structural proteins such
as collagen and muscle contractile protems do not par-

ticipate significantly in this reversible storage of amino
acids

Some Ussues of the body participate m the storage of
amino acids to a greater extent than others. For in-

stance, the h\cr, which is a large organ and also has
special systems for processing ammo acids, can store
large quantities of proteins; this is also true of the
kidney and the intestinal mucosa.
Release of Amino Acids from the Cells and i^g-

ulalion of Plasma Amino Acid Concentration.
V^enever the plasma amino acid concentrations fall

below their normal levels, ammo acids are transported
^t of the cells to replenish the supply in the plasma.

Simultaneously, intracellular protems are degraded
back into amino acids.
The plasma concentration of each type of amino acid

18 maintained at a reasonably constant value. Later it

be noted that the vanous hormones secreted by the
endoenne glands are able to alter the balance between
tissue proteins and circulating amino acids; growth
hormone and insulin increase the formation of tissue

proteins, while the adrenocortical glucocorticoid hor-
*mjncs increase the concentration of circulating amino
acids.

Reversible Equilibrium Between the Proteins of
Different Parts of the Body. Since cellular proteins
in the liver (and to a much lesser extent in other tissues)

can be synthesized rapidly from plasma amino acids and
many of these m turn can be degraded and returned to

the plasma almost equally as rapidly, there is constant
equilibrium between the plasma ammo acids and most
of the proteins in the cells of the body. Therefore, it

follows that there is also equilibrium between the pro-

teins from one type of cell and the next. For instance, if

any particular tissue loses proteins, it can synthesize

new proteins from the ammo acids of the blood; in turn,

these are replenished by degradation of proteins from
other cells of the body. These effects are particularly

noticeable in relation to protein synthesis m cancer
cells Cancer cells are prolific users ofammo acids, and,

simultaneously, the protems of the other tissues become
markedly depleted.

Upper Limit to the Storage of Proteins. Each
particular type of cell has an upper limit to the amount
of proteins that it can store. Alter all the cells have
reached their limits, the excess amino acids in the

circulation are then degraded into other products and
used for energy, as is discussed subsequently, or they
are converted lo fat or glycogen and stored in these

forms.

METABOLIC ROLES OF THE
PLASMA PROTEINS

The three mqjor types of protein presentm the plasma
are a/iumifi. globulin, and fibrinogen The pnncipal

function of albumin is lo provide colloid osmotic pres-

sure, which in turn prevents plasma loss from the
capillaries, as discussed m Chapter 30 The globulins

perform a number of enzymatic functions m the plasma
itself, but, more important than this, they arc princi-

pally responsible for both the natural and acquired

immunity that a person has against invading organisms,

which was discussed m Chapter 6 The fibnnogen poly-

menzes into long fibnn threads during blood coagula-

tion. thereby forming blood clots that help lo repair

leaks m the circulatory system, which was discussed in

Chapter 8
Formation of the Plasma Proteins. Essentially all

the albumin and fibnnogen of the plasma proteins, as

well os 60 to 80 per cent of the globulins, are formed in

the liver. The remainder of the globulins are formed in

the lymphoid tissues. These arc mainly the gamma
globulins that constitute the antibodies

The rate of plasma protein formation by the livcrean

bo extremely high, as much as 50 grams per day. Certain

disease conditions often cause rapid loss of plasma pro*

teins; severe bums that denude large surface anas of

the skin cause loss ofmany liters ofplasma through the
denuded areas each day. The rapid production of plasma
proteins by the liver is obviously valuable in preventing

death in such states. Furthermore, occasionally, a person

with severe renal disease loses as much as 20 grams of
plasma protein in the unne each day far months, and
these arc continually replaced.

Use of Plasma Proteins by the Tissucii. When the
tissues become depleted of proteins, the plasma proteins

can act as a source for rapid replacement f4 the Us«ue
proteins. Indeed whole plasma proteins •

‘ ‘
' d

m toto by the tissue maertphsgts by
^
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uted throughout the cells of the body to fom prolas

where they are needed.

Fljure 69-2. Reversibte cquHibrlum among the tissue (Moteiri^

plasma proteins and plasma ammo acids

pmocytosis, then, once in the cells, these arc split into

amino acids that are transported back into the blood

and utilued throughout the body to build cellular pro-

teins In this way, then, the plasma proteins function os

a labile protein storage medium and represent a rapidly

available source of amino acids vihenever a particular

tmue requires these

Reversible Equilibrium Oetween the riastna Pfo*

teins and the Tissue Proteins. The rate of synthesis

of plasma proteins by the liver depends on the concen-

tration of ammo acids m the blood, nhieh means that

the concentration of plasma proteins becomes reduced

uhenever on appropriate supply of amino acids is hOt

available On the ether hand, whenever eacess proteins

are available in the plasma but insufficient proteins are

present in the cells, the plasma proteins are used to

form tissue proteins Thus, there is a constant state of

equilibrium, os illustrated in Figure 6&-2, between the

plasma proteins, the ammo acids of the blood, and the

tissue proteins It has been estimated from radioactive

tracer studies that about 400 grams of body protein are

synthesized and degraded each day as part of the con-

tinual state of flux of amino adds This illustrates oP«
again the general principle of reversible exchange of

amino acids among the different proteins of the body
Even during starvation or during severe debilitating

diseases, the ratio of total tissue proteins to total plasmn
proteins in the body remains relatively constant at about
33 to 1

Because of this reversible equilibrium between plaspru

proteins and the other proteins of the body, one of (he

most effective of all therapies for severe acute protaui

deficiency is Intravenous administration of plasma pro-

tein. Within a few days or sometimes within hours, th«

amino acids of the administered protein become distnb-

ESSENTIAL AND NONESSENTIAL AMINO
ACIDS

Ten of the amino acids normally present in aniir:

proteins can be synthesized m the cells, whereas tl

other ten either cannot be synthesized at all or s

synthesized in quantities too small to supply the bnd)

needs The first group of amino acids is called nonessei

ttal, while the second group is called essential omu
acids The essential amino acids obviously must I

present in the diet jf protein formation is to lake pU'

in the body Use of the word “essential" does not m«
that the other ten amino acids are not equally

essential for formation of the proteins, but only th

these others arc not essential in the diet

Synthesis of the noncsscntial amino acids depends*

the formation first of appropriate a-kelo acids,

ate (he precursors of the respective amino acids 1

instance, pyruttc aetd, which is formed in large qua

titles during the glycolytic breakdown of glucose, Is t

keto acid precursor of the amino acid alanine Then,

the simple process of transamination, an amino radii

18 transferred to the o-keto acid while the keto oxjg

IS transferred to the donor of the amino radical TI

reaction is illustrated in Figure 69-3 Note in ti

reaction that the ammo radical is transferred to t

pyruvic acid from another ammo and, glutamme G'

tamme is present m the tissues In large quantities, a

It functions specifically as an aimno radical storehou

In addition, amino radicals can ^ transferred fn

asparagine, glutamic acid, and aspartic aeid.

Transamination is promoted by enzymes called Irvi

aminases, all of which are denvativea of pyndoxine, c

of the B vitamins Without this vitamin, the nonesw
tial ammo acids are not synthesized at all or only pooi

80, and. therefore, protein formation cannot pi«t
normally

USE or PROTONS fOR ENERGY

It waa pointed out earlier that there is an upper lie

to the amount of protein that can accumulate m ca

particular type of cell Once the cells are filled to ih'

limits, any additional amino acids in the body fluids i

degraded and used for energy or stored as fat TI

degradation occurs almost entirely in the liver, and
^gins wTth the process known as deamination To hi

in this process, the excess ammo acids in the cel

especi^ly m the liver, induce the production of lai

quantities ofominolrans/ernses. the enzymes responsil

for initiating most deamination
Deamination. Deamination means removal of t

amino groups from the ammo acids This can occur

NJIr-C-CII,-CH,-CH-COOU CHj-C-COOH
1 I + D

O NH, ^ O
(GluUmine) IPyruvic aciJi

Nttr-C-Cllf-CHj-C—COOK CHr-Cll~COO»l
I

(I O
—Kecogluiamic »ci<J)

NH
(Abnine)

nsure 60-3. Synthesis qpf alanine ft®m pyruvic acid by

transaminatfon
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'i several different means, two of which are espectally

important: (1) transamination, which means transfer of
the amino group to some acceptor substance as explained
above in relation to the synthesis of amino acids, and
(2) oxidative deamination.

The greatest amount of deamination occurs by the
following transamination schema:

a

[i
a-Ketoglutaric acid -* Ammo acid

^
Note from this schema that the amino group from the

1
ammo acid is transferred to a*ketoglutanc acid, which

;
then becomes glutamic acid. The glutamic acid can then

,
transfer the amino group to still other substances or can

. release it in the form of ammonia. In the process of

j
losing the amino group, the glutamic acid once again

I
becomes o-ketoglutarie acid, so that the cycle can be

' repeated again and again.

;
Oxidative deamination occurs to much less extent and

{
is catalyzed by amino acid oxidases. In this process the

i amino acid is oxidized at the point where the amino
c radical attaches, which causes the ammo radical to be

released.

(frea Formation by the Liver. The ammonia re*

1
leased during deamination is removed from the blood
almost entirely by conversion into urea, two molecules

' of ammonia and one molecule of carbon dioxide combin*
ing in accordance with the following net reaction:

line. This in turn combines with still another molecule
of ammonia to form arginine, which then splits into

omtihtne and urea. The urea diffuses from the liver cells

into the body fluids and is excreted by the kidneys, while
the ornithine is reused in the cycle again and again.
Oxidation of Dcaminated Amino Acids. Once

amino acids have been deaminated, the resulting keto
acid products can in most instances be oxidized to release

energy for metabolic purposes. This usually involves two
successive processes. (1) the keto acid is changed into

an appropriate chemical substance that can enter the
citric acid cycle, and (2) this substance is then degraded
by this cycle and used for energy in the same manner
that acetyl-CoA derived from carbohydrate and lipid

metabolism is used.

In general, the amount of adenosine triphosphate

formed for each gram of protein that is oxidized is

slightly less than that formed for each gram of glucose

oxidized.

Gluconeogenesis and Ketogenesis. Certain dcami*
nated amino acids are similar to the breakdoum products

that result from glucose and fatty acid metabolism. For
instance, deaminated alanine is pyruvic acid. Obviously,

this can be converted into glucose or glycogen. Or it can
be converted into acetyl-CoA, which can then be poly-

roenzed into fatty acids. Also, two molecules of acetyl*

CoA can condense to form acetoacetie acid, which is one

of the ketone bodies, as explained m the preceding

chapter.

The conversion ofamino acids into glucose or glycogen

is called gluconeogenesis, and the conversion of amino
acids into keto acids or fatty acids is called ketogenesis.

Eighteen of 20 of the deaminated amino acids have
chemical structures that allow them to be converted

into glucose, and 19 can be converted into fats—5 di>

rectly and the other 14 by becoming carboh>drate first

and then becoming fat

OBUCATORY DEGRADATION OF PROTEINS

2NH, + CO,-» H,N—C—NH, + H,0
II

O

Essentially all urea formed in the human body is syn-
thesized in the liver. In the absence of the liver or in
serious liver disease, ammonia accumulates in the blood.
This in turn is extremely toxic, especially to the brain,
often leading to a state called hepofic coma.
The stages m the formation of urea are essentially

the following:

The reaction begins with the amino acid derivative
o/TiUhine, which combines (by means of a scries of
reactions) with one molecule of carbon dioxide and one
molecule ofammonia to form a second substance, eitrul-

When a person eats no proteins, a certain proportion

of that person’s own body proteins continues to be

degraded into amino acids, then deaminated and oxi*

di^. This involves 20 to 30 grains of protein each day,

which IS called the obligatory loss of proteins. Therefore,

to prevent a net loss of protein from the body, one must
ingest a minimum of 20 to 30 grams of protein each

day, and to be on the safe side a minimum of 60 to 75

grams is usually recommended.
The ratios of the different amino acids in the dietary

protein must be about the same as the ratios m the body

tissues if the entire protein is to be usable. If one

particular type of essential amino acid is low in concen-

tration, the others become unusable as well because

ceils form either whole proteins or none at all, as was
explained in Chapter 3 in relation to protein synthesis.

The unusable amino acids arc then deaminated and

oxidized. A protein that has a ratio of amino acids

different from that of the average body protein is calk'd

apartial protein or tncompleie protein, and such a protein

is obviously less valuable for nutrition than is the

complete protein.

Effect of Starvation on Protein Degradation. Ex-

cept for the excess protein in the diet or the 20 to 30
grains of obligatory protein degradation each day, the
body uses almost entirely carboh>drates or fats for

energy as long os these arc available. However, after



834 B MeUbatlsm and Temperjiture KeguUdon

several weeks of starvation, when the quantity of stored

fats begins to run out, the amino acids of the blood begin

to be rapidly deaminated and oxidized for energy. From
this pmnl on, the proteins of the tissues degrade rap-

idly—as much as 125 grams daily—and the cellular

functions deteriorate precipitously

Bccau.se carbohydrate and fat utilization for ene^
occurs in preference to protein utilization, carbohydrates

and Cats ate called protein spacers

HORMONAL REGULAHON OF
PROTEIN METABOLISM

Growth Hormone. Growth hormone increases the

rate of synthesis of cellular proteins, causing the tissue

proteins to increase The precise mechanism by which
growth hormone increases the rate of protein eynthests

IS not known, but growth hormone is believed to act in

some direct manner to enhance the transport of ammo
acids through the cell membranes and/or to accelerate

the DNA and RNA processes of protein synthesis Part

of the action might also result from the effect of growth
hormone on fat metabolism, for this hormone causes
increased rate of fat liberation from the fat depots,

making this available for energy. This in turn reduces
the rate of oxidation of ammo acids and consequently
makes increased quantities of ammo acids available to

the tissues to be synthesued into proteins

Insulin. Lack of insulin reduces protein synthesis

almost to zero The mechanism by which this hormone
affects protein metabolism is also unknown, but insulin

does accelerate amino acid transport into the cells, which
could be the stimulus to protein synthesis Also, insulin

increases the avallsbility of glucose to the cells so that

the use of amino acids for energy becomes correspond-

ingly reduced This, too, undoubtedly makes far larger

quantities of ammo acids available to the tissues for

protein synthesis

Glucocorticoids. The glucocorticoids secreted by the

adrenal cortex decrease the quantity of protein in most
tissues while increasing the amino acid concentration

in the pla.sma However, contrary to elsewhere m the
body, these hormones increose both the hver proteins

and the plasma proteins It is believed that the gluco-

corticoids act by increasing the rate of breakdown of
exlrahepatic proteins, thereby making increased quan-
tities of amino acids available in the body fluids This
in turn supposedly allows the liver to synthesize in-

creased quantities of hepatic cellular proteins and
plasma proteins.

The effects of glucocorticoids on protein metabolism
are especially important in ketogmesis and gluconeo-
genesls, for in the absence ofthese hormones insuflicient

quantities of amino adds are usuaiiy available in the
plasma to allow either significant gluconeogenesia or
ketogencsis from proteins

Testosterone. Testosterone, the male sex hormone,
causes increased deposition of protein in the tissues

throughout the body, including especially increase in

the contractile proteins of the muscles. The mechanism
by which this effect comes about is unknown, but it is

definitely different from the effect of growth hormone in
tho following way Growth hormone causes tissues to

continue growing almost indefinitely, while testosterone
causes the muscles and other protein tissues to enlarge

ly for several months, beyond that time, deiipite eon-
admmistrntion of testosterone, further protein

.
’ ceases.

Estrogen, the principal female sex hormone, alsa

causes slight deposition of protein, but its effect ii

relatively insignificant in comparison with that of ta-

tosterone.

Thyroxine. Thyroxine increases the rate of metalw-

lism of all cells, and, as a result, indirectly affects protein

metabolism If insufficient carbohydrates and fats we

available for energy, thyroxine causes rapid dcgradatim

ofproteins and uses these for energy. On the other hand,

if adequate quantities of carbohydrates and fats an

available and excesses ofammo acids are also available

in the extracellular fluid, thyroxine can actually in-

crease the rate of protein synthesis. Conversely, in

growing animals deficiency of thyroxine causes growth

to be greatly inhibited because of lack of protein syn-

thesis In essence, it is believed that thyroxine has little

specific direct effect on protein metabolism but does

have an important general effect in increasing the rates

of both normal anabolic and normal catabolic proUia

reactions
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70
The Liver as an
Organ

In many previoiis chapters we have encountered
the liver, and each time it is performing a different

function. Yet,' we often forget that the liver is a
discrete org^an and that many of its various func-
tions interrelate to each other. This becomes par-
ticularly evident in clinical abnormalities of the
liver because many of its functions are disturbed
simultaneously but in different combinations, de-
pending upon the nature of the disorder. Therefore,
the purpose of the present chapter is to summarize
the different functions of the liver and to show
how the liver operates as an individual organ.
The baste functions of the liver can be divided

into (1) its vascular functions for storage and
filtration of blood, (2) its metabolic functions con-
cerned with the majority of the metabolic systems
of the body, and (3) its secretory and excretory
functions that are responsible for forming the bile

that flows through the bile ducts into the gastroin-
testinal tract.

physiologicASATOMY OF THE LfVER

The basic functional unit of the liver is the hwr
lobule, which is a cylindrical structure several milli-

meters in length and 0.8 to 2 mm in diameter. The
human liver contains 50,000 to 100,000 individual lob-
ules.

The liver lobule is constructed around a central vein
that empties into the hepatic veins and thence into the

Hsure 70-1. Basic structure of a Ih'er lobule showing the
hepatic cellular plates, the blood vessels, the bDe-coDecUng jy»-

and the lyt^h (tow system comprtsed o( the spaces of Olsse
snd the Interlobular lymphatics. (Reprinted from Cuytoa Tayter.

^ Granger (as modified from tllas> Dynamics of the Body
1975)

vena cava. The lobule itself is composed principally of
many hepatic cellular plates (two ofwhich are illustrated

m Figure 70~1) that radiate centnfugally from the
centr^ vein like spokes in a wheel Each hepatic plate

is one to two cells thick, and between the adjacent cells

lie small bile canaliculi that empty into bile ducts that

originate in the fibrous septa that separate the adjacent
liver lobules.

Also in the septa are small portal venules that receive

their blood from the portal veins. From these venules
blood flows mto flat, branching hepatic sinusoids that

lie between the hepatic plates, and thence mto the
central vein. Thus, the hepatic cells are exposed contin-

uously to portal venous blood.

In addition to the porta] venules, hepatic arterioles

are also present in the interlobular septa. These arter-

ioles supply arterial blood to the septal tissues, and
many of the small arterioles also empty directly into

the hepatic sinusoids, most fre<}u«ntly emptying into

these about one third of the distance away from the

interlobular septa, as shown in Figure 70-1.

‘^e venous sinusoids are lined by two types of cells:

(1) typical endothelial cells and (2) large Kupffer cells,

which are tissue macrophages (also called reticuloen-

dothelial cells) capable of phagocytizing bacteria and
other foreign matter in the blood The endothelial lining

of the venous sinusoids has extremely large pores, some
of which are almost 1 micron in diameter. Beneath this

limng, lying between the endothelial cells and the he-

patic cells, IS a very narrow tissue space called the space

ofDisse Because of the large pores in the endothelium,

substances in the plasma move freely into the space of
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Disse. Even large portions of the plasma proteins diffuse

freely into this space.

In the interlobular septa are vast numbers of terminal

lymphatics The spaces of Disse connect directly with

the lymphatics so that excess fluid in these spaces is

removed through the lymphatics

disc failure, which oflen increases the central vcnasi

pressure to as high as 10 to 15 mm Hg. The continual

stretching of the liver sinusoids that results and tin

stasis of blood caused by the hepatic congestion grada

ally lead to necrosis of many of the hepatic cells in flu

hepatic cellular plates.

FUNCTION OF THE HEPATIC
VASCULAR SYSTEM

The function of the hepatic vascular system was dis-

cussed in Chapter 29 in connection with the portal veins

Bnefly, this can be summarized as follows’

Blood Flow Through the Liver. About 1100 ml of

blood flows from the porta! vein into the liver sinusoids

each minute, and approximately an additional 350 ml
flows into the sinusoids from the hepatic ortery, the

totol averaging about 1450 ml per minute.

Total hepatic Wood flow per minute can be measured
by a modified Fick procedure in which the dye indocy-

anine green, a dye that is removed from the blood only

by the liver, is infused continuously into the circulatory

system until its concentration in the arterial blood

remains constant When this is achieved, one knows the

rate of excretion of the dye because it is then exactly

equal to the rate of infusion Next, the concentration of

the dye is measured in the arterial blood and also in

venous blood collected from the hepatic vein by means
of a catheter From these messurements, one can cal-

culate the arteriovenous difference of the dye The liver

blood flow IS then calculated by the usual Fick formula,

as follows

Hepatic blood flow
Rate of dye excretion

A-V difference m dye

Pressures and Resistance in the Hepatic Vessels,

The pressure in the hepatic vein leading from the liver

into the vena cava averages almost exactly 0 mm Hg,
whereas the pressure in the portal vein leading into the
liver averages 9 mm Hg This shows that the resistance

to blood flow through the liver sinusoids is normally
low, especially when one consider that about 1.45 liters

of blood flow by this route each minute However, var-

ious pathological conditions can cause the resistance to

rise markedly, sometimes increasing the portal venous
pressure to as high as 20 to 30 mm Hg The most
common cause of increased hepatic vascular resistance

IS the disease liver cirrhosis, in which many of the
vascular channels through the liver are severely re-

stricted by fibrotic constnction of the sinusoids or even
complete blockage or destruction

Storage of Blood in the Liver, Hepatic Conges-
tion. An increase m pressure in the veins draining the
liver dams blood in the liver sinusoids and thereby
causes the entire liver to swell markedly The liver can
store 200 to 400 ml of blood in this way as the result of
only a 4 to 8 mm Hg nse m hepatic venous pressure
For this reason, the liver is one of the mijor blood
resetvoiTs Conversely, if a person hemorrhages so that
large amounts of blood are lost from the circulatory
system, much of the normal blood m the liver sinusoids
drams into the remamder of the circulation to help
replace the lost blood.

The most common cause of hepatic congestion is car-

lymph Flow from the Uver

Because the pores in the hepatic sinusoids allow ready

passage of proteins into the spaces of Disse, the lytnpfi

draining from the liver usually has a protein concentrs-

tion of about 6 grams per deciliter, which is only slightly

less than the protein concentration of plasma. Also, the

extreme permeability of the liver sinusoids allows large

quantities of lymph to form Therefore, about one half

of ali the lymph formed in the body under restiog

conditions arises m the liver.

Effects of High Hepatic Vascular Pressures on

Fluid Transudation from the Liver Sinusoids and

Portal Capillaries, l^en the hepatic venous pressun

rises only 3 to 7 mm Hg above normal, excessive

amounts of fluid begin to transude into the lymph and

al.sotoleak through the outer surface ofthe liver capsule

directly into the abdominal cavity. This fluid is almost

pure plasma, containing 80 to 90 per cent as touch

protein as normal plasma At still higher hepatic venous

pressures, at 10 to 15 mmHg, liver lymph flow increase*

to as much as 20 times normal, and the “sweating^ from

the surface of the liver can be so great that it caus«

severe ascites (free fluid in the abdominal cavity).
,

Blockage of portal flow into or through the liver causes

very high capillary pressures in the entire gaatrointe^

tinal tract, resulting in edema of the gut wall and

transudation of fluid through the serosa of the gut into

the obdominal cavity This, too, can cause ascites but is

less likely to do so than is sweating from the Ihei

surface, because collateral vascular channels develop

rapidly from the portal veins to the systemic veins,

decreasing the intestinal capillary pressure back to a

safe value

The Hepatic Tissue Af^cropfr<tj;e System

The inner surfaces of all the liver sinusoids are loaded

with many Kupffer cells, which protrude into the flowing

blood as illustrated m Figure 70-1 and as shown in

detail in Figure 5-4 of Chapter 6. These cells are highly

phagocytic, so much so that they can remove 99 per cent

(Or morel of bacteria m the portal venous blood before

they can pass alt the way through the liver sinusoids

Since the portal blood drains from the intestines, it

almost always contains a considerable number of colon

bacilli Therefore, the importance of the Kupffer cell

filtration system is readily apparent The number of

KupiTer cells in the sinusoids increases markedly when
increased quantities ofparticulate matter or otherdebris

ere present in the blood.

METABOLIC FUNCTIONS OF THE
LIVER

The liver cells all together are a large chcmiwUy
reactant pool having a very high rate of metabolism.
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’ sharing substrates and energy from one metabolic sys*

I tem to another, processing and symthesizing muitlple

> substances that are transported to other areas of the

I body, and performing a myriad of other metabolic func>

lions. For all of these reasons, a m^jor share of the

entsre discipline of biochemistry ts devoted to the met*
abolic reactions in the liver. But, here, let us summarize
those metabolic functions that arc especially important
in understanding the integrated physiology of the body.

CARBOffYDJtATE METABOUSM

In carbohydrate metabolism the liver performs the
following specific functions. (I) storage of glycogen, (2)

coQversion of galactose and fructose to glucose, O) gtu-

eoneogencsis, and (4) formation of many important
chemical compounds from the intermediate products of

carbohydrate metabolism.
The liver is especially important for maintaining a

normal blood glucose concentration. For instance, stor-

age ofglycogen allows the liver to remove excess glucose
from the blood, store it, and then return it to the blood
when the blood glucose concentration begins to fall too
low. This is called the g/ucose buffer function of {he
liver. As an example, immediately after a meal contain-
ing large amounts of carbohydrates, the blood glucose
concentration rises about throe times as much in a
person w'ith a nonfunctional liver as in a person with a
normal liver.

Cluconcogenesis in the liver is also concerned with

I

maintaining a normal blood glucose concentration, for

’ gluconeogenesis occurs to a significant extent only when
the glucose concentration begins to fail below norma).
In such a case, large amounts of amino acids are con-
verted into glucose, thereby contributing stiU another
means for maintaining a relatively normal blood glucose
concentration.

tATMlTAEOUSM

Though some fat metabolism can take place in almost
all cells of the body, certain aspects of fat metabolism
wxur mainly in the liver. Some specific functions of the
liver in fat metabolism are (1) very high rate of beta
oxidation of fatty acids and formaUon of acctoacetic
Mid, (2) formation of most of the lipoproteins, {3) syn-
thesis of large quantities of cholesterol and phospho-
lipids, and (4) conversion of large quantities of carbo-
hydrates and proteins to fat.

To derive energy from neutral fats, the fat is first split

into glycerol and fatty acids; then the fatty acids are
split by beta oxidation into two-carbon acetyl radical*
that then form ocetylcoenzyme A (acetyl-CoA). This m
ti^ can enter the citric acid cycle and be oxidized to

liberate tremendous amounts of energy. Beta oxidation
can take place in all cells of the body, but it occur*
especially rapidlym the hepatic cells. Yet the liver itoelf

cannot utilize all the acetyl-CoA that is formed; instead,
this IS converted by condensation of two molecules of

awlyl-CoA into acetoacetic acid, which is a highly sol-

uble add that passes from the liver cells into the

extracellular fluids and then is transported throughout
the body to be absorbed by the other tissues. These
hssueam turn reconvert the acetoacetic acid into acetyl-
tkiA and then oxidize it in the usual manner. In this

way, therefore, the Uver is responsible for a major part
ofthe metabolism of fats.

About 80 per cent of the cholesterol synthesized is

converted into bile salts, which in turn are secreted into
the bile; the remainder is transported in the lipoproteins,
which are carried by the blood to the tissue cells every-
where in the body. Phospholipids are likewise synthe-
sized in the liver and transported principally m the
lipoproteins. Both the cholesterol and the phospholipids
are used by the cells to form membranes, intracellular
structures, and multiple derived chemical substances
that are important to cellular function

Most of the fat synthesis in the body from carbohy-
drates and proteins also occurs in the liver. After fat is

symthesized in the liver it is transported in the lipopro-

teins to the adipose tissue to be stored.

noWfi MITABOIISM

Even though a large proportion of the processes for

carbohydrate and fot metabolism occurs in the liver, the
body could probably dispense with many of these func-

tions of the liver and still survive. On the other hand,
the body cannot dispense with the services of the liver

in protein metabolism for more than a few days without

death ensuing The most important functions of the liver

m protein metabolism are (1) deamination of amino
aci^. (2) formation of urea for removal of ammonia
from the body fluids, (3) formation of plasma proteins,

and (4) inteitonvcrsions among the different amino acids

and other compounds important to the metabolic proc*

esses of the body
Deamination of the amino acids is required before

these can be used for energy or before they can be
converted into carbohydrates or fata. A small amount of

deamination can occur in the other tissues of the body,

especially m the kidney, but the percentage of deami-

nation occumng extrahepatically is so small that it is

almost completely unimportant.

Formation of urea by the liver removes ammonia from

the body fluids Large amounts of ammonia are formed

by the deamination process, and still additional amounts
are continually formed in the gut by bacteria and are

then absorbed into the blood. Therefore, in the absence

of this function of the liver to form urea, the plasma
ammonia concentration rises rapidly and results in

hepatic coma and death. Indeed, even greatly decreased

blood flow through the liver—as occurs occasionally

when a shunt develops between the portal vein and the

vena cava—can also cause excessive ammonia in the

blood, an exceedingly toxic condition.

Essentially all the plasma proteins, with the exception

of part of the gamma globulins, are formed by the

hepatic cells. This accounts for about 90 per cent of all

the plasma proteins. The remaining gamma globulins

are ^e antibodies formed mainly by plasma cells in the

lymph tissue of the body. The liver can probably form

plasma proteins at a maximum rate of 15 to 50 grams

per day. Therefore, after loss of as much as half the

plasma proteins from the body, these can be replenished

in a week or two. It is particularly interesting that

plasma protein depletion causes rapid mitosis of the

hepatic cells and actual growth of the liver to a larger

these effects are coupled with rapid output of

plasma proteins until the plasma concentration returns

to normal.
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Among the most important functions of the liver is

Its ability to synthesize certain amino acids and also to

synthesize other important chemical compounds from

amino acids. For instance, the so-called noncssential

ammo acids can all be synthesized in the hver. To do
this, a kcto acid having the same chemical composition

(except at the keto oxygen) as that of the amino acid to

be formed is first synthesized Then an amino radical is

transferred through several stages of Iransaminalion

from an available amino acid to the keto add to take

the place of the keto oxygen.

MISCELLANEOUS METABOUC fUNCnONS
or THE LLVEB

Storage of Vitamins. The liver has a particular

propensity for storing vitamins and has long been known
as an excellent source of certain vitamins in treating

patients The single vitamin stored to the greatest extent

in the hver is vitamin A, but large quantities of vitamin
D and vitamin B„ are normally stored as welt. Suffictenl

quantities of vitamin A can be stored to prevent vitamin
Adeficiency for as long as ten months Sufficientvitamm
D can be stored to prevent deficiency for as long as three

to four months, and vitamm B,, can be stored for at

least a year and maybe several years
Relationship of the Liver to Blood Coagulation.

The liver forma a large proportion of the blood sub-

stances utilized in the coagulation process. These are
fibrinogen, prothrombin, eccelorator globulin, factor VU.
and several other important coagulation factors. Vita-

min K IS required by the metabolic processes of (he hver
for the formation of prothrombin and factors VII, IX.

and X. In the absence of vitamm K the concentrations

of these substances fall very low, and this almost pre-

vents blood coagulation

Storage of Icon. Except for the Iron in the hemoglo-
bin of the blood, by far the greater proportion of the iron

m the body is usually stored m the liver m the form of

ferritin The hepatic cells contain large amounts of a
protein called apofernttn, which is capable of combining
with either small or large quantities of iron Therefore,
when iron is available m the body fluids in extra
quantities, it combines with the apoferritin to form

When the iron in the circulating body fluids reaches a
low level, the ferritin releases the iron Thus, the ap<>-

femtin-fcmtm system of the hver acts as a blood iron

buffer and also as an iron storage medium Other func-
tions of the liver in relation to iron metabolism are
considered m Chapter 4

Removal or Excretion of Drugs, Hormones, and
Other Substances by the Liver. T^e very active chem-
ical medium of the liver is well known for its capability

of detoxifying or excreting into the bile many dilTerent

drugs, including sulfonamides, pcnieiUin, ampiatlin.
erythromycin, and many others In a similar manner,
several of the different hormones secreted by the endo-
enne glands are either chemically altered or excreted

by the liver, including thyroxine and essentially all the
steroid hormones such as estrogen, cortisol, aldi^tenme,
and so forth. Therefore, liver damage can often lead to
excess accumulation of one or more of these hormones
in the body fluids and therefore can cause overactivify
of the hormonal systems. Finally, one ofthe major routes
for excreting calcium from the blood is into the bile and
then into the feces

EXCRETION or BILIRUBIN

IN THE BILE

The formation of bile by the liver and its functioiJ *

the digestive and absorptive processes of the mtestjm

tract were discussed in Chapters 64 and 65. In additi^o,

many substances are excreted in the bile and tb^ii '

eliminated in the feces. One of these is the greenish-
:

yellow pigment fc/firu6m This is a major end-produftof
I

hemoglobin degradation, as pointed out in Chapter 4 It

is highly soluble in all cell membranes and is also
;

toxic Therefore, its excretion in the bile is one of the

very important functions of the liver. A full understand-

ing of bilirubin fcpimation and excretion provides

exceedingly Important tool to the clinician for diagfww-

ing both hemolytic blood diseases and vanous type® of

liver diseases

Briefly, when the red blood cells have lived out tboi^

life span, averaging 120 days, and have become t*!*

fragile to exist longer in the circulatory system. th®|^

cell membranes rupture and the released hemoglobinw

phagocytized by tissue macrophages (also called "r^ti^

uloendothelial system") throughout the body. Here,

hemoglobin is first split Into globin and heme, and thf

heme ring is opened to give (a) free iron that is trsns

ported in the blood by transferrin, and (b) a straight

chain of four pyrrole nuclei that is the substrate ffem

which the bile pigments are formed The first pign«’'^

formed is 6»/»rerdin, but this is rapidly reduced to

6iftru6m, which is gradually released into the plas^^

However, the free bilirubin immediately combines very

strongly with the plasma albumin and is transported in

this combination throughout the blood and interstlhsl

fluids Even when bound with the plasma protein,

bilirubin is still called "free bilirubin’' to distinguish^

from “conjugated bilirubin," which will be di«u^^
later Within hours, the free bUinibin is ahsot^
through the hepatic cell membrane, in this process b^’^S

released from the plasma albumin but almost instantly

being combined with one oftwo proteins (called "Y" sno

"Z” proteins) inside the hepatic cells that trap th®

bilirubin inside the cells. Soon thereafter, however,
bilinibm is also removed from this protein and coni’?'

gated with other aubstances About 80 per cent of w

u>Tkyoga\ex vnMh glucuTonic aezA to form bilinibm
curontde; an additional 10 per cent coryugates "^*1“

sulfate to form bilirubin sulfate, and the final 10

cent coryugates with a multitude of other substances- B
js iti these Forma that the bilirubin is excreted by

active transport process into the bile canaliculi.

A smalt portion of the conjugated bilirubin formed by

the hepatic cells returns to the plasma, either directly

into the liver sinusoids or indirectly by absorption

the blood from the bile ducts or Ijonphatics- Regard’cW

of the exact mechanism by which it re-enters the blf^-

this causes a small portion of the bilirubin in the

extracellular fluids always to be of the conjugated typ®

rather than of the free type.

Formation and Fate of Urobilinogen. Once
intestine, about one half of the bilirubin is convertw
bactonal action into the substance wrobilwogen,
is highly soluble. Some of the urobilinogen is reabsorbed

through the intestinal mucosa into the blood Most ol

thb is re-excreted by the liver' back into the gut, but

about 5 per cent is excreted by the kidneys into the

urine. After exposure to air in the unne, the urobilm^
gen becomes oxidized to urobilin, or in the fece^ B
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becomes altered and oxidized to form sterco&ifm. 111^
terrelatioDships of bilirubin and the other biie pig-

ents are illustrated in Figure 70-2.

Jaundice. The word "jaundice” means a yellowish

nt to the body tissues, including yellowness of the skin

id also of the deep tissues. The usual cause ofjaundice

large quantities ofbihnibin in the extracellular fluids,

ther free bilirubin or conjugated bilirubin. The normal
asma concentration of bilirubin, including both the

ee and the conjugated forms, averages 0.S mg/dl of

lasma. However, in certain abnormal conditions this

m rise to as high as 40 mg/dl The skin usually begins

I appear jaundiced when the concentration rises to

bout three times normal—that is, above 1.5 mg/dl
The common causes of jaundice are (I) increased

°structian of red blood cells with rapid release of
ilirubin into the blood or (2) obstruction of the bile

acts or damage to the liver cells so that even the usual

mounts of bilirubin cannot be excreted into the gas-

oint^stinal tract. These two types of jaundice are

ailed, respectively, hemolytic jaundice and obstruclive

lundice- They diHer from each other in the following

'ays:

Hemolytic Jaundice. In hemolytic jaundice, the ex-

retory function of the liver is not impaired in the least,

ut red blood cells are hemolyzed rapidly and the hepatic
ells simply cannot excrete the bilirubin as rapidly as it

1 formed. Therefore, the plasma concentrations of both

free and conjugated bilirubin rise to levels mudi above
normal. Likewise, the rate of formation of urobilinogen

m the intestine is greatly increased, and much of this

is absorbed into the blood and later excreted m the
urme.

Obstructive Jaundice. In obstructive jaundice,

caused either by obstruction of the bile ducts or by
damage to the hver cells, the rate of bihrubin formation
is normal, but the bilirubin formed simply cannot pass
from the blood into the intestines. However, the free

biUrubm usually does still enter the liver cells and
becomes conjugated in the usual way This conjugated
bilirubin is then returned to the blood probably by
rupture of the congested bile canalicuh and direct emp-
tying of the bile into the lymph leaving the hver. Thus,

most of (he bilirubin in the plasma becomes the conju-

gated type rather than the free type

Diagnostic Differences Between Hemolytic and
Obstructive Jaundice. A simple test called the van
den Bergh test can be used to dilTerentiate between free

and conjugated bilirubin in the plasma. If an immediate
reaction occurs with the van den Bergh reagent (which

gives a colonmetnc change), the bilirubin is of the

conjugated type, and the reaction is called a direct van
den Bergh reaction. However, to demonstrate the pres-

ence of free bilirubin, one must add alcohol to the

plasma. This precipitates the protein and “frees” the

“free” bilirubin from its protein complex so that it can

tisure 70-2, BUinjbin /onmrion >ind

excretion.
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then combine with the van den Bergh reagent Thi|

causes the colorimetric change to be much stronger, an4

the additional result is called the indirect van den BergP

reaction Thus, in hemolytic jaundice on inrfireet vaP

den Bergh reaction occurs (increased free bihrubin) and

in obstructive jaundice a direct tan den Bergh mctioP
occurs {'increased conjugafed 6dtru6ini

When there is total obstruction of bile flow, no biU*

rubin at all can reach the intestines to be converted int®

urobilinogen by bacteria Therefore, urobilinogen is n<jt

reabsorbed into the blood and also is not excreted by

the kidneys into the urine Consequently, in total

stniclive jaundice, tests for urobilinogen m the unn®
are completely negative Also, the stools become clay

colored for lack of stcrcobilin and other bile pigments
Another major difference between free and conjugated

bilirubin is that kidneys can excrete the highly solubi®

conjugated bilirubin but not the albumin-bound "free

bilirubin Therefore, in severe obstructive jaundice larg®

quantities of conjugated bilirubin appear in the urin^

This can be demonstrated simply by shaking the urin®

and observing the foam, which becomes colored af*

intense yellow

Thus, by understanding the physiology of bilimbi®

excretion by the liver and by use of a few simple test^*

It 18 possible to differentiate between obstructive and
hemolytic jaundice and, often, also to determine th®

seventy of the disease
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7/
Energetics and
Metabolic Rate

IMPORTANCE OF ADENOSINE
TRIPHOSPHATE (ATP) IN
METABOLISM

In the last few chapters it has been pointed out that
carbohydrates, fats, and proteins can all be used by cells

to synthesize large quantities of ATP, and that in turn
the ATP can be used as an energy source for many other
cellular functions For these reasons, ATP has been
called an energy “currency" that can be created and
expended. Indeed, the cells can transfer energy from the
difTerent foodstuits to most functional systems of the
cells only through this medium of ATP lor the very
similar nucleotide guanosme triphosphate (GTP)l Many
of the attributes of ATP were presented in Chapter 2.

but others require discussion at this point
An attribute ofATP that makes it highly valuable as

a means of energy currency is the large quantity of free
energy (about 7300 calories per mole under standard
Mnditlons but as much as 12,000 calories under phya>
iological conditions) vestedm each of its two high energy
phosphate bonds. The amount of energy in each bond,
when liberated by decomposition of ATP, is enough to
cause almost any step of any chemical reaction m the
body to take place if appropriate transfer of the energy
is achieved, ^me chemical reactions that require ATP
energy use only a few hundred of the available 12,000
glories, and the remainder of this energy is then lost

m the form of heat. Yet even this inefficiency m the
utilization of energy is better than not being able to

energize the necessary chenucal reactions at all

The precise methods by which ATP is used to cause
the many physical, chemical, and other types of func-
tions in the cells He principally in the province of
biochemistry. Therefore, only the more important func-
tioiu of ATP are listed here.
Use of ATP for Synthesis of Important Cellular

Components. Among the most important of the intra-
cellular processes that require ATP is the formation of
ppplide linkages between amino acids during the syn-
thesis of proteins. The different peptide linkages, de-
pending on which types of amino acids arc linked to-

gether, require from 500 to 4000 calories of energy per
mole. It Will be recalled from the discussion of protein
s^thesis in Chapter 3 that four separate high energy
phosphate bonds are expended during the cascade of
reaaions required for forming each peptide linkage. This
pro' ides a total of 48,000 calories of energy, which is
far more than the 500 to 5000 calorics eventually stored
in each of the different peptide linkages.

Also, It will be recalled from the preceding chapters
that ATP is utilized in the synthesis of glucose from
lactic acid and in the synthesis of fatty acids from acetyl
Co-A In addition, ATP is utilized for synthesis of cho-

lesterol, phospholipids, the hormones, and almost all

other substances of the body. Even the urea excreted by
the kidneys requires ATP to cause its formation. One
might wonder at the advisability of expending energy
to form urea which then is simply thrown away from
the body However, remembering the extreme toxicity

of ammonia m the body fluids, one can see the value of

this reaction, which keeps the ammonia concentration

ofthe body fluids always at a low level

Use of ATP for Muscular Contraction. Muscular
contraction will not occur without energy from ATP
Myosm, one of the important contractile proteins of the

muscle flher, acts as an enzyme to cause breakdown of

ATP into adenosine diphosphate (ADP), thus causing

the release of energy Only a small amount of ATP is

normally degraded in muscles when muscular contrac-

tion IS not occurring, but this rate of ATP usage can
nse to at least 150 times the resting level during short

bursts of maximal contraction The postulated mecha-
nism by which ATP is utilized to cause muscle contrac-

tion was discussed in Chapter 11

Use of ATP for Active Transport Across Mem-
branes. In Chapters 9, 34, and 65. acti\c transport of

electrolytes and various nutrients across cell membranes
and from the renal tubules and gastrointestinal tract

was discussed. In each instance, it was noted that actuc
transport of most electrolytes and other substances such

as glucose, ammo acids, and acctoacctate can occur

against an electrocho/nica! gradient, oen thaugh the

natural dilTusion of the substances would be in the

opposite direction. Obviously, to oppose the electrochem-

ical gradient requires energy, as was discussed in Chap-
ter 9 This energy is provided by ATP
Energy for Glandular Secretion. The same pnnei-

pics apply to glandular secretion as to the absorption of

substances against concentration gradients, for energy

IS required to concentrate substances as they are se-

creted by the glandular cell. In addition, energy is also

required to synthesize the organic compounds to bo

secreted.

Energy for A’erve Conduction. The energy utilized

during propagation of a ncr%c impulse is derived from

the potential energy stored m the form of concentration

differences of tons across the membranes. Th.vt is. a high

concentration of potassium inside the fiber and a low

concentration outside the fiber constitutes a of

energy storage. Likew ise, a high concentration ofsodium

S4t
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on the outside of the membrane and a low concentration

on the inside represents another store of energy. The

energy needed to pass each action potential along the

fiber membrane is derived from this energy storage,

with small amounts of potassium transferring out of the

cell and sodium into the cell during each of the action

potentials However, active transport systems then re-

transport the ions back through the membrane to their

former positions Here, ATP is utilized in abundance to

retransfer the sodium and potassium ions after nerve

action potentials have been conducted, and the rate of

ATP usage increases in proportion to the number of

action potentiab transmitted.

rHOSPHOCRIATJNT AS A STORAGE DEPOT
FOR ENERGYAND FOR BUFFERING THE
CONCENTRATION OFATP
Despite the paramount importance of ATP as a coup-

ling agent for energy transfer, this substance is not the

most abundant store of high energy phosphate bonds in

the cells. On the contrary, phosphocreatine, which also

contains high energy phosphate bonds, is three to eight

times as abundant Tbe high energy bond of phospho-

creatine contains about 6500 calories per mole under
standard conditions, and as much as 13,000 calories per

mole under conditions in the body (38* C and low
concentrations of the reactants) This is somewhat
greater than the 12,000 calories per mole in each of the

two high energy phosphate bonds of ATP The formula
for creatino phosphate is the following-.

CH,
I

HOOC—CHr-N~

NH H 0
n I

fi

C— N-P—OH
I

0
H

Phosphocreatine cannot act in the same manner as
ATP as a coupling agent for transfer of energy between
the foods and the functional cellular systems But it can
transfer energy interchangeably with ATP. When eatra

amounts of ATP are available in the cell, much of its

energy is utilized to synthesize phosphocreatine, thus
building up this storehouse of energy. Then when the

ATP begins to be used up, the energy in the phospho-
creatine is transferred rapidly back to ATP and from
this to the functional systems of the cells This reversible

interrelationship between ATP and creatine phosphate
IS illustrated by the following equation

Phosphocreatine -i- ADP
IT

ATP -t- Creatine

Note particularly that the higher energy level of the
high energy phosphate bond in phosphocreatine—lOOO
to 1500 calories per mole greater than that in ATP

—

causes the reaction between phosphocreatine and ATP
to proceed to an equilibrium state about 25 times in
favor of ATP Therefore, the slightest utilization ofATP
by the cells calls forth the energy from the phosphocrea-
tme to synthesize new ATP. This effect keeps the con-
centration of ATP at an almost constant level as loi^
as any phosphocreatine remains. For this reason we can
call the ATP-phosphocreatme system an ATP "buffer"
system One can readily understand the importance of

keeping the concentration of ATP very nearly constsni,

because the rates of almost all the reactions in the bodv

depend on this constancy.

ANAEROBIC VERSUS AEROBIC ENERGY

Anaerobic energy means energy that can be derived

from foods without the simultaneous utilization of ox}'-

gen; aerobic energy means energy that can be denied

from foods only by oxidative metabolism. In the discus-

sions in Chapters 67 through 69, it was noted thal

carbohydrates, fata, and proteins can all be oxidized tc

cause synthesis of ATP. However, carbohydrates are Ihi

only significant foods that can be utilized to provtdi

energy without utilization of oxygen; this energy releasi

occurs during glycolytic breakdown of glucose or glyco

gen to pyruvic acid For each mole of glucose that

«

spilt into pyruvic acid, 2 moles of ATP are formed

However, when glywgen is split to pyruvic acid, ead

mole of glucose in the glycogen gives rise to 3 moles o;

ATP The reason for this difference is that free glucosi

entering the cell must be phosphotylated by 1 mole o!

ATP before it can begin to be split, whereas this is noi

true of glucose derived from glycogen because it coiflK

from the glycogen already In the phosphorylated stab

without additional expenditure of ATP. Thus, the besi

source of energy under anaerobic conditions is the sUivet

glycogen of the cells.

Anaerobic Energy During Hypoxia. One of the

prime examples of anaerobic energy utilization oceuts

in acute hypoxia When a person slops breathing, lh*T*

u already a small amount of oxygen stored in the luPg*

and an edditional amount stored in the hemoglobin of

the blood However, these ere sufficient to keep the

metabolic processes functioning only for about two mifi-

utes Continued life beyond this time requires an addi-

tional source of energy This can be derived for another

minute or so from glycolysis, the glycogen of the cell*

splitting into pyruvic acid and the pyruvic acid m wni
becoming lactic acid, which diffuses out of the cells as

described in Chapter 67.

Anaerobic Energy Usage In Strenuous Bursts of

Activity. It IS common knowledge that muscles can

perform extreme feats of strength for a few seconds but

are much less capable during prolonged activity. The
energy used during strenuous activity is derived frfliu

(1) ATP already present in the muscle cells, (2) phos-

phocreatine in the cells, (3) anaerobic energy released

by glycolytic breakdown of glycogen to lactic acid, and

(4) oxidative energy released continuously by oxidative

processes in the cells. The speed of the oxidative proo*

esses cannot approach that which is required to supply

all the energy demands dunng strenuous bursts of

activity. Therefore, the other three sources of energy

are called upon to their maximum extent.

The maximum amount of ATPm muscle is only abimt

5 millimoles per liter of intracellular fluid, and this

amount can maintain maximum muscle contraction fov

not more than a second or so. The amount of phosph^
creatine in the cells is three to eight times this amount,

but even by utilization of all the phosphocreatine, the

amount of time that maximum contraction can be main-

tained is still only a few more seconds Release of energy

by glycolysis can occur much more rapidly than can

oxidative release of energy. Consequently, most of the

extra energy required during strenuous activity that
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lasts for more than a few seconds but less than one to

two minutes is derived from anaerobic glycolysis. As a

result, the glycogen content of muscles alter strenuous

bouts of exercise becomes reduced, whereas the lactic

acid concentration of the blood rises. Then, immediately

ailer the exercise is over, oxidative metabohsm is used

to reconvert about four fifths of the lactic acid into

glucose, while the remainder becomes pyruvic acid and
IS degraded and oxidized in the citric acid cycle. The
reconversion to glucose occurs principally in the liver

cells, and the glucose is then transported m the blood

back to the muscles where it is stored once more in the

form of glucogen.

Oxygen Debt After a period of strenuous exercise, a
person continues to breathe hard and to consume exces-

sive amounts of oxygen for a few minutes or up to as

long as an hour thereafter. This excess oxygen is used
(1) to reconvert the lactic acid that has accumulated
during exercise back into glucose, (2) to reconvert the

decomposed ATP and creatine phosphate to their origi-

nal states, (3) to re-establish normal concentrations of

oxygen bound with hemoglobin and myoglobin, and (4)

to raise the concentration of oxygen in the lungs up to

Its normal level. This excess consumption of oxygen
after the exercise is over is called the oxygen debt.

The principle of oxygen debt vnll he discussed further
in Chapter 84 in relation to sports physiology; the ability

of a person to build up an oxygen debt is especially

important in many types of athletics

SUMMARY OF FNFRGY UTIUZATiON
BY THE cuts

With the background of the past few chapters and of

the preceding discussion, we can now synthesize a com-
posite picture of overall energy utilization by the cells

as illustrated in Figure 71-1. This figure shows the

anaerobic utilization of glycogen and glucose to fonn
ATP and also the aerobic utilization of compounds de-

rived from carbohydrates, fats, proteins, and other sub-

stances for the formation of still additional ATP. In

turn, ATP is in reversible equilibrium with phospho-
creatine m the cells, and, since larger quantities of

piuephocreatine are present in the cell than ATP, much
of the stored energy of the cell is in this energy store-

house.

Energy from ATP can be utilized by the different
functioning systems of the cells to provide for synthesis
and growth, muscular contraction, glandular secretion,
nerve impulse conduction, active absorption, and other
rallular activities. If greater amounts of energy are
called forth for cellular activities than can be provided
by oxidative metabolism, the phosphocrcatine store-

house is first utilized, and this is followed rapidly by
anaerobic breakdown of glycogen. Thus, oxidative me-
tabolism cannot deliver energy to the cells nearly so
rapidly as can the anaerobic processes, but in contrast
it is quantitatively almost inexhaustible.

CONTROL OF ENERGY RELEASE IN
THE CELL

Rate Control of Enzyme-Catalyzed Reactions, Be-
fore It IS possible to discuss the control ofenergy release

m the cell, it is necessary to consider the basic pnneipJes
of rate control of enzymatically catalyzed chemical re-

actions, which are the types of reactions that occur
almost universally throughout the body.

The mechanism by which an enzyme catalyzes a
chemical reaction is for the enzyme first to combine
loosely with one of the substrates of the reaction. This
alters the bonding forces on the substrate sufficiently

that It can then react with other substances. Therefore,
the rate of the overall chemical reaction is determined
by both the concentration of the enzyme and the concen-
tration of^e substrate that binds with the enzyme. The
basic equation expressing this concept is;

Rate of reaction
K, • Enzyme • Substrate

Kj + Substrate

This IB called the Mtehaehs-Afenten equation Figure
71-2 illustrates the application of this equation

Itoie ofEnzyme Concentration in the Regulation
of Metabolic Reactions. Figure 71-2 illustrates that

Glycogen

Glucose

-JdZ^crob,
ATP

Lactic acid Pyruvic acid

Acetyl-CoA

•Obicf

Deaminated
amino acids

,«fEncrgy for

(

1

) synthesis and growlh
(2) muscular contraction

(3) glandular secretion

(4) nerve conduction

(5) acthc absorption

(6) cic.

Phosphocreatine

Other substrates
L--'-'’

Creatine + PO,

COz + HjO
n.urt 71-1 Ovetatt schema of energy transfer from foods to the adenyU add $>s«^ and then to the

fu”«.^ dement of the ceBS. (ModJied from Soskin arxl Levlrse Carbohydtaie Metaboavn. UaVeryty of

ChJeaso Press.)
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nso'«7l-2. C/Teec of substrate and enzyme concentraHons on

the rate of enzyme catalyzed reaction

U'/ien the substrate is present in reasonably high concert’

frafton, as shown in the nght half of the figure, the rate

ofa chemical reaction is then determined almost entirely

by the concentration of the enzyme Thus, as the enzyme
concentration increases from an arbitrary value of 1 up
to 2, 4, or 8, the rate of the reaction increases propor-

tionately As an example, «hen large quantities of

glucose enter the renal tubules in diabetes mellilus, the

rate of reabsorption of the glucose is determined almost

entirely by the concentration of the glucose transport

enzymes m the proximal tubular cells because the sub-

strate is then present in excess

liole ofSubstrate Concentration in ne^fstion of
Metabolic Iteacliona. Note also in Figure 71-2 that

when the substrate concentration becomes low enough
that only a small portion of the enzyme is required in

the reaction, the rate of the reaction then becomes
directly proportional to the substrate concentration as
well as enzyme concentration This is the effect seen in

the absorption of substances from the intestinal tract

and renal tubules when their concentrations have be-

come very low
Rate UmitsUon In a Series of Reactions. It has

become evident from the discussions in the preceding
chapters that almost all chemical reactions of the body
occur in senes, the product of one reaction acting as a
substrate of the next reaction, and so on. It is immedi-
ately obvious also that the overall rate of a complex
senes of chemical reactions is determined by the rate of
reaction of the slowest step in the senes This is called

the rate-limiting reaction for the entire senes
Adenosine Diphosphate (ADP) Concentration as

a Rate-Controlling Factor in Energy Release. Under
resting conditions, the concentration of ADP in the cells

IS extremely slight so that the chemical reactions that
depend on ADP as one of the substrates likewise are
very slow These include all the oxidative metabolic
pathways as well as essentially all other pathways for

release of energy in the body. Thus, ADP is a major
ra/e-hmiting factor for almost all energy metabolism of
the body.

When the cells become active, regardless of the type
of activity, ATP is converted into ADP, increasing the
concentration of ADP in direct proportion to the degree
of activity of the cell This automatically increases the
rates of reactions of the ADP-rate-limiting steps in the
metabolic release ofenergy. Thus, by this simple process,

the amount of energy released m the cell is controlled

by the degree of activity of the cell. In the absence of
liar activity, the release of energy stops.

TH£ ME.TABOLIC RATE

The metabolism of the body means simply alt tin

chemical reactions in all the cells of the body, and tht

metabolic rate is normally expressed in terms of the ra!<

of heat liberation during the chemical reactions

Heat os the Common Denominator of All the

Energy Released in the Body. In discussing maoj
the metabolic reactions of the preceding chapters, w
have noted that not all the energy in the foods Is

transferred to ATP, instead, a large portion of this

energy becomes heat. On the average, about fiO per cent

of the energy in the foods becomes heat during ATP

formation Then still more energy becomes heat as it is

transferred from ATP to the functional systems of the

cells, so that even under the best of conditions not more

than 20 to 25 per cent of all the energy from the food is

finally utilized by the functional systems.

Even though 25 per cent of the energy should reai^

the functional systems of the cells, almost all of Hus

also eventually becomes heat for the following reasons

We might first consider the synthesis of protein and

other growing elements of the body. IVhen proteins am
synthesized, large portions of ATP arc used to form the

peptide linkages, and this stores energy in these

ages But we also noted in our discussions of proteiuf m
Chapter 69 that there is continuous turnover of proteins,

some being degraded while others are being formri

When the proteins arc degraded, the energy stored in

the peptide linkages is released in the form of heat

the body.

Now let us consider the energy used for muscle activ-

ity Much of this energy simply overcomes the viscosity

of the muscles themselves or of the tisaues bo that tae

limbs can move The viscous movement In turn
friction wilhm the tissues, which generates heat,

We might also consider the energy expended by t«6

heart in pumping blood. The blood distends the artonal

system, the distention m itself representing a reservoir

ofpotential energy. However, as the blood flows through

the peripheral vessels, the fnction of the difTerent

of blood flowing over each other and the friction of the

blood against the walls of the vessels turns this energy

into beat
Therefore, essentially all the energy expended bf th®

body w eventually converted into heat. The only
leant exception to this occurs when the muscles are used

to perform some form of work outside the body, /or

instance, when the muscles elevate an object to a height

or cany the person’s body up steps, a type of poteuti"

energy is thus created by raising a mass against gravity-

But, when external expenditure of energy is not taking

place. It la safe to consider that all the energy released

by the metabolic processes eventually becomes b®dy

heat
The Calorie. To discuss the metabolic rate and re-

lated Bubj'ects intelligently, it is necessary to use et>me

unit for expressing the quantity of energy released f^™
the different foods or expended by the different funf*

tional processes of the body. Most often, the Colons
the unit used for this purpose. It will be recalled that *

calorie, spelled with a small “c” and often called the

grom-caforte, is the quantity of heat required to fB*®*

tte temperature of 1 gram of water 1® C. The calofl® '*

much too small a unit for case of expression in speaking

of energy in the body. Consequently the lai^ Calone,

apcTled with a capital “C and often called the kilogram-
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I
calone, which is equivalent to 1000 calories, is the unit

ordinarily used in discussing energy metabolism

' Af£4SUR£/H£iVr OF THE METABOLIC RATE

Direct Calorimetry. Since a person is ordinanly not

! performing any external work, the metabolic rate can

be determined by simply measunng the total quantity

I of heat liberated from the body in a given time This

method is called direct calorimetry

t In determining the metabolic rate by direct calonm*
'

etry, one measures the quantity of heat liberated from

* the body in a large, specially constructed calorimeter

I The subject is placed m an air chamber that is so well

insulated that no heat can leak through the walls of the

chamber. Heat formed by the subject's body warms the

air of the chamber. However, the air temperature within

the diamber is maintained at a constant level by forcing

the air through pipes in a cool water bath. The rate of

heat gain by the water bath, which can be measured

with on accurate thermometer, is equal to Uic rate at

which heat is liberated by the subject’s body.

Obviously, direct calorimetry is physically difficult to

perform and, therefore, is used only for research pur-

^ Indirect Calorimetry—^The “Energy Equivalent”
of Oxygen. Since more than 95 per cent of the energy

expended in the body is derived from reactions of oxj gen

with the dificrent foods, the metabolic rate can also be

calculated with a high degree of accuracy from the rate

of oxygen utilization. When 1 liter of oxygen is meU^
olized with glucose. 5.01 Caloncs ofenergy are released;

when metabolized with starches, 5.06 Calorics are ^
leased; with fat, 4.70 Calories, and with protein, 4 60
Calones.

From these figures it is striking how nearly equivalent

are the quantities ofenergy liberated per liter ofoxygen

regardless of the typo of food that is t^ing metabolized.

For the average diet, the tjuantily ofenergy liberatedper

1 liter ofox}gen uUlUedinthebodyaieragesapprmiraatety
1.823 Calorics. This is called the energy djuUvlent of

oxygen; using this energy equivalent, one can calculate

With a high degree of precision the rate ofheat liberation
in the b^y from Uie quantity of oxygen utilized in a
given peri^ of tune.

If a person should metabolize only carbohydrates dur-

ing the period of the metabolic rate determination, the

calculated quantity of energy liberated, based on the

value for the average energy equivalent ofoxygen (4.825

Calones per liter), would be approximately 4 per cent

too little. On the other hand, ifthe person were obtaining

most energy from fat, the calculated value would be

approximately 4 per cent too great.

The Mctabolator. Figure 71-3 illustrales the metab-

olator usually used for indirect calonmcUy* This appa-

ratus contains a floating drum, under which is an oxygen

chamber connected to a mouthpiece through two rubber

tubes. A valve m one of these rubber tubes allows air

to pass from the oxygen chamber into the mouth, while

air passing irom the mouth back to the chamber is

directed by means of another vahe through iho second

tube Before the expired air from the mouth enters the

upper portion of the oxygen chamber, it fiows through a

lower chamber containing pellets of soda lime, which

combine chemically with the carbon dioxide in the

expired air. Therefore, as oxygen is used by the person’s

body and the carbon dioxide is absorbed by the soda

lime, the floating oxygen chamber, which is precisely

balanced by a weight, gradually sinks in the water,

owing to the oxygen loss. This chamber is coupled to a

pen Uiat records on a moving drum the rate at which

the chamber sinks m the water and thereby records the

rate at which the body utilizes oxygen.

FACTORS THATAFFECT THE
MHABOUC RATE

Factors that increase the chemical activity in the cells

also increase the metabolic rate. Some of these are the
following:

Exercise. The factor that causes by far the most
dramatic effect on metabolic rate is strenuous exercise.

Short bursts of maximal muscle contraction in any
single muscle can liberate as much as a hundred times

its normal resting amount of heat for a few seconds at

a time. In considering the entire body, however, maxi*

mal muscle exercise can increase the overall heat pro-

duction of the body for a few seconds to about 50 times

normal or sustained for several minutes to about 20

times normal in the well-trained athlete, whicli is an

increase in metabolic rate to 2000 j>cr cent of normal.

Energy Requirements for Daily AetiviUes. When
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an average roan of 70 kilograms lies In bed all day, he
utihres approximately 1650 Calories of energy. TTie

process of eating increases the amount ofenergy ntilued

each day by an additional 200 or more Calories so that

the same man Ijing in bed and also eating a reasonable

diet requires a dietary intake of approximately 1850

Calories per day If he sits in a chair all day, his total

energy requirement reaches 2000 to 2250 Calories.

Therefore, m round figures, it can be assumed that the

daily energy requirements simply for existing tthat is,

performing essential functions only) is about 2000 Ca-

loncs.
fy/ects ofDifferent of Hhrk on Daify Ea-

orgy /fequirementJ. Table 71-1 illustrates the rales of

energy utilization while one performs different types of

activities Note that walking up stairs requires approt-

imaleiy IT times as mucVi energy as lying in bed asleep

In general, over a 24-hour period a laborer can achieve

a maximum rate of energy utilization as great as 6000
to 7000 Calonea—in other words, os much as 5 6 times

the basal rate of metabolism
Specific Dynamic Action of Protein. Afler a meal

u ingested, the metabolic rate increases This Isbehexed

to result to a very slight extent from the different

chemical reactions associated with digestion, absorption,

and storage of food m the body However, it nuiinly

results from the effect ofdirectly stimulating the cellular

chemical processes of certain of the ammo acids denved
from the proteins of the ingested food.

After a meal containing a large quantity of carbohy*
dratea or fata, the metabolic rate usually increases only
about 4 per cent However, after a meal containing large

quantities of protein, the metabolic rate usually begins
rising within 1 hour, reaches a maximum about 50 per
cent above normal, and lasts for as long as 5 to 12 hours.

This effect of protein on the metabolic rale is called the
tpeeiflc dynamic action of protein.

Age. The metabolic rate of a young child In relation

to ita sue IS almost two times thatofan old person. This
w illustrated later in Figure 71-5. which shows Hie
declining metabolic rates of both males and females
from birth until very old age. The high metabolic rate

THlle71-I tNmCYtXPENDiTURtrtRHOUR
DURING DtfnRlffT TTPa Of ACTiVUr

FOR A 70 KILOGRAM MAN

fonn of AciMty per Hour

Steeping 65
Awake lyi^S Sf"! 77
Silting at rest too
Standing relaxed >05
OrcMing and undressing 118
TaDortng 155
Typewriring rapidly 140
tight" exercise 170
Walking slowly (2 6 miles per hour) 200
Carpenny metal worUng, tndustiii] palming 240
Acdve exercise 290
"Severe" exerche 450
Sawing wood 480
SwtmrrUng 500
Running (SJ mOes per hour) 570
"Vtiy severe" exercise 600
Waiving very fail (SJ rnSes per hour) 650
Waiving up stairs 1100

LiVKtrd from <Mu rompSed tv frofeuof hs. S. Kom

of young children results from high rates of cclhly

reactions, including partly the rapid synthesis ofccUulu

matectals and growth of the body, which require mtiil.

erate quantities of energy.

Hiyroid Hormone. When the thyroid gland secretes

maximal quantities of thyroxine, the metabolic rs'u

sometimes rises to as high as 100 percent above normsi

On the other hand, total loss of thyroid secretion

creases the metabolic rate to as low as 60 to 60 per cert

ofnormal These effects can readily be explained by tj«

basic function of thyroxine of increasing the rates of

activity of almost nil the chemical reactions in all cells

af the body. This refationship between tftyrorinc aisf

metabolic rate will be discussed in much greater detail

in Chapter 76 m connection with thyroid function.

Sympathetic Stimulation—“Nonshivering Thw-
mogencsis." StmufatiOTi of the sympathetic ncr.'Vn

system, w'ith liberation of norepinephrine and epinetih

fine, increases the metabolic rate of many tissues of the

body. These hormones have a direct eficct on musde
and liver reils in causing giycogenolysis, and Cfifs, along

with other intracellular effects, increases cellular activ-

ity However, even more important is the effect ol

sympathetic stimulation on a certain type of fat tisxui

call^ brown /at in causing marked liberation of heat

This type of fat contains large numbers of mitochondria

and many small globules of fat instead of one large fal

globule In these coils, the process ofoxidative phosphor

ylation m the mitochendna is mainly “uncoupled.'* Thai

13, when the cells are stimulated by the sympathetii

nerves tbeir mitochondria produce a large amount ol

heat but almost no ATP, so that almost ell the releasee

oxidativo energy becomes heat. The newborn child hai

a considerable number of such fat cells, and maxima:

sympathetic stimulotion can increase the child’s metab
olism more than 100 per cent. Thfa is called /lonshfienn^

thcrmogenesis The magnitude of this effect in the adull

human being Is in question—-probably less than 10 ti

15 per cent—though this might be increased followmi

cold adaptation.

Male Sex Hormone. The male sex hormone can

increase the basal metabolic rate about 10 to 15 per

cent, and the female sex hormone perhaps a few per

cent but usually not enough to be of great significance

*1116 difference in metabolic rates of males and females

IS illustrated in Figure 71-4
Growth Hormone. Growth hormone can increase the

basal metabolic rate as much as 15 to 20 per cent as s

result of direct stimulation of cellular metabolism.
Fever. Fever, regardless of its cause, increases the

metabolic rate This is because all chemical reactions,

either m the body or in the test lube, increase their

rates of reaction an average of about 120 per cent for

every 10" C rise in temperature. However, the body’s

temperature control system diminishes this effect some-

what, as we shall discuss in the following chapter.

Climate. Studies of metabolic rates of persons living

in the different geogrophic zones have shewn metabolic

rates as much as lO to 20 per cent lower in tropical

regions than in arctic regions This difference is cau^
to some extent by adapt.icion of the thyroid gland, with

increased secretion in cold climates and decreased secre-

tion in hot climates. Indeed, far more persons develop

hyperthyroidism in cold regions of the earth than in

tropical regions.

Sleep. The metabfilic rate falls 10 to 15 per cent below

normal during sleep This fall is presumably due to two
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Weight in kilograms

different ages

prinupal factors: (1) decreased tone of the skeietal mus-
culature during sleep and (2) decreased activity of the
sympathetic nervous system.
Malnutrition, Prolonged malnutntion can decrease

the Qtetabolic rate as much as 20 to 00 per cent, this
decrease is presumably caused by paucity of the neces-
sary food substances in the cells

I

In the final stages of many disease conditions, the
.

inanition that accompanies the disease frequently
causes marked premortem decrease in metabolic rate,
even to the extent that the body temperature may fall

a number of degrees shortly before death.

THE BASAL METABOUC RATE

The Basal Metabolic Rate as a Method for Com-
paring Metabolic Rates Between Individuals. It has
been extremely important to establish a procedure that
will measure the inherent activity of the tissues inde-
pendently of exercise and other extraneous factors that
would make it impossible to compare one person’s met-
abolic rate with that of another person To do this, the
metabolic rate is usually measured under so-called basal
conditions, and the metabolic rate then measured is

caUed the basal metabolic rate (DMR)
Basal Conditions. The basal metabolic rate means

the rate ofenergy utilization in the body dunng absolute
rest but while the person is awake. The following basal
wnditions are necessary for measuring the basal meta-
bolic rate:

!• The person must not have eaten any food for at
feast 12 hours because of the specific dynamic action of
foods.

2, The basal metabolic rate is determined after a night
01 restful sleep, for rest reduces the activities of the
p^pathetic nervous system and other metabolic exa-
cts to their minimal level.

3. No strenuous exercise is performed after the night
01 restful sleep, and the person must remain at complete
^st in a reclining position for at least 30 minutes prior
to Mtual determination of the metabolic rate. This is
perhaps the most important of all the conditions for

attaining the basal state because of the extreoia effect

of exercise on metabolism.

4. All psychic and physical factors that cause excite-

ment must be eliminated, and the subject must be made
as comfortable as possible, lliese conditions, obviously,

help to reduce the degree of sympathetic activity to as

little as possible.

5. The temperature of the air must be comfortable

and be somewhere between the limits of 68* and SO* F.

Below 68* F, the sympathetic nervous system becomes
progressively more activated to help maintain body heat,

and above 80* F, discomfort, sweating, and other factors

increase the metabolic rate.

Usual Technique for Determining the Basal Met-
abolic Rate. The usual method for detemuniog basal

metabolic rate is first to establish the subject under

basal conditions and then to measure the rate of oxygen
utilization using a metabolator of the type illustrated

in Figure 71-3. Then the basal metabolic rate is calcu-

lated as shown in Figure 71-5
In the first few lines of Figure 71-5, the quantity of

heat liberated in the body of the person is calculated

from the quantity of oxygen utilized. In this figure, note

that the total quantity of energy liberated m the body

dunng the hour is 72.4 Calories.

Expressing the Basal Metabolic Rate in Terms of

Surface Area. Obviously, ifone subject is much larger

than another, the total amount of energy utilized by the

IS liters— 0,atsundaid conditions consumed In I hour

X48Z5— Calories liberated per liter of Oi burned

7Z.4— Calories liberated per hour

-rl S— Body surface area In square meters

4a3— Calories per square meter per hour

-3B.5— Normal value for 20 year old man

9 8— Excess Calories above normal

= 25 5 per cent above normal

BMR= +25 5

Ilgure 71-5. Calculation of basal metabolic rate frorfi the rate

of oxygen consumpdoa
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Hgure 71-4. Relationship of height and vveighiw
body surface area, {from DuBois Basal Metabolism h
Health and Disease. Lea &. febiger)

two subjects will be considerably dilTerent simply be-
cause of differences in body sue Experimentally, among
normal persons, the average basal metabolic rate vanes
approximately in proportion lo thr body surface area
Note from Figure 71-S that the total body surface

area in this example is 1 5 square meters Therefore
the basal metabolic rate calculates to be 48 3 Calories
per square meter per hour.
Method for Calculating the Total Surface Area.

The surface area of the body vanes approximately in
proportion to weigkt'‘*’ However, measurements of the
body surface area have shown that it can be calculated
more accurately by a complicated formula based on the
weight and height of the subject as follows'

Body surface area =

Weight"”* X Height***' x 0007184

Figure 71-6 presents a graph based on this formula
when b<^y surface area is expressed in square meters,
weight m kilograms, and height in centimeters. The
surface area of the average 70-kilogram adult is l 73
square meters.

Expressing the Basal Metabolic Rate In Percent-
age Above or Below Normal. To compare the basal
metatehe rate of any one subject with the normal basal
metabolic role, it is necessary to refer to a chart auch
as that in Figure 71-4, which gives the norma! basal
metallic rate per square meter at each age for each
sex. For example, if the person represented in the
eal^lation of Figure 71-5 is a 20 year old man. then

"''il e metabolic rate
IS 38 5 Calones per square meter per hour. But his
actual mcUbolic rate, 48 3 Calories, is 9 8 Calorics per
square meter per hour aboi-e the normal mean value It
18 then determined that this is 25 5 per cent above
normal Therefore, the basal metabolic rale, usually

railed simply the “BMR," is expressed as plus 255
Similarly, basal metabolic rates below normal are ex-
pressed as minus values
Constancy of the Metabolic Rate In the Same

Person. Basal metabolic rates have been measured in

many subjects at repeated intervals for as long as 20 or
mon^^rs As long as a subject remains healthy, almosl
invariably the BMR, when exprG.ssed as a percentage of
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72
Body Temperature,
Temperature
Regulation, and
Fever

“Core” Temperature and Surface Tempera-
ture. The temperature of the deep tissues of the
body—the “core”—remains almost exactly con-
stant, within ±1* F, day m and day out except
when a person develops a febrile illness. Indeed,
the nude person can be exposed to temperatures
as low as 55* F or as high as 140* F in dry air and
still maintain an almost constant internal body
temperature. Obviously, the mechanisms for con-
trol of body temperature represent a beautifully
designed control system. The purpose of this chap-
ter is to discuss this system as it operates in health
and in disease.

The surface temperature, m contrast to the core

temperature, rises and falls with the temperature
of the surroundings. This is the temperature that
IS important when we refer to the ability of the
skin to lose heat to the surroundings.
The Normal Body Temperature. No single

temperature level can be considered to be normal,
for measurements on many normal persons have
shown a range of normal temperatures, as illus-

trated in Figure 72-1, from less than 97® F to over

Hard work, emotion
A normal adult* •

Many active children

{

Emotion or moderate ei

A fern normal adults

Many active children

Oxure 72-1. Estimated range of body temperature In normal
Persorts. (From DuBols Fever. Charles C Thomas

)

99® F. When measured by rectum, the values are
approximately 1® F greater than the oral temper-
atures. The average normal temperature is gen-

erally considered to be between 98.0* F and 98.6®

P (36.7* C and 37® C) when measured orally and
approximately 1* F or 0.6* C higher when meas-
ured rectally.

The body temperature varies somewhat with
exercise and with extremes of temperature of the
surroundings, because the temperature regulatory
mechanisms are not 100 per cent effective. When
excessive heat is produced in the body by strenuous
exercise, the rectal temperature can rise to as high
as 101* to 104* F. On the other hand, when the
body is exposed to cold, the rectal temperature can
often fall to values considerably below 98* F.

TH£ INSULATOR 5Y5T£M OF THE BODY

The skin, the subcutaneous tissues, and the fat

of the subcutaneous tissues are a heat insulator

for the body. The fat is especially important be-

cause it conducts heat only one third as readily as

other tissues. When no blood is flowing from the

heated internal organs to the skin, the insulating

properties of the normal male body are approxi-

mately equal to three quarters the insulating prop-

erties of a usual suit of clothes. In women this

insulation is still better. Obviously, the degree of

insulation varies, depending on the thickness of

the subcutaneous fat; each millimeter of fat allows

a person to be comfortable in a 2® to 3® F colder

atmosphere.
Because most body heat is produced in the

deeper portions ofthe body, the insulation beneath

the skin is an effective means for maintaining

normal internal core temperature, even though it

allows the temperature of the skin to approach the

temperature of the surroundings. -

—
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Votadllattd

ENVIRONMENTAL TEMPERATURE(de9feesF.)

tJjuTt 11-1. Ufeti of chwses in tt* tfN'towrtenul t«rnpei4-

(ure on the heat conctucunce From (he body core (o ttw »Mrt

surface (ModlUed fronfi Benzlnger Heat and Temperature, fun-

damentals of Medical Thysiology Oowden. Hutchinson and Ross.

1980)

now or Biooo to thi skin and heat
TMNSfUt FROM TWf BODY CORE

Blood vessels penetrate the subcutaneous insu*

lator tissues and are distributed profusely m the

subpapillnry portions of the skin. Indeed, imme-
diately beneath the skin is a continuous venous
plexus that is supplied by inflow of blood from the

skin capillaries And in the most exposed areas of

the body—the hands, feet, and eara-^lood is sup-

plied to the plexus directly from the small arteries

through highly muscular venous artertowrnous an-

astomoses from the arterioles to the veins. The
rate of blood flow into the venous plexus can vary
tremendously—from barely above zero to as great

as 30 per cent of the total cardiac output A high
rate ofblood flow causes heat to be conducted from
the core of the body to the skin with great effi-

ciency, whereas reduction in the rate of blood flow

decreases the efficiency of heat conduction from
the core Figure 72-2 shows quantitatively the
effect of skin blood flow on conductance of heat
from the body core to the skin surface, illustrating

an approximate eightfold increase in heat con-

ductance between the fully vasoconstricted state

and the fully vasodilated state

Obviously, therefore, the skin is an eflective

“radiator" system, and the flow ofblood to the skm
IS a most effective mechanism of heat transfer

from the body core to the skin

Control of Heat Conduction to the Skin by
the Sympathetic Nervous System, Heat conduc-
tion to the skin by the blood is controlled by the
degree of vasoconstriction of the arterioles and
arteriovenous anastomoses that supply blood to

the venous plexus of the akin. This vasoconstric-

in turn is controlled almost entirely by the

sympathetic nervous system in response ti

changes in the body core temperature and

environmental temperature. This will be discussei

later in the chapter in connection with the contro

of body temperature by the hypothalamus.

BAUNCE BETWEEN HEAT
PRODUCTION AND HEAT LOSS

Heat IS coTitmually being produced in the bod

as a by-product of metabolism, and body heat

also continually being lost to the surrounding

When the rate of heat production is exactly eqii;

to the rate of loss, the person is said to be in be;

balance But when the two are out ofequilibnur

the body heat, and the body temperature as wel

will obviously be either increasing or decreasing

The important factors that play major roles i

determining the rate of heat production were di

cussed in detail in Chapter 71; the most importai

of these may be listed as follows: U) basal rate

metabolism of all the cells of the body; (2) increa;

m rate of metabolism caused by muscle activit

including that caused by shivering; (3) increase i

metabolism caused by the effect of thyroxine «

cells, (4) increase in metabolism caused by tl

effect of epinephrine, norepinephrine, and syropi

thetjc stimulation on cells; and (6) increase i

metabolism caused by increased temperature '

the body cells.

HEATL055

The various methods by which heat is lost from

the body are pictured in Figure 72-3. These in-

clude radiation, conduction, and evaporation a™
may be explained as follows:

Radiation. As illustrated in Figure 72-3, a nud®

person m a room at normal room temperature

loses about 60 per cent of the total heat loss by

radiation

Ixiss of heat fay radiation means loss in the form

of infrared heat rays, a type of electromagneUc

wave Most infrared heat rays radiating from the

body have wavelengths of 5 to 20 microns, 10 to

30 times the wavelengths of light rays. All objects

that are not at a^olute zero temperature radiate

such rays. Therefore, the human body radiates

W*Ut Ertpofation t22\)

n^ure 7Z—3. Meclwlsms of heat lois from the body
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heat rays in all directions. However, heat rays are
also being radiated from the walls and other ob-

jects toward the body. If the temperature of the
body is greater than the temperature of the sur-

roundings, a greater quantity of heat is radiated

from the body than is radiated to the body.
Conduction. Usually, as illustrated in Figure

72-3, only minute quantities of heat are lost from
the body by direct conduction from the surface of
the body to other objects, such as a chair or a bed.

When one first sits on a chair while nude, heat is

conducted from the body to the chair rapidly, but
within a few minutes the temperature of the chair
rises almost to equal the temperature of the body,
and thereafter the chair actually becomes an in-

sulator to prevent much additional loss of heat.

On the other hand, loss of heat by conduction to

air does represent a sizeable proportion of the
body’s heat loss even under normal conditions It

will be recalled that heat is actually the kinetic

energy of molecular motion, and the molecules
that comprise the skin of the body are continually
undergoing vibratory motion. The energy of this

motion can be transferred to the air if the air is

colder than the skin, thus increasing the velocity
of motion of the air molecules. However, once the

temperature of the air immediately adjacent to the
skin equals the temperature of the skin, no further
loss of heat from the body to the air can occur
Therefore, conduction of heat from the body to the
air is self-limited unless the heated air moves away
from the skin so that new, unheated atr is contm-
iially brought in contact with the skin, a phenom-
enon called air convection.
Convection. The removal of heat from the body

by convection air currents is commonly called
‘‘heat loss by convection.” Actually, the heat must
first be conducted to the air and then earned away
by the convection currents.
A small amount of convection almost always

wcurs around the body because of the tendency
for the air adjacent to the skin to rise as it becomes
heated. Therefore, a nude person seated in a com-
wrtable room without gross air movement still

loses about 12 per cent of his or her heat by
conduction to the air and then by air convection
2way from the body.
Cooling Effect of Wind. When the body is exposed

*0 Wind, the layer of air immediately adjacent to the
®lun is replaced by new air much more rapidly than
normally, and heat loss by convection increases accord-
ingly. cooling effect of wind at low velocities is

approximately proportional to the square root of the
Wind velocity. For instance, a wind of 4 miles per hour
W about two times as effective for cooling as a wind of

j
I mile per hour.

Conduction and Convection ofHeat from a Per’
Exposed to Water. Water has a specific heat

several Aousand times as great as that of air w that

unit portion of water adjacent to the skin can
absorb far greater quantities of heat than can air. Also,

conductivity of water for heat is marked in compar-
ison With that of air. Consequently, it is impossible to

heat a thin layer of water next to the,body to form an
“insulator zone” as occurs in air. Therefore, th'e.rate of

heat loss to water at moderate temperatures is many
tunes as great as the rate ofheat loss to air of the same
temperature. However, when both the water and air are
extremely cold, the rate of heat loss to air becomes
almost as great as to water, for both water and air are
then capable of carrying away essentially all the heat
that can diftiise through the subcutaneous insulation of

the skin.

Evaporation. When water evaporates from the
body surface, 0.58 Calorie (kilocalorie) of heat is

lost for each gram ofwater that evaporates. Water
evaporates insensibly from the skin and lungs at

a rote of about 600 ml per day. This causes contin-

ual heat loss at a rate of 12 to 16 Calories per
hour. Unfortunately, this insensible evaporation

of water directly through the skin and lungs can-

not be controlled for purposes of temperature reg-

ulation because it results from continual diffusion

of water molecules through the skin and respira-

tory surfaces regardless ofbody temperature. How-
ever, loss of heat by evaporation of sweat on the
skin surface can be controlled by regulating the

rate of sweating, which is discussed later in the

chapter.

Evaporation as a Necessary Refrigeration
Mechanism at Very High Air Temperatures.
As long as skin temperature is greater than the

temperature of the surroundings, heat is lost by
radiation and conduction, but when the tempera-

ture of the surroundings is greater than that of

the skin, instead oflosing heat the body gains heat

by radiation and conduction. Under these condi-

tions, the only means by which the body can rid

itselfofheat is by evaporation. TTierefbre, any factor

that prevents adequate evaporation when the sur-

rounding temperatures are higher than skin tem-
perature will cause the body temperature to rise.

This occurs occasionally in human beings who are

born with congenital absence of sweat glands.

These persons can stand cold temperatures as well

as can normal persons, but they are likely to die

of heat stroke in tropical zones, for without the

evaporative refrigeration system they cannot pre-

vent a rise in body temperature when the air

temperature is above that of the body.
Effect of Clothing on Heat Loss. Effect on Con-

ductive Heat Loss. Clothing entraps air next to the

skin and in the weave of the cloth, thereby increasing

the thickness of the so-called “private zone” of air

adjacent to the skin and decreasing the flow of convec-

tion air currents. Consequently, the rate of heat loss

(him the body by conduction and convection Is greatly

depressed. A usual suit of clothes decreases the rate of
heat loss to about half that from a nude body, whereas
arctic-type clothing can decrease this heat loss to as
little as one sixth.

About half the heat transmitted from the skin to the
clothing is radiated to the clothing instead of being
conduct across the small intervening space. Therefore,
coating the inside of clothing with a thin layer of gold,
which reflects radiant heat back to the bwly, makes ftie

insulating properties of clothing far more effective than
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otherwise. Using this technique, clothing for use in the

arctic can be decreased in weight by about half.

The effectiveness of clothing in preventing heat loss

IS almost completely lost when it becomes wet, because

the high conductivity of water increases the rate of heat

transmission as much as 20-fold or more. One of the

most important factors for protecting the body against

cold in arctic regions is extreme caution against allowing

the clothing to become wet Indeed, one roust be careful

not to overheat oneself even temporarily, for sweating

in one’s clothes makes them much less effective there-

a^er as an insulator.

SWEATING AND ITS REGULATION BY THE
AUTONOMIC NERVOUS SYSTEM

Stimulation of the preoptic area in the anterior

part of the hypothalamus either electrically or by
excess heat causes sweating. The impulses from
this area that cause sweating are transmitted in

the autonomic pathways to the cord and thence

through the sympathetic outflow to the skin every-

where in the body.

It should be recalled from the discussion of the

autonomic nervous system in Chapter 57 that the
sweat glands are innervated by sympathetic cAo-

hnergic nerve fibers. However, these glands can
also be stimulated by epinephrine or norepineph-

rine circulating m the blood even though the

glands themselves, in most parts of the body, do
not have adrenergic innervation. It is possible that

the sweat glands of the hands and feet do have
some adrenergic innervation as well as cholinergic

innervation, for many emotional states that excite

the adrenergic portions of the sympathetic nervous
system are known also to cause local sweating in

these areas. Also, during exercise, which normally
excites adrenergic activity, localized sweating of

the hands and feet occurs In this instance, the
moisture from the sweat helps the surfaces of the
hands and feet to gam traction against smooth
surfaces and also prevents drying of the thick

comified layers of skin.

Mechanism of Sweat Secretion. Figure 72-4
illustrates a sweat gland, showing it to be a tu-

bular structure consisting of two parts; (1) a deep
subdermal coifed portion that secretes the sweat,
and (2) a duct portion passing outward through
the dermis and epidermis ofthe skin. As is true of
so many other glands, the secretory portion ofthe
sweat gland secretes a fluid called the primary
secretion or precursor secretion; then the concen-
trations of the constituents in the fluid are modi-
fied os the fluid flows through the duct.

The precursor secretion is an active secretory
product of the epithelial cells lining the coil^
portion of the sweat gland. Cholinergic sympa-
thetic nerve fibers ending on or near the glandular
cells elicit the secretion.

'The composition of the precursor secretion is
very similar to that of plasma except that it does
not contain the plasma proteins. The concentration

“of sodium IS about 142 mEq per liter and chloride

1

Pore'v

nerve

n*ure 72^. A sweat gland Innervated by a sympathede nef*
A ptimaiy sectetion Is formed by the glanduUt porttofi, but mueh

If not most of the eiecttplyrei ere teA&orbed In the duct, leaving

* dilute, watery secredon.

about 104 mEq per liter, with much smaller con-

centrations of the other solutes of plasma. Hovr-

ever, as this precusor solution flows through the

duct portion of the gland, it is modified by reab-

sorption of most of the sodium and chloride ions

The degree of this reabsorption depends upon the

rate of sweating as follows:

When the sweat glands are stimulated only

slightly, the precursor fluid passes through the

duct very slowly. In this instance, essentially aU

the sodium and chloride ions are reabsorbed, and

the concentration of each of these falls to as low

as 5 mEq per liter. This reduces the osmotic pres-

sure of the fluid to such a low level that most of

the water is also reabsorbed, which concentrates

most of the other constituents. Therefore, at low

rates of sweating, such constituents as urea, lactic

acid, and potassium ions are usually very concen-

trate.
On the other hand, when the sweat glands are

strongly stimulated by the sympathetic nervous

system, very large amounts of precursor secretion

are formed, and the duct can now reabsorb otily

slightly more than one half ofthe sodium chloride;

the concentrations of the sodium and chloride ions

then usually rise (in the unacclimaiued person) to
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maximum levels ofabout 60 mEq per liter, slightly

- less than half the concentrations in plasma. Fur-
I thennore, the water reabsorption is greatly re-

j
duced so that the other constituents of the sweat

1 are only moderately increased in concentration:

I
urea is then about two times that in the plasma,

* lactic acid about four times, and potassium about

.
1.2 times.

Note especially the large loss of sodium chloride

in the sweat when the person is unacclimatized.
However, this is quite different once the person
has become acclimatized to heat as follows:

Acclimatization of the Sweating Mechanism.
Though a normal, unacclimatized person can
rarely produce more than about 700 ml of sweat

,

per hour, when exposed to hot weather for one to

I

six weeks the person sweats progressively more

I

profusely, often increasing the maximum sweat
:
production to as much as 1.5 to 2 liters per hour
Evaporation of this much sweat can remove heat
from the body at a rate more than ten times the
normal basal rate of heat production. This in-

creased effectiveness of the sweating mechanism
U caused by a direct increase in sweating capabil-

ity of the sweat glands themselves.
Also associated with the acclimatization is de-

creased concentration of sodium chloride in the
sweat, which allows progressively better conser-

I

yation of salt. Most of this effect is caused by
ificreased secretion ofaldosterone, which, m turn,

I results from decreasing sodium chloride in the

,
body. An unacclimatized person who sweats pro-

. fusely often loses as much as 15 to 30 grams of
salt each day for the first few days But, after four
to six weeks of acclimatization, the loss will usu-
ally be as little as 3 to 5 grama per day
Panting as a Means of Evaporative Heat Loss.

Many lower animals do not have sweat glands, but to
’ offset this they lose large amounts of heat by the panting
' Diech^ism. During panting, only small volumes of air

I pass ia and out of the lungs with each breath so that

r m^nly dead space air enters the alveoli. Therefore, the
i toimal does not become overventilated, but nevertheless
I tremendous amounts of air are moved over the surfaces

[

®f the tongue, mouth, and trachea. Evaporation from

I

wese respiratory surfaces, especially of saliva on the
tongue, is an important mechanism for body heat con-
trol.

^ special nervous center in the pons controls panting
This center modifies the normal respiratory pattern to

proride rapid and shallow breathing required for
the panting mechanism.

•• RIGUIATION OF BODY
' TEMPERature—thE
1 "HYPOTHALAMIC THERMOSTAT’

'i
Figure 72-5 illustrates approximately what hap-

^ns to the temperature of the nude body after a

A'!!, furs’ exposure to dry air ranging from 30" to
\ I/O p. Obviously, the precise dimensions of this

j

curve vary, depending on the movement of air, the

Hgure 72-5. Effect of high and low acmospherlc temperatufe
for several hours' duration on the internal body temperature,
showing Uiat the internal body temperature remains stable de-
spite wide changes In atmospheric temperature.

amount of moisture in the air, and even the nature
of the surroundings. However, in general, between
approximately 60* and 130* F in dry air the nude
b^y is capable of maintaining indefinitely a nor-

mal body core temperature somewhere between
97* and 100* F.

The temperature of the body is regulated almost
entirely by nervous feedback mechanisms, and
almost all of these operate through temperature'
regulating centers located in the hypothalamus.
However, for these feedback mechanisms to oper-

ate. there must also exist temperature detectors,

discussed next, to determine when the body tem-
perature becomes either too hot or too cold.

Thermostatic Detection of remperafure In

the HypothaJamus—Role of the Preoptic

Area

In recent years, experiments have been per-

formed in which minute areas in the brain have
been cither heated or cooled by use of a so-called

thermode. This small, nccdlc-like device is heated

by electrical means or by passing hot water
through it, or it is cooled by cold water. The
principal area in the brain in which heat from a
thermode affects body temperature control is the

preoptic area of the hypothalamus, and to a lesser

extent the adjacent regions of the anterior hypo-

thalamus.
Using the thermode, the preoptic area of the

hypothalamus has been found to contain large

numbers of heat-sensitive neurons that seem to

function as temperature sensors for controlling

body temperature. These neurons increase their

firing rate as the temperature rises, the rale some-
times increasing as much as tenfold with an in-

crease in body temperature of 10* C.

In addiuon to the heat-scnsitue neurons, a few
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cold-sensitive neurons have also been found in the

hypothalamus, m the septum, and in the reticular

substance of the midbrain, all of which increase

their rate of firing when exposed to cold. Also, still

other neurons change their rates of firing in re*

sponse to signals transmitted to the brain from

cold and warmth receptors in the skin and certain

deep tissues of the body. These signals are believed

to interact with those from both the heat- and cold-

sensitive neurons of the hypothalamus to provide

the very effective temperature control system of

the body
When the preoptic area is heated, the skin im-

mediately breaks out into a profuse sweat while

at the same time the skin blood vessels over the

entire body become greatly vasodilated Thus, this

IS an immediate reaction to cause the body to lose

heal, thereby helping to return the body temper-
ature toward the normal level In addition, excess

body heat production is inhibited. Therefore, it is

clear that the preoptic area of the hypothalamus
has the capability of serving as a thermostatic

body temperature control center

Detection of TempefAture by Receptors In

the Skin And Deep Body Tissues

Though the signals generated by the tempera-
ture receptors of the hypothalamus are extremely
powerful m controlling body temperature, temper-
ature receptors in other parts of the body also play
important roles m temperature regulation. This is

especially true oftemperature receptors m the skin
and in a few specific deep tissues of the body.

It will be recalled from the discussion of sensory
receptors in Chapter 49 that the skm is endowed
with both co/d and warmth receptors However,
there are far more cold receptors than warmth
receptors; m fact, ten tunes as many in many parts
of the skin Therefore, peripheral detection oftem-
perature mainly concerns detecting cool and cold

in^eafi o! warm temperatures
When the skm is chilled over the entire body,

immediate reflex effects are invoked to increase

the temperature of the body m several ways: (1)

by providing a strong stimulus to cause shivering,

with resultant increase in the rate of body heat
production, (2) by inhibiting the process ofsweat-
ing if this should be occurring, and (3) by promot-
ing skin vasoconstriction to diminish the transfer
of body heat to the skin.

The deep body temperature receptors are found
only m certain parts of the body, mainly in the
spinal cord, m the abdominal viscera, and in or
around the great veins. However, these deep recep-
tors function differently from the skin receptors,

for they are exposed to the body core temperature
rather than the body surface temperature. Yet,
like the skin temperature receptors, they mainly
detect cold rather than warmth. It is probable that

both the skin and the deep body receptor

concerned with preventing hypothermia—Ih
preventing low body temperatures.

IntegrAdon of the TemperAture SIgnAls In

the Posterior HypothAlAmus

Even though a large share of the signal

'

temperature detection arise in peripheral rW-
tors, these signals help control body tempersh^

mainly through the hypothalamus. However,

area of the hypothalamus that they stimulate w

not the preoptic area but instead an area locat®^

bilaterally m the posterior hypothalamus appro*'

imalcly at the level of the mammary bodies. The

thermostatic signals from the preoptic area *re

also transmitted into this posterior hy^thalanun

area Here the signals from the preoptic area

the signals from the body periphery are combinM

to provide the heat-produemg or heat-losing fes''

tions of the body.

The overall heat-controlling mechanism of Ihe

hypothalamus is called the kypothalamie

6tat.

mUROSAl IITECTOR MECHANISMS THAT
DECREASE OR INCREASE BODY
TEMPERATURE

When the hypothalamic thermostat detects titft

the body temperature is either too hot or too col4

It institutes appropriate temperature-decree^'®?

or temperature-increasing procedures. The student

IS familiar with most of these ftom personal

nence, but special features are the following:

TemperAture-DecreAsIng MechAnlsmS

The thermostatic system employs three
tant mechanisms to reduce body heat when t®*

temperature becomes too great;

1 yasodilatation. In almost all areas of the

the skin blood vessels are intensely dilated. This

is caused by inhibition of the sympathetic
in the posterior hypothalamus that cause vasO^’^'

stnction Full va^ilatalion can increase the

of heat transfer to the skin as much as elghtfol't

2 Sweating. The effect of increased tempersti^
on causing sweating is illustrated by the solit*

curve in Figure 72^, which shows a sharp.*®'

crease in the rale of evaporative heat loss result'®?

from sweating when the body core temperst®^
rises above the critical temperature level of 3j

t'

(98 6” F). An additional 1” C increase in b<»y

temperature causes enough sweating to retfoye

ten times the basal rate of body heat produclio®-

3. Decrease in heat production. Those
nisros that cause excess heat production, such as

shivering and chemical thermogenesis,
strongly inhibited.
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Hftwe 72-6, iffeet of hypothalamic temperature on ( I ) evap-
OMth/e heat lou from the body and (2) heat producciori caused
primarily by muscular acdvity and shivering This figure demot*
stratcs the extremely cntical temperature levci at which Increased
heat loss begiru and Inueased heat production stops {Drawn
from data In benalnger. Kitzinger, and fratt. Ir» Hardy (edj
Temperature, Tart 3, p. e37. Reinhold I*ublishlng Corp

)

Ttmpenture-inereAslag Mechanisms

When the body is too cold, the temperature
wntrol system institutes exactly opposite proce-

dures. These arei

1. Skin vasoconstriction throughout the body.
piis is caused by stimulation of the posterior

hypothalamic sympathetic centers.
2. Piloerection. Piloerection means hairs “stand-

ing on end.” Sympathetic stimulation causes the
arrector pili muscles attached to the hair follicles

to contract, which brings the hairs to an upright
stance. This is not important in the human being,
out in lower animals upright projection ofthe hairs
allows them to entrap a thick layer of “insulator
air” next to the skin so that the transfer of heat
w the surroundings is greatly depressed.

3. Increase in heat production. Heat production
oy the metabolic systems is increased by promoting
la) shivering, (b) sympathetic excitation of heat
pri^uction, and (c) thyroxine secretion. These re-

additional explanation, as follows;

^ypotbalamic Stimulatioa of Shivering, lo-
cated in the dorsomedial portion of the posterior

hypothalamus near the wall of the third ventricle
Is an area called the primary motor center for
skivering. This area is normally inhibited by sig-

nals from the heat center in the preoptic thermo-
static area but is excited by cold signals from the
sun and spinal cord. Therefore, as illustrated by

dashed curve in Figure 72-6, this center be-
comes activated when the body temperature falls

even a fraction of a degree below a critical tem-
perature level. It then transmits signals that cause
shivering through bilateral tracts down the brain
stem, into the lateral columns of the spinal cord,

and, finally, to the anterior motor neurons. These
signals are nonrhythmic and do not cause the
actual muscle shaJdng. Instead, they increase the
tone of the skeletal muscles throughout the body.
When the tone rises above a certain cntical level,

shivering begins. This probably results from feed-

back oscillation of the muscle spindle stretch reflex

mechanism, which was discussed in Chapter 51.

During maximum shivering, body heat production
can rise to as high as four to five times normal.
Sympathetic "Chemical’* Excitation ofHeat

induction. It was pointed out in Chapter 71 that
either sympathetic stimulation or circulating nor-

epinephrine and epinephrine in the blood can
cause an immediate increase in the rate of cellular
metabolism; this effect is called chemical thermo-
genesis, and it results at least partially from the
ability of norepinephrine and epinephrine to un-
couple oxidative phosphorylation, as a result of
which more oxidation of foodstuffs must occur to

produce the energy required for normal function

of the body Therefore, the rate of cellular metab-
olism increases.

The degree of chemical thermogenesis that oc-

curs in an animal is almost directly proportional

to the amount of brown fat that exisU in the
animal’s tissues. This is a type of fat that contains

large numbers of mitochondria in its cells, as
described in Chapter 71, and these cells ore sup-

plied by a strong sympathetic innervation.

The process of acclimatization greatly affects the

intensity of chemical thermogenesis; some animals
that have been exposed for several weeks to a very
cold environment exhibit as much as a 100 to 500
per cent increase in heat production when acutely

exposed to cold, in contrast to the unacclimatizcd

animal, which responds with an increase of per-

haps one third as much.
b adult human beings, who have almost no

brown fat, it is rare that chemical thermogcncsis

increases the rate of heat production more than 10

to 15 per cent. However, in infants, who do have

a small amount of brown fat in the Interscapular

space, chemical thermogenesis can increase the

rate of heat production as much as 100 per cent,

which is probably a very important factor in main-

taining normal body temperature in the neonate.

Jacreased Thyroxine Output as a Cause of
Increased Heat Production. Cooling the preop-

tic area of the hypothalamus also increases the

production ofthe neurosecretory hormone thyrotro-

pin-releasing hormone by the hypothalamus. This

honnone is carried by way of the hypothalamic

portal veins to the anterior pituitary gland where

it stimulates the secretion of thyroid-stimulating

hormone. Thyroid-stimulating hormone, in turn,

stimulates increased output of thyroxine by the
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thyroid gland, as will be explained in Chapter 76.

'^e increased thyroxine increases the rate of cel-

lular metabolism throughout the body, which is

yet another mechanism o£chemical thermogenesis.

However, this increase in metabolism does not

occur immediately but requires several weeks for

the thyroid gland to hypertrophy before it reaches

Its new level of thyroxine secretion.

Exposure of animals to extreme cold for several

weeks can cause their thyroid glands to increase

m size as much as 20 to 40 per cent. However,

human beings rarely allow themselves to be ex-

posed to the same degree of cold as that to which
animals have been subjected. TTierefore, we still

do not know, quantitatively, how important the

thyroid method of adaptation to cold is in the

human being Yet, isolated measurements have
shown that military personnel residing for several

months in the Arctic develop increased metabolic

rates; Eskimos also have abnormally high basal

metabolic rates. Also, the continuous stimulatory

ettect of cold on the thyroid gland can probably

explain the much higher incidence of toxic thyroid

goiters in persons living in colder climates than in

those living in warmer climates.

THE COSCErrOTA ’SET-POINr rOR
TEMPEMTURE COVTROt

In the example of Figure 72-6, it is clear that

at 8 very cntieal body core temperature, at a level

of almost exactly 37.1* C, drastic changes occur in

both the rate of heat loss and heat pr^uction. At
temperatures above this level, the rate of heat loss

IS greater than heat production, so that the body
temperature falls and reapproaches the 37.1" C
level At temperatures below this level, the rate of

heat production is greater than heat los.s, so that
now the body temperature rises and again ap-
proaches the 37.1" C level. Therefore, this critical

temperature level is called the “set-point'* of the
temperature control mechanism. That is. all the
temperature control mechanisms continually at-

tempt to bring the body temperature back to this

“set-pomt” level

The Feedback Gain for Body Temperature
Control. Let us recall for a moment the discussion
of feedback gain of control systems that was pre-

sented in Chapter 1. Feedback gain is a measure
of the effectiveness ofa control system. In the case
of body temperature control, it is important for the
internal body temperature to change as little as
possible despite marked changes in the environ-
mental temperature, and the gain of the temper-
ature control system is approximately equal to the
ratio of the change in environmental temperature
to the changem body temperature that this causes.
Experiments have shown that the body tempera-
ture of man changes alwut 1" C for each 25* to 30*

C change m environmental temperature. Tbere-
/oro. the feedback gain of the hypothalamic thcr-

mechanism for control of baly temperature

averages about 27, which is an extremely higli

gain for a biological control system (the barorecep-

tor arterial pressure control system, for insiaw?,

has a gain of less than 2).

Effect of Skin And Deep Body
remperafures In Altering the TemperAture

level of the Sef-roint

The critical temperature set-point in the hypo-

thalamus above which sweating begins and below

which shivering begins is determined mainly bj

the degree of activity of the heat temperature

receptors in the preoptic area ofthe hypothalamus-

However, we have already pointed out that tem-

perature signals from the peripheral areas of the

body, especially from the skin and certain deey

body tissues (the spinal cord and the abdominal

viscera) also contribute very significantly to body

temperature regulation. But, how do they contrib-

ute? The answer is that they alter the set-point ol

the hypothalamic thermostat. This effect is illus

trated in Figures 72-7 and 72-S.

Figure 7;^-7 illustrates the effect of diflereni

skin temperatures on the set-point, showing tKli

to increase as the skin temperature decreased

Thus, in the person represent^ in this figure, thJ

hypothalamic set-pomt increased from 36.7* C

when the skin temperature was higher than 33' C

to a set-point of 37.4" C when the skin temperatun

had fallen to 29* C. Therefbre, when the skit

temperature was very high, sweating began at

«

much lower hypothalamic temperature than whet

the skin temperature was low. One can readily

njure 72-7. CAect ot chAnjM Jn the Internal head temperature

on the rate 0> evaporative heat loss from the body Note aJs«

that dte sUn (emperaiure defennlnes the eeact "Sef^joint' levd

at twMch sweating begins. fCoortesy of Dr T M. Beruinger

)
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INTERNAL HEAD TEMPERATURES)
njura 72-5. Effect of changes fn the Internal head (emperaiute

on the rate of heat production by the body Note also that the

skin temperature determines the exact "set-point ’ level at which
shhrenng begins (Courtesy of Dr T H Benainger

)

understand the logic of a system such as this, for
it is important that sweating be inhibited when
the skin temperature is low; otherwise, the com-
bined effect of a low skin temperature and sweat-
ing at the same time could cause far too much loss
of body heat.
A similar but opposite effect occurs in shivering.

Note in Figure 72-8 that shivering begins at a
hypothalamic temperature of approximately 37.1*
C when the skin temperature is a very cold 20® C;
but when the skin is at a warm level of 31* C, the
hypothalamic temperature roust fall almost to
36 5* C before shivering begins. That is, when the
skin becomes cold it drives the hypothalamic ther-
mostat to the shivering threshold even when the
hj*polhalamic temperature itself is still quite hot.
Nore again, one can well understand the logic of
the control system, because a cold skin tempera-
ture will soon lead to deeply depressed body tem-
l^rature unless heat production is increased. Thus,
this effect of a cold skin temperature on increasing

r
production actually “anticipates" a possible

fall in internal body temperature and prevents its
occurrence.

fliHAV/OMt CONTROL OF BODY
^PIRATURE

Aside from the thermostatic mechanism for body
temperature control, the body has still another
temperature-controlling mechanism that is even
more potent than all the previously cited mecha-
nisms together. This is behavioral control of tem-
perature, which can be explained as follows: When-

ever the internal body temperature becomes too
high, signals from the thermostatic bram areas
give the person a psychic sensation of being over-
heated. Conversely, whenever the body becomes
too cold, signals from the skin and probably also
from the deep body receptors elicit the feeling of
cold discomfort. Therefore, the person makes ap-
propriate environmental adjustments to re-estab-

lish comfort. This is a much more powerful system
of body temperature control than most physiolo-
gists have recognized in the past. Indeed, for peo-
ple, this is the only really effective mechanism for

body heat control in severely cold environs.

The obvious types of behavioral adjustments
include selecting appropriate clothing, moving the
body to a different environmental setting, increas-

ing the delivery of heat or cold from appropriate
heaters or air conditioners, and so forth.

It is important to note that many other of our
body’s control systems utilize similar behavior
mechanisms to achieve highly refined degrees of
control For instance, even respiration is controlled

to a great extent in this way—that is, when people
perceive that they are being subjected to air hun-
ger, they consciously breathe more to make up the

deficit Therefore, it is not valid to think of the

body's homeostatic control systems as operating

only in (he subconscious portions of the brain.

LOCAL SKIN TtMPLRATURI RifLEXES

When a person places a foot under a hot tamp and
leaves it there for a short time, local vasodilatation and
mild local sweating occur Conversely, placing the foot

in cold water causes local vasoconstnction and local

cessation of s'^eatmg These reactions are caused by

local effects of temperature directly on the blood vessels

and sweat glands and also by local cord reflexes con-

ducted from the skm receptors to the spinal cord and
back to the same skin area. However, the intensity of

these local eflects is controlled by the hypothalamic

thermostat, so that the overall effect is approximately

proportional to the hypothalamic heut control signal

limes the local signal Such reflexes can help prevent

excessive heat exchange from locally cooled or heated

portions of the body
Regulation of Internal Body Temperature After

Cutting the Spinal Cord. After cutting the spinal cord

in the neck abov e the sympathetic outflow from the cord,

regulation ofbody temperature becomes extremely poor,

for the hypothalamus can then no longer control either

skin blood flow or the degree of sweating anywhere in

the body On the other hand, the local temperature

reflexes originating in the skin, spinal cord, and intra-

abdominal receptors still exist. Unfortunately, Uiese

reflexes are not powerful. In persons with this condition,

body temperature must be regulated pnnapally by the

patients'psychic response U> cold and hot sensations in

the head region—that is, by behavioral control. If they

feel themselves becoming too hot or if they develop a

headache from the heat, they know to select cooler

surroundings, and, conversely, if they have cold sensa-

tions, they bclcct vvarmcr surroundings.
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njure 72-9. Body temperatures under different conditions

(From DuBois Fever Charles C Thomas)

ABNORMALITIES OF BODY
TEMPERATURE REGUUTION

nviR

Fever, which means a body temperature above
the usual range of normal, may be caused by
abnormalities in the brain itself or by toxic sub>

stances that affect the temperature-regulating cen*
ters. Some causes of fever are presented in Figure
72-9 These include bacterial diseases, brain tu-

mors, and environmental conditions that may ter-

minate m heat stroke

Resettlns the Hypothalamic Thermostat In

Febrile Diseases—Effect of Pyrogens

Many proteins, breakdown products of proteins,

and certain other substances, especially lipopoly-

eaccharide toxins secreted by bacteria, can cause
the set-point of the hypothalamic thermostat to

rise Substances that cause this effect are called
pyrogens. It is pyrogens secreted by toxic bacteria

or pyrogens released from degenerating ti^ues of
the body that cause fever during disease condi-
tions NVhen the set-point of the hypothalamic
thermostat becomes increased to a higher level

than normal, all the mechanisms for raising the
body temperature are brought into play, including
heat conservation and increased heat production.
Within a few hours after the thermostat has been
set to a higher level, the body temperature also
approaches this level.

Mechanism of Action of Pyrogens in Caus-
ing Fever—Role of “Endogenous Pyrogen.”
Experiments in animals have shown that most
pyrogens, when injected into the hypothalamus,
can act directly on the hypothalamic thermostat
to increase its set-point, though many pyrogens

require several hours of latent period before catu-

ing this effect. However, many of the bacterial

pyrogens, especially the endotoxins from gram,

negative bacteria, can also cause very severe feiei

acting in an indirect manner rather than direct!)

on the hypothalamus, as follows:

When bacteria or breakdown products of bacte

ria are present in the tissues or in the blood, thes

are phagocyti^^(^ blood leukocytes and M
tissue macrophages. Both these types of cells ii

turn digest the bacterial products and then releas

into the body fluids a substance called leukocyt

pyrogen or endogenous pyrogen. This endogenou

pyrogen, on reaching the hypothalamus, immed:

ately produces fever, increasing the body tempei

ature in as little as 8 to 10 minutes. As little a

one ten millionth of a gram of endotoxin lipopolj

saccharide acting in this manner in concert wit

the blood leukocytes and the tissue macrophage

can cause fever. The amount of endogenous pyr

gen that is formed in response to the lipopolysai

charide to cause the fever is only a few nanograra

Several recent experiments have suggests thi

endogenous pyrogen causes fever by first inducir

the formation oiprostaglandin E\ in the local cel

of the hypothalamus; the prostaglandin E, in tur

elicits the fever reaction When prostaglandin fo

malion is blocked by drugs, the fever is eithi

completely abrogated or at least reduced. In fac

this may be the explanation for the manner i

which aspirin reduces the degree of fever, becaus

aspirin impedes the formation of prostaglandin

It also would explain why aspirin does not lowi

the body temperature in a normal person, becaui

a normal person does not have any endogenoi

pyrogen alTecting the hypothalamus. Drugs sue

as aspirin that reduce the level of fever are calle

antipyretics.

Fever Caused by Brain Lesions. When a brai

surgeon operates in the region of the hypothali

mus, this almost invariably causes severe fev'c

though rarely the opposite effect occurs, thus il!u;

Irating both the potency ofthe hypothalamic the

mostat mechanism for body temperature contn

and also the ease with which abnormalities of

»

hypothalamus can alter the set-point of the the

mostat. Another condition that frequently caust

prolonged high temperature is compression of tt

hypothalamus by brain tumors.

Cbaracferfstfcs of febrile Condirions

Chills. When the set-point of the hypothalamic the

mostat ia suddenly changed from the normal level to

higher than normal value as a result of tissue destro

tion, pyrogenic substances, or dehydration, the hoc

temperature usually takes several hours to reach u
new temperature set-point. Figure 72-10 illustrati

tW*, showing the effect of suddenly increasing the se

point to a level of 103® F. Because the blood temperstui

is less than the set-point of the hypothalamic the^
stal, the usual responses that cause elevation of o*
temperature occur. During this penod the person e*P
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Figure 72->IO. Effects of changing the setting of the "h^wtha-
lamlc thermosUL"

nences chills and feels extremely cold, even though his

}r her body temperature may already be above normal.

^Iso, the skin is cold because of vasoconstriction, and
the person shakes all over because of shivering Chills

continue until the body temperature reaches the hypo-

thalamic setting of 103* F. 'liien, when the temperature
of the body reaches this value, the person no longer

experiences chills but instead feels neither cold nor hot
As long as the factor that is causing the hypothalamic
thermostat to be set at this high value continues its

effect, the body temperature la regulated more or less

in the normal manner but at the high temperature set-

point level.

The Crisis, or “Flush.” If the factor that is causing
the high temperature is suddenly removed, the set-point
of the hypothalamic thermostat is suddenly reduced to

a lower valuo—perhaps even back to the normal level,

M illustrated in Figure 72-10. In this instance, the body
temperature is still 103* F, but the hypothalamus is

attempting to regulate the temperature to 98 6’ F This
situation IS analogous to excessive heating of the preop-
tic area, which causes intense sweating and sudden
development of a hot skin because of vasodilatation
everywhere. This sudden change of events in a febrile

^sease is known as the “cnsis” or, more appropnately,
the “flush.” In olden days, before the advent of antibiot-

ic,
the ensis was always awaited, for once this occurred

the doctor knew immediately that the patient’s temper-
ature would soon be falling, which is called defervesc-
ence.

Stroke

The limits of extreme heat that one can stand depend
utmost entirely on whether heat is dry or wet. If the
^r la completely dry and sufficient convection air cur-

l^ts are flowing to promote rapid evaporation from the

^y, a person can withstand several hours of air tem-
perature at 150“ P with no apparent ill effects On the
other hand, if the air is 100 per cent humidified or if

the body IS in water, the body temperature begins to

'

'''henever the environmental temperature nses
^ve approximately 94" F. If the person is performing
'eiy heavy work, this critical temperature level may be
23 low as 85“ to 90“ F.
, '^fortunately, there is a limit to the rate at which
e fdy can lose heat even with maximal sweating,
urmennore, when the hypothalamus becomes exces-

heated, its heat-regulating ability becomes
Sreatly depressed and sweating duninishes. As a result.

a high i»dy temperature tends to perpetuate itself

unless measures are taken specifically to decrease body
heat.

When the body temperature rises beyond a critical

temperature, into the range of 106“ to 108“ F, the person
is likely to develop heat stroke. The symptoms include
dizziness, abdominal distress, sometimes delirium, and
eventually loss of consciousness if the body temperature
IS not soon decreased. Many of these symptoms probably
result from a mild degree of circulatory shock brought
on by excessive loss of fluid and electrolytes in the sweat
before the onset of symptoms. However, the hyperpyr-
exia itself is also exceedingly damaging to the body
tissues, especially to the brain, and therefore is undoubt-
edly responsible for many of the effects. In fact, even a
few minutes of very high body temperature can some-
times be fatal. For this reason, many authorities rec-

ommend immediate treatment of heat stroke by placing
the person in an ice water bath However, because this

often induces uncontrollable shivenng with considerable
increase m rate of heat production, others have sug-
gested that sponge or spray cooling of the skin is likely

to be more effective for rapidly decreasing the body core

temperature.

Harmful Effects of the High Temperature. When
the body temperature nses above 106" to 108* F, the

parenchyma of many cells begins to be damaged. The
pathological findings in a person who dies of hyperpyr-

exia are local hemorrhages and parenchymatous degen-
eration of cells throughout the entire body, but espe-

cially in the brain. Unfortunately, once neuronal cells

are destroyed, they can never be replaced. Damage to

the liver, kidneys, and other body organs can often be

great enough that failure of one or more of these even-

tually causes death, sometimes not till several days
alter the heat stroke

Acclimatization to Heat. It is often extremely im-

portant to acclimatize persons to extreme heat; some
examples are acclimatization of soldiers for tropical duty
and acclimatization of miners for work in the 2-mile-

deep gold mines of South Africa where the temperature
approaches body temperature and the humidity ap-

proaches 100 per cent. Exposure of a person to heat for

several hours each day while working a reasonably

heavy work load will develop increased tolerance to hot
and humid conditions in one to three weeks. Probably

the most important physiological changes that occur

during this acclimatization process are an increase in

the maximum rate of sweating, increase in the plasma
volume, and dimmished loss of salt in the sweat and
unne; the latter two of these effects result from in-

creased secretion of aldosterone.

EXPOSURE OF THE BODY TO EXTREME
COLD

Unless treated immediately, a person exposed to ice

water for approximately 20 to 30 minutes ordinarily

because of heart standstill or heart fibrillation. By
that time, the internal body temperature will have fallen

to about 77" F. Yet, if warmed rapidly by application of

external heat, the person’s life can often be saved.

Loss of Temperature Regulation at Low Temper-
atures. As not^ m Figure 72-9, once the body temper-

ature has fallen below 85* F the ability of the hypothal-

amus to regulate temperature is completely lost; it is

greatly impaired even when the body temperature falls

below approximately 94* F. Part of the reason
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loss or temperature regulation is that the rate of heat

p-roluction m each cell is depressed almost twofold for

each 10* F decrease in body temperature. Also, sleepi-

ness and even coma are likely to develop, which duress
the activity of the central nervous system heat control

mechanisms and prevent shivenng.

Frostbite.When the body is exposed to extremely low

temperatures, surface areas can actually freeae; the

freering is called frostbite. This occurs especially in the

lobes of the ears and in the digits of the hands and feet.

If the freeze has b«n sufficient to cause extensive

formation of ice crystals in the cells, permanent damage
may result, such ns permanent circulatory impairment
as well as local tissue damage. Often gangrene follows

thawing, and the frostbitten areas are lost.

Cold‘Indueed VasodUation aa a Protection
Against Frostbite, When the temperature of tissues

falls almost to freezing, the smooth muscle in the vas-

cular wall becomes paralyzed because of the cold itself,

and sudden vasodilation occurs, often manifested by a
Hush of the skin This mechanism, fortunately, helps

prevent frostbite by delivering warm blood to the skin
Unfortunately, it is a far less well-developed tiiechanism

in humans than in most lower animals that live in the

cold all the time.

Artificial Ilypolhcrmln. It is very easy to decrease

the temperature ofa person by administering a sedative
to depress the reactivity of the hypothalamic thermostat
and then cooling the person with ice, cooling blankets,
or otherwise until the temperature falls The tempera-
ture can then be maintained below 90* F for several

days to a week or more by continual sprinkling of cool

water or alcohol on the b^y. Such artificial cooling i$

often used during heart surgery so that the heart can
be stopped artificially for many minutes at a time
Cooling to this extent docs not cause severe physiological
mulls It does slow the heart and greatly depresses
body metabolism
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Dietary Balances;
Regulation of
Feeding; Obesity and
Starvation; Vitamins

and Minerals

The intake of food must always be sufficient to

supply the metabolic needs of the body and yet not

so much as to cause obesity. Also, since different

foods contain diiTerent proportions of proteins, car-

bohydrates, and fats, appropriate balance must be

maintained among these different types of food so

that all segments of the body’s metabolic systems

can be supplied with the requisite materials. This

chapter, therefore, discusses the problems of bal-

ance among the three major types of food and also

Ihe mechanisms by which the intake of food is

regulated in accordance with the metabolic needs

of the body.

dietary balances

tStRCY AVAILABLE IN FOODS
The energy liberated from each gram of carbohydrate

It IS oxidized to carbon dioxide and water la 4 1

Calories, and that liberated from fat is 9 3 Calorics The
energy liberated from meUbolism of the average protein

of the diet as each gram is oxidized to carbon dioxide.

'*ater, and urea is 4.35 Caloncs. Also, these difTcrent

substances vary in the average percentages that are

sbwrbcd from the gastrointestinal tract: approximately

93 per cent of the carbohydrate, 95 per cent of the faU

and 92 per wnt of the protein Therefore, m round

hgun-s the average physiologically afoilablc energy m
‘•«h gram of the three different foodstuffs in the diet

in.

Calories

Carbohydrates 4 0
Fat 9 0

Protein 4 0

Average Amcncans receive approximately 15 per cent

“f thiir energy from protein, about 40 pvr cent from .a*,

‘•pd 45 ppf carbohydrates. In most other pa^
'4 ihe world the quantity of cnerjo' denvx-d from carbi>-

hydrates far exceeds that derived from both proteins

and fats Indeed, in Mongolia the energy received from

faU and proteins combined is said to be no greater than

15 to 20 per cent

Table 73-1 gives the compositions of selected foodi,

Tabic 73-1 PROTUN. FAT. AND CARBOHYDRATt
CONTENT OF DIffERINT FOODS

rood

riDitIn

%
r*i

s

Cube-
hydrate

%

lilCl

Value

per iOQ
Crams.
Calorics

Apples 03 04 149 (A

As^agus 22 02
62
25 0 55 0 1 0
175 22.0 I 0

1 6 0 i 96
90 36 498
06 Bl 0

Obtuse 1 4 02 53 29

196 472
Cheese. ChedfiUr. 239 323 1 7

Ameiican
21 6 2 7 i 0 til

155) 529 M90J 570

Com (rrulxe). eniue 100 43 734
llAddock 172 OJ
Cimb, leg. ifvitfTnetJ«*te 180

35 39 49 e.9

00 00 (6001 240

0«uneA Or/. itfKOOked 142 74 632 396
09 02 50
269 44 2 236 COO
b-I 04 177 101

roil^hjL'n. meCtjTi 152 310 10 340
20 01 19 1 65
i3 01 32 25

lonvi'ors 1 0 03 49 23
Tuna, (w.'wed 242 108 05 104

ISO 644 156 702

841
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illustrating cbpccially the high proportions of fats and

proteins in meat pnrfucts and the high proportions of

carbohj dratcs m most vegetable and grain products. Fat

IS deceptive in the diet, (or it usually exists as 100 per

cent fat, whereas both proteins and carbohydrate are

mixed in watery media so that each of these normaHy
represents less than 25 per cent of the weight of the

food Therefore, the fat of one pal of butter mixed with

an entire helping of potato often contains as much
energy as all the potato itself

Dally Requirement for Protein. Twentj to 30 grams
of the body proteins are degraded and used for producing

Ollier body chemicals daily. Therefore, all cells must
continue to form new proteins to take the place of those

that are being destroyed, and a supply of protein is

ne^ed in the diet for this purpose An average person

can maintain normal stores of protein provided the dai/y

ififnfcc IS aboie 30 to 55 grams
However, as was discussed in Chapter 69. some pro*

leins have inadequate quantities of certain essential

ammo acids and therefore cannot be used to form the

body proteins Such proteins are called parhal proteins,

and when they are present in large quantities tn the

diet, the daily requirement of protein is much greater

than normally In general, proteins derived from animal
foodstuffs arc more nearly complete than are proteins

derived from vegetable and gram sources A special

example of dietary deficiency resulting from partial

proteins occurs in the diet of many African natives who
subsist primarily on com meal The protein of com has
almost no tryptophan, therefore, for practical purposes,

the entire diet of these natives is almost completely
protein deficient As a result, these natives, especially

the children, develop the protein deficiency syndrome
called ku-ashiorkor, which consists of failure to grow,
lethargy, depressed mentality, and hypoprotein edema
Carbohydrates and Fats as “Protein Sparera.” It

was also noted in Chapters 67 and 66 that when the

diet contains an abundance of carbohydrates and fats,

almost all the body's energy is derived from these two
substances and very little is derived from proteins

Therefore, both car^hydrates and fats are said to be
profein sporers On the ether hand, in starvation, after

the carbohydrates and fats have been depleted the body's

protein stores arc then consumed rapidly for energy,

sometimes at rates approaching several hundred grams
per day rather than at the normal daily rate of 30 to 55
grams

Clinical and £xperfmenMl Afetftads for

Detemlnlng Metabolic Udiliatlon of
Frotelns, Carbohydrates, and tats

In animal experiments, and alsom human beings who
hnve metabolic problems, it is often important to deter*

mine the Tclaiive rates of utilization of proteins, carbo-
hydrates. and fats Two principal methods arc used for

this purpose
Determination of the Rate of Protein Metabolism

in the Body. Tlie avrerage protein of the diet contains
approximately 16 per cent nitrogen, and the remaining
8t per cent is composed almost entirely of carbon,
h> drogen, and oxj gen During mctaliolism of the protein
about 90 per cent of the protein nitrogen is excreted in

the unne in the form of urea, uric acid, creatinine, and
other less important nitrogen products. The remaining
10 per cent » excreted in the feces- 'Therefore, it is a

simple matlcr to climate quite accurately the rate (

protein breakdown in the body by simply measuring iJn

amount of nitrogen in the urine, then adding anotjf

11 per cent for the nitrogen excreted in the feces, aff

finally multiplying by 6.25 to determine the toW

amount of protein metaboltanv in grams per day. Thi”

excretion of 8 grams of nitrogen in the urine each

calculates to be about 55 grams of protein breakdown

If one also knows the daily intake of protein, the

called nitrogen balance can then be calculated If th

dally intake of protein is less than the daily breakdoi^^

ofprotein, the person is said to have a negaUce nitrogf

balance, which means that his or her body stores ‘

protein are decreasing daily.

Relative Dtilization of Fat and Carbohydrater
The “Respiratory Quotient.” When carbohydrates st

mctaboliz^ with oxygen, for each molecule of oxyg^

consumed exactly I carbon dioxide molecule is for7niJ|

This ratio of carbon dioxide output to oxygen usage i

called the resptrofory quoftenf, and therefore the resb

ratory quotient for carbohydrates is 1.0

On the other hand, when fat is oxidized in the body

cells, an average of only 70 car^n dioxide molecules

formed for each 100 molecules of oxygen consumf

Therefore, the respiratory quotient for the metaboli.®

of fat avereges 0 70. And, jn a similar manner, whe

proteins are oxidized by the cells, the average respif*

tory quotient is 0 80 TTie reason for these lower resP

ratory quotients for fat and protein than for catbeb:

dratcs is that a large share of the oxygen metaboliii<

with these foods u required to combine with the exe^^

hydrogen ions present in them instead offorming earb<

dioxide

Now let us see how one can utilize this respltaW*

quotient to determine the relative utilization ofdiffer?’

foods by the body First, it will be recalled from Chap*
40 that the output ofcarbon dioxide by the lungs divide*

by the uptake of oxygen during the same period of

is called the respiratory exchange ratio, and this can he

determined by measuring the pulmonary exchanges ®f

carbon dioxide and oxygen Over a jieriod of an hour or

more, the respiratory exchange ratio exactly equals t^f

average respiratory quotient of the metabolic reactio'’*

throughout the body Thus, when the respiratory
change ratio measured over auch a period of tune ’*

0 95, one can also assume that the respiratory quod^'l*

IS almost exactly 0 95 us well. And it is obvious that '*

a person has a respiratory quotient of 1 0, he can oi’*/

be metabolizing carbohydrates, because the respirati^T

quotients for both fat and protein metabolism are d’”'

eiderably less than 1.0. Likewise, when the respiraWD’
quotient is approximately 0 70, the body is metaboIizv'’S

fat almost entirely, to the exclusion of carbohydra^®
and proteins And, finally, if we ignore the normahy
amall amount of protein metabolism, respiratoiy q**"

ticnts between 0 70 and l.O describe the approxiifl^^
ratios of carbohydrate to fat metabolism To be miJ"
exact, though, one can first determine the protein ut”'*

xation by measuring nitrogen excretion, and then, usi*ff

appropriate mathematical formulation, one can calf*'

late almost exactly the utilization of the three differ?

foodstuffs

Some of the important findings from studies of resP*'

ratory quotient are the following'
lit Immediately after a meal almost all the food tb®^

is metabolized is carbohydrates, so that the respiratf^y

quotient at that time opproaches 1.0
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(2) Approximately 8 to 10 houre following a meal, Uie

body has already used up most of its stores of carbohy-

drate, and the respiratory quotient approaches that for

fat metabolism, approximately 0.70.

(3) In diabetes mellitus, very little carbohydrate can

be utilized by the body’s cells under any conditions

because insulin is required for this. Therefore, when
diabetes is very severe, the respiratory quotient remains
most of the time very near to that for fat metabolism,

070.

REGULATION OF FOOD INTAKE

Hunger. The term hunger means a craving for

food, and it is associated with a number ofobjective
sensations. For instance, in a person who has not
had food for many hours, the stonjacb undergoes
intense rhythmic contractions called hunger con-
tractions. These cause a tight or gnawing feeling

in the pit of the stomach and sometimes actually

cause pain called hunger pangs. In addition to the
hunger pangs, the hungry person also becomes
more tense and restless than usual.
Some physiologists actually define hunger as the

tonic contractions of the stomach. However, even
after the stomach is completely removed, the
psychic sensations of hunger still occur, and crav-
ing for food still makes the person search for an
adequate food supply.
Appetite. The term appetite is often used in the

sense as hunger except that it usually im-
plies desire for specific types of food instead of food
w general. Therefore, appetite helps a person
choose the quality of food to eat.

Satiety. Satiety is the opposite of hunger. It

me^ a feeling of fulfillment in the quest for food.

Satiety usually results from a filling meal, partic-
ularly when the person’s nutritional storage de-
pots, the adipose tissue and the glycogen stores,
are already filled.

Neural cisters for recuiatios of
food intake

Hunger and Satiety Centers. Stimulation of
the lateral hypothalamus causes an animal to eat
voraciously, which is called hyperphagia. On the
t'thar hand, stimulation of the ventromedial nuclei

hypothalamus causes complete satiety, and,
even in the presence of highly appetizing food, the
‘mimal will still refuse to eat, which is aphagia.
^nversely, destructive lesions of the two respec-
tive areas cause results exactly opposite to those
caused by stimulation. That is, ventromedial le-

sions cause voracious and continued eating until
“16 animal becomes extremely obese, sometimes

^ large as four times normal size. And lesions of

j

lateral hypothalamic nuclei cause complete
tif desire for food and progressive inanition of
animal. Therefore, we can label the lateral

nuclei of the hypothalamus as a hunger center or
feeding center, and we can label the ventromedial
nuclei of the hypothalamus as a satiety center.

The feeding center operates by directly exciting
the emotional drive to search for food (while also
stimulating other emotional drives as well—see
Chapters 56 and 57). On the other hand, it is

believed that the satiety center operates primarily
by inhibiting the feeding center.

Other Neural Centers That Enter into Feed-
ing. If the brain is sectioned below the hypothal-
amus but above the mesencephalon, the animal
can still perform the basic mechanical features of
the feeding process. It can salivate, lick its lips,

chew food, and swallow. Therefore, the actual me-
chanics of feeding are controlled by centers in the

brain stem. The function of the hypothalamus in

feeding, then, is to control the quantity of food
intake and to excite the lower centers to activity.

Higher centers than the hypothalamus also play
important roles in the control of feeding, particu-

larly in the control of appetite. These centers

include especially the amygdala and the cortical

areas ofthe limbic system, all of which aro closely

coupled with the hypothalamus. It will be recalled

from the discussion of the sense of smell that

portions of the amygdala are a m^yor part of the
olfactory nervous system. Destructive lesions in

the amygdala have demonstrated that some of its

areas greatly increase feeding, while others inhibit

feeding. In addition, stimulation of some areas of

the amygdala elicits the mechanical act of feeding.

However, the most important effect of destruction

of the amygdala on both sides of the brain is a
“psychic blindness” in the choice of foods. In other
words, the animal (and presumably the human
being as well) loses or at least partially loses the
mechanism of appetite control of type and quality

offood that it eats.

The cortical regions of the limbic system, includ-

ing the infraorbital regions, the hippocampal gy-

rus, and the cingulate gyrus, all have areas that

when stimulated can either increase or decrease

feeding activities. These areas seem especially to

play a role in the animal’s drive to search for food

when it is hungry. It is presumed that these

centers are also responsible, probably operating in

association with the amygdala and hypothalamus,

for determining the quality of food that is eaten.

For instance, a previous unpleasant experience

with almost any type of food often destroys a

person’s appetite for that food thenceforth.

FACTORS THAT REGULATE FOOD INTAKE

We can divide the regulation of food into (1)

nutritional regulation, which is concerned primar-

ily with maintenance of normal quantities of nu-

trient stores in the body, and (2) alimentary regu-

lation. which is concerned primariiy with the

immediate eifects of feeding on the alimentary
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tract and is sometimes called peripheral regulation

or short-term regulation.

Nutritional Regulation. An animal that has

been starved for a long time and is then presented

with unlimited food eats a far greater quantity

than does an animal that has been on a regular

diet. Conversely, an animal that has been foree-

f<^ for several weeks eats little when allowed to

eat according to its own desires. Thus, the feeding

center in the hypothalamus is geared to the nutri-

tional status of the body. Some of the nutritional

factors that control the degree of activity of the

feeding center are the following.

AvaUability of Glucose to the Body Cells—
The Clucostatic Theory of Hunger and of
Feeding Regulation. It has long been known that

a decrease in blood glucose concentration is asso-

ciated with development of hunger, which has led

to the so-called glucostatic theory ofhunger and of
feeding regulation- When the blood glucose level

falls too low, this automatically causes the animat
to increase its feeding, which eventually returns

the glucose concentration back toward normal.

Two other observations also support the glucostat-

le theory; (1) An increase in blood glucose level

increases the measured electrical activity in

the satiety center in the ventromedial nuclei of

the hypothalamus and simultaneously decreases

the electrical activity in the feeding center of the

lateral nuclei (2) Chemical studies show that the

ventromedial nuclei (the satiety centcrl concen-

trate glucose while other areas of the hypothala-

mus fail to concentrate glucose; therefore, it is

assumed that glucose acts by increasing the degree
of satiety,

Effect of Blood Amino Acid Coneenfral/on
on Feeding. An increase in ammo acid concentra-

tion in the blood also reduces feeding, and a de-

crease enhances feeding. In general, though, this

effect IS not as powerful as the glucostatic mecha-
nism.

Effect ofFat Metabolites on Feeding—Long-
Term Regulation. The overall degree of feeding
varies almost inversely with the amount ofadipose

tissue in the body. That is, as the quantity of

adipose tissue increases, the rate of feeding de-

creases. Therefore, many physiologists believe that
long-term regulation of feeding is controlled

mamly by fat metabolites of undiscovered nature.
This 13 called the “lipostatic” theory of feeding
regulation. In support of this is the fact that the
long-term average concentration of free fatly arids

m the blood is directly proportional to the quantity
of adipose tissue in the body. Therefore, it is likely

that the free fatty acids or some other similar fat

metabolites act m the same manner as glucose

and ammo acids to cause a negative feedback
regulatory effect on feeding. It is also possible, if

not probable, that this is the most important long-
term regulator of feeding.

Interrelationship Dehveen Body Tempera-
w and Food Intake. When an animal is ex

posed to cold, it tends to overeat; w-hen exposed ^ .•

heat, it tends to undereat. This is caused by iaUt V
action within the hypothalamus between the tea !•

perflture-regulating system (see Chapter 12) and
]-

the food intake-regulating system. It is important >

because increased food intake in the cold animal <

fa) increases its metabolic rate and (b) provides
|

increased fat for insulation, both of which tend to
|

correct the cold state I

Summary of Long-Term Regulation. Even
j

though our information on the different feedback I

factors in long-term feeding regulation is irapie-

cise, we can make the following general statement;

When the nutrient stores of the body fall below !

normal, the feeding center of the hypothalamiH
|

becomes highly active, and the person exhibits

increased hunger; on the other hand, when the

nutnent stores are abundant, the person loses the !

hunger and develops a state of satiety.
,

AUmentary Regulation (Short-Term, Non-

metabolic Regulation). The degree of hunger or

satiety at different times of the day depends to a

great extent on habit For instance, normally,

people have the habit of eating three meals a day.

and, if they miss one, they are likely to develop a

slate of hunger at mealtime despite completely

adequate nutritional stores in their tissues. But,

m addition to habit, several other short-term phys-

iological stimuli—mainly related to the alimen-

tary tract—can alter one’s desire for food for sev-

eral hours at a lime, as follows;

GastroiDlestinai Filling. When the gastroin-
‘

testinal tract becomes distended, especially the

stomach or the duodenum, inhibitory signals tem-

porarily suppress the feeding center, thereby re-

ducing the desire for food. This effect probably

depends mainly on sensory signals transmitted

through the vagi, but part of the effect still persists

after the vagi and the sympathetic nerves from

the upper gastrointestinal tract have been severed.

Therefore, somatic sensory signals from the

stretched abdomen might also play a role. And,

recently it has been found that hormonal feedback

also suppresses feeding, for cholecyslokinin that is

released in response mainly to fat entering the

duodenum has a strong effect on inhibition of

further eating

Obviously, these mechanisms are of particular

importance in bringing one’s feeding to a halt

during a heavy meal.
Metering ofFood by Head Receptors. iVhen

a person with an esophageal fistula is fed large

quantities of food, even though this food is imme-
diately lost again to the exterior the degree of

hunger is decreased after a reasonable quantity of

food has passed through the mouth. 'This effect

occurs despite the fact that the gastrointestinal

tract does not become the least bit filled. Therefore,

it is postulated that various "head factors" relating

to feeding, such as chewing, salivation, swallow-
ing, and tasting, "meter” the food as it passes

through the mouth, and after a certain amount
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i has passed through, the hypothalamic feeding cen-

j ter becomes inhibited. However, the inhibition

j caused by this metering mechanism is consider-

lably less intense and less lasting, usually lasting

I only 20 to 40 minutes, than is the inhibition caused

1 by gastrointestinal filling.

: Importance of Having Both Long- and
j Short-term Regulatory Systems for Feeding.
The long-term regulatory system, especially the

> lipostatic feedback mechanism, obviously helps an
' animal maintain constant stores of nutrients in its

: tissues, preventing these from becoming too low or
» too high. On the other hand, the short-term regu-

1 latory stimuli make the animal feed only when
the gastrointestinal tract is receptive to food. Thus,
food passes through its gastrointestinal tract fairly

continuously so that its digestive, absorptive, and
> storage mechanisms can all work at a steady pace
rather than only when the animal needs food for

\
energy.

: OBESITY

Energy Input Versus Energy Output When
;
greater quantities of energy (in the form of food! enter

^
the body than are expended, the body weight increases

. Therefore, obesity is obviously caused by excess energy
Input over energy output For each 9.3 Calories of excess

t

energy entenng the body, 1 gram of hit is stored

Excess energy input occurs only during the developing
phase of obesity, and once a person has become obese.

• ^1 that is required to remain obese is that the energy
4 uput equal the energy output For the person to reduce
• m weight, the input must be than the output
• Indeed, studies of obese persons have shown that the

intake of food of most of them in the static stage of
obesity (after the obesity has already been attained) is

approximately the same as that for normal persons

' Muscular Activity on Energy Output.
About one third of the energy used each day by the
nomial person goes into muscular activity, and in the

' laborer as much as two thirds or occasionally three

i
Since muscular activity is

by far the most important means by which energy is

expended in the body, it is frequently said that obesity
results from too high a ratio of food intake to daily

,

erenrise.

Abnomial Feeding Regulation as a
«mo/og/ca/ Cause of Obesity

' have already emphasized that the rate of feeding

I
'*°rmally regulated in proportion to the nutrient stores

I n ,
When these stores begin to approach an

f^i, iu a normal person, feeding is autoraati-

.
y reduced to prevent overstorage However, in many

j ,
persons Uiis is not true, for feeding does not

Until body weight is far above normal There-

of
obesity is often caused by an abnormality

f
® feeding regulatory mechanism. This can result

or
psychogenic factors that affect the regulabon

ctual abnormalities of the hypothalamus itself,

ju ®y®^®genic Obesity. Studies of obese patients show
a large proportion of obesity results from psycho-

genic factors. Perhaps the most common psychogenic
factor contributing to obesity is the prevalent idea that
healthy eating habits require three meals a day and
that each meal must be filling. Many children are forced

into this habit by overly solicitous parents, and the
children continue to practice it throughout life. In ad-

dition, persons are known often to gam large amounts
of weight during or following stressful situations, such
as the death of a parent, a severe illness, or even mental
depression. It seems that eating is often a means of
release from tension.

Hypothalamic Abnormalities as a Cause of Obe-
sity. In the preceding discussion of feeding regulation,

It was pointed out that lesions m the ventromedial nuclei

of the hypothalamus cause an animal to eat excessively

and become obese. It has also been discovered that such
lesions are associated with excess insuhn production,

which in turn increases fat deposition. Also, many per-

sons with hypophysial tumors that encroach on the
hypothalamus develop progressive obesity, illustrating

that obesity m the human being, too, can definitely

result from damage to the hypothalamus.

Yet, m the normal obese person hypothalamic damage
IS almost never found. Nevertheless, it is possible that

the functional organization of the feeding center is

dilTcrent in the obese person from that of the nonobese
person For instance, a normally obese person who has

reduced to normal weight by strict dietary measures
usually develops hunger that is demonstrably far

greater than that of the normal person. This indicates

that the ‘'set-poinf' of the obese person’s feeding center

IS at a much higher level of nutrient storage than that

of the normal person.

Genetic Factors in Obesity. Obesity definitely runs

in families. Furthermore, identical twins usually main-

tain weight levels mthin 2 pounds of each other

throughout life it they hve under similar conditions, or

within 5 pounds of each other if their conditions of life

differ markedly. This might result partly from eating

habits engendered during childhood, but it is generally

believed that this close similarity between twins is

genetically controlled.

The genes can direct the degree of feeding in several

different ways, including (1) a genetic abnormality of

the feeding center to set the level of nutrient storage

high or low and (2) abnormal hereditary psychic factors

that either whet the appetite or cause the person to eat

as a "release” mechanism.
Genetic abnormalities m the chemistry of fat storage

are also known to cause obesity m certain strains of rats

and mice. In one strain of rats, fat is easily stored in

the adipose tissue, but the quantity of hormone-sensitive

hpase in the adipose tissue is greatly reduced, so that

little of Uie fat can be removed. In addition, these rats

develop hyperinsulinism which also promotes fat stor-

age This combination obviously results in a one-way

path, the fat continually being deposited but never

released In a strain of obese mice that has been studied,

there is excess of fatty acid synthetase, which causes

excess synthesis of fatty acids Thus, similar genetic

mechamsms are other possible causes of obesity in

human beings.

Childhood Ovemutrition as a Possible Cause of

Obesity. The rate of formation of new fat cells is

espeaily rapid in the first few years of life, and the

fer^ter the rate of fat storage the greater also becomes

the number of fiit cells. In obese children the number of

fat cells IS often as much as three times that in normal
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children. However, after adolescence, the number of fat

«\ls reroams almost identically the same throughout

the remamder of life. Therefore, it has been suggested

that overfeeding children, especially in infancy and to a
lesser extent during the older years of childhood, can

lead to a lifetime of obesity. The person who has excess

fat cells IS thought to have a higher setting of fat storage

by the hypothalamic feedback autoregulatory mecha-

nism for control of adipose tissues

In less obese persons, especially those who become

obese in middle or old age, most of the obesity results

from hypertrophy of already existing fat cells 'hns type

of obesity is far more susceptible to treatment than is

the lifelong type An interesting peculiarity of this type

of obesity is that these persons have excess secretion of

insulin, similar to the excess insulin secretion that

occurs m animals with lesions m the ventromedial

nuclei of the hypothalamus

TREATMEWT Of OBESITY

Treatment of obesity depends simply on decreasing

energy input below energy expenditure In other words,

this means partial starvation For this purpose, most
diets are designed to contain large quantities of “bulk"

which, in general, are madeupofnon-nutritive cellulose

substances This bulk distends the stomach and thereby
partially appeases the hunger In most lower animals
such a prae^ure simply makes the animal increase its

food intake still further, but human beings can often

fool themselves because their food intake is sometimes
controlled as much by habit as by hunger As pointed

out later in connection with starvation, it is important
to prevent vitamin deficiencies during the dietmgpenod

Various drugs for decreasing the degree of hunger
have been used in the treatment of obesity. The most
important of these is amphetamine (or amphetamine
derivatives), which directly inhibits the feeding center

in the lateral nuclei of the hypothalamus However,
there is danger in using this drug because it simulu-
neously overexcites the central nervous system, making
the person nervous and elevating the blood pressure
Also, a person soon adapts to the drug so that weight
reduction is usually no greater than 10 per cent

Finally, the more exercise one takes, the greater is

the iafty energy expenfirture and the more rapidly the
obesity disappears Therefore, forced exercise rs often an
essential part of the treatment for obesity

INANITION

Inanition is the exact opposite of obesity. In addition
to inanition caused by inadequate availability of food,

both psychogenic and hypothalamic abnormalities can
on occasion cause greatly decreased feeding. One such
condition, anorexia nenwa, is an abnormal psychic state

in which a person loses all desire for fo^ and even
becomes nauseated by food; os a result, severe inanition
occurs Also, destructive lesions of the hypothalamus,
often caused by vascular thrombosis, frequently cause a
condition called cachexia; the term simply means severe
inanition

STARVATION

Depletion of Food Stores In the Body Tissues
Starvation. Even though the tissues preferen-

ngure 73-1. Effect of starvation on the food stores of if*

body

tially use carbohydrate for energy over both fat

protein, the quantity of carbohydrate stores of the Ml
IS only a few hundred grains (mainly glycogen in Iht

liver and muscles), and it can supply the energy reqt"f*“

for body function for perhaps half a day. Thereiop

except for the first few hours of starvation, the

effects are progressive depletion of tissue fat and prfl*’*'

Since fat is the prime source of energy, its rst^ W

depletion continues unabated, as illustrated in

73-1. until most of the fat stores in the body are gP"®

Protein undergoes three different phases ofdeplel’'’''

rapid depletion at first, then greatly slowed depM'^
and finally, rapid depletion again shortly before d^al®

The initial rapid depletion is caused by conversitfO

protein to glucose m the liver by the process of giu*®

neogenesis About two thirds of the glucose thus fof??

IS u«ed mainly to supply energy to the brain wm*
under normal circumstances, utilises almost no C™
metabolic substrate for energy besides glucose How#^
after the readily mobiluable protein storea have »®*f

depleted dunng the early phase of starvation,

tnaimng protein is not so easily removed from

tissues At this time, the rate of gluconeogenesie

creases to one third to one fifth its previous rote, Bj''

the rate of depletion of protein becomes greatly **

creased The lessened availability of glucose then i“^
ates a scries of events that often lead to ketosis,

was Aisruasei m Chapter ?ortunate\y, the W'®'
bodies, like glucose, can cross the Mood-brain
and can be ntilized by the brain cells for energy. TP®™
fore.approxittiately two thirds ofthe brain’s energy

IS den-^ from these ketone bodies, principally f™®

beta-hydroxyhutyrale This sequence of events tnu

leads to at least partial preservation ofthe protein st®™

of the body
However, there finally comes a time when the ‘®

stores also are almost totally depleted, and the o''*-

remaining source of energy is proteins At that t’^®

the protein stores once again enter a stage of r^P”

depletion Since the proteins are essential for ma>”*®

nance of cellular function, death ordmanly ensues wh®'

the proteins of the body have been depleted to appf®**

mately one half their normal level.

Vitamin Deficiencies in Starvation. The storCf "

some of the vitamins, especially the water-soluble

mins—the vitamin B group and vitamin C—do not 1^

long dunng starvation. Consequently, after a w®®*.],

more of starvation mild vitamin deficiencies usd*'"

begin to appear, and after several weeks severe vita^''

deficiencies tan occur. Obviously, these can add to

debility that leads to death.
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Table 73-2 R£QUJR£D DAJLY AMOUNTS
OF THE VITAMINS

A 5000 m
TWamine 1.5 mg
Riboflavin 1 8 mg
Niacin 20 mg
Ascorbic acid 45 mg
D 400 lU

£ ISIU
K none
folic add 0 4 mg
B„ 3 HS
riiklojdne 2 mg
Pantothenic acid unknown

1U, Inienutlonii! units.

ITAMINS

Daily Requirements of Vitamins. A vitamin is an
'ganic compound needed in small quantities for oper-
Jon of nomal bodily metabolism and that cannot be
isnufactured in the cells of the body When lackins m
le diet, vitamins can cause specific metabolic deficits

Table 73-2 lists the amounts of important vitamins
qmred daily by the average adult man These require-
lents vaiy considerably, depending on such factors as
1 Wy siic, <b) rate of growth, (c) amount of exercise,
i) disease and fever, and (c) special need for vitamin D
‘ pregnant or lactatmg women Also, a number of
‘Ctalwllc deceits occur pathologically in which the
^ins themselves cannot be utilized properly in the
»yi in such conditions the requirement for one or more
lecific vitamins may be extreme
Storage of Vitamins in the Cody. Vitamins are
ered to a slight extent in all the cells However, some
i^ins are stored to a major extent in the liver For
^stance, the quantity of vitamin A stored in the liver

bo sufhcient to maintain a person without any
'take of vitamin A for up to ten months, and ordinarily
le quantity ofvitamin D stored m the liver is sufficient
> maintain a person for two to four months without
“y additional intake of vitamin D
The storage of most water-soluble vitamins is rela-
^ely slight; this applies especially to the vitamin B
impounds, for when a person's diet is deficient in
'tamin B compounds, clinical symptoms of the defi-
'6ncy can sometimes be recognized within a few days
•*cept for vitamin B„ which can last in the liver for a

or longer). Absence of vitamin C, another water-
iluble vitamin, can cause symptoms within a few weeks
od Can cause death from scurvy in 20 to 30 weeks

'tTAMlNA

Vitamin A occurs m animal tissues as retinol, the
'nnula of which is illustrated. T^s vitamin does not

in foods of vegetable origin, but provitamins for
® formation of vitamin A do occur in abundance in
lany vegetable foods. These are the yellow and red
orofenoid pigments which, since they have chemical
^ctures similar to that of vitamin A, can be changed

vitamin A m the liver.

CH, CH,
1 I

=^CH—C=CH—CH:=CH—0=CH—CH,—OH

Hie basic function of vitamin A in the metabolism of
the body is not known except in relation to its use m
the formation of retinal pigments, which was discussed

lo Chapter 59. Nevertheless, some of the effects of
vitamin A lack have been well documented. In addition

to the need for vitamin A to form the visual pigments
and therefore to prevent night blindness, it is also

necessary for normal growth of most cells of the body
and especially for normal growth and proliferation of
the different types of epithelial cells Vi^en vitamin A
is lacking, the epithelial structures of the body tend to

become stratified and keratinized. Vitamin A deficiency

manifests itself by (1) scalmess of the skin and some-
times acne, (2) failure of growth of young animals,
including cessation of skeletal growth, (3) failure of

reproduction, associated especially with atrophy of the

germinal epithelium of the testes and sometimes with
interruption of the female sexual cycle, and (4) keratin-

ization of the cornea with resultant corneal opacity and
blindness

Also, the damaged epithelial structures often become
infected, for example, m the eyes, the kidneys, or the

respiratory passages. Therefore, vitamin A has been
called an “anti-infection" vitamin.

THIAMINt (VITAMIN 0,)

Thiamine operates in the metabolic systems of the

body principally as fhtamme pyrophosphate, this com-
pound functions as a cocarboxylase, operating mainly in

conjunction with a protein decarboxylase for decarbox-

ylation of pyruvic acid and other a-keto acids, as dis-

cussed in Chapter 67.

N=C-NH,

I I ?
CHf-C C-CH,—N C5-€H,

II II II II

N—CH HC C—CH,—CH,OH
\/
S

Thiamine chlonde

Thiamine deficiency causes decreased utilization of

pyruvic acid and some amino acids by the tissues but

increased utilization of fats Thus, thiamine is specifi-

caily needed for final metabolism of carbohydrates and
many ammo acids. Probably the decreased utilization of

these nutrients is the responsible factor for many debil-

ities associated with thiamine deficiency.

Thiamine Deficiency and the Nervous System,

The central nervous system depends almost entirely on

the metabolism of carbohydrates for its enei^. In thia-

mine deficiency the utilization of glucose by nervous

tissue may be decreased as much as 50 to 60 per cent.
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The neuronal cells of the central nervous system fre-

quently show chromatolysis and swelling during thl8-

mine deficiency, changes that are charactenstic of neu-

ronal cells with poor nutrition Obviously, such changes

as these can disrupt communication m many different

portions of the central nervous system

Also, thiamine deficiency can cause degenemtion of

mytin sheaths of nerve fibers both in the peripheral

nerves And in the central nervous system The leamna

in the peripheral nerves frequently cause these nerves

to become extremely irritable, resulting m “polyneuri-

tis" characterized by pain radiating along the course of

one or more penpheral nerve fibers, and fiber tracts in

the cord can degenerate to such an extent that paralysis

occasionally results, and, even m the absence of paral-

ysis. the muscles atrophy, with resultant severe weak-
ness

Thiamine Deficiency and the Cardiovascular Sys-
tem. Thiamine deficiency also weakens the heart mus-
cle, so that a person with severe thiamine deficiency

sometimes develops cardiac failure Furthermore, the
return of blood to the heart maybe increased to as much
as two times normal This occurs because thiamine
deficiency causes peripheral vasodi/ation throughout the
circulatory system, possibly as a result of metabolic
deficiency in the smooth muscle of the vascular system
Itself. Therefore, the cardiac effects of thiamme defi-

ciency are due partly to excessive return of blood to the
heart end partly to primary weakness of the cardiac
muscle Peripheral edema and ascites also occur to a
m^or extent m some persons with thiamine deficiency

because of the cardiac failure

Thiamine Deficiency and the Gastrointestinal
Tract. Among the gastrointestinal symptoms of Ihia

mine deficiency are indigestion, severe constipation,
anorexia, gastric atony, and hypochlorhydrta Ail these
effects possibly result from failure of the smooth muscle
and glands of the gastrointestinal tract to derive suffi-

cient energy from carbohydrate metabolism
The overall picture of thiamine deficiency, including

polyneuritis, cardiovascular symptoms, and gastrointes-
tinal disorders, is frequently referred to as "benten"—
especially when the cardiovascular symptoms predomi-
nate

WfAaisf

Niacin, also called nicotinic acid, functions in the body
as coeniymes in the forma of nicotinamide adenine
dinucleotide INAD) and nicotinamide adenine dmucleo-
tide phosphate (NADP) These coenzymes are hydrogen
acceptors, they combine with hydrogen atoms as they
are removed from food substrates by many diflerent
types of dehydrogenases Typical operation ©f both of
them is presented in Chapter 67. l^en a deficiency of
niacin exists, the normal rate of dehydrogenation pre-
sumably cannot be maintained, and, therefore, oxidative
delivery of energy from the foo^tufTs to the functioning
elements of the cells likewise cannot occur at normal
rates

Kiaem

Because NAD and NADP operate in all cells of(J

body. It is readily understood how lack of niaan cots

cause multiple symptoms, even though specific met

bolic deficiencies have not been pinpointed above otio

Clinically, niacin deficiency causes mainly gastrointi

tinal symptoms, neurologic symptoms, and a characli

istiq dermatitis However, it is probably much oc

proper to say that essentially all functions of the bo

are depressed or altered

In the early stages of niacin deficiency simple ph;

lologicai changes such as muscular wealmess and pt

glandular secretion may occur, but in severe niai

deficiency actual death of tissues ensues. Pathologii

lesions appear in many parts of the central nent

system, and permanent dementia or any ofmany diff

ent types of psychoses may result Also, the skin dev

ops a cracked, pigmented scalmess m areas that i

exposed to mechanical irritation or sun irradiation; th

It seems as though the skin were unable to repair I

different types of irritative damage.

Niacin deficiency causes intense irritation and infia

mation of the mucous membranes of the mouth t

other portions of the gastrointestinal tract, thus in;

luting many digestive obnormalities, leading in sew

cases to widespread gastrointestinal hemorrhage. Il

possible that this results from generalised depressior

metabolism in the gastrointestinal epithelium andfi... ,

ure of appropnate epithelial repair

The clinical entity called ^llagra and the cania
1

disease called black tongue are caused mainly by niacn
I

deficiency Pellagra is greatly exacerbated in peraonsw I

a com diet (such as many of the natives of Afnw^

because com is very deficient m the ammo acid trypto-

phan, which can be converted in limited quantities to
'

niacin in the body

rUBoriAVlN (VITAMIN B,)

fiibofiavin normally combines m the tissues with

phosphoric acid to form two coenzymes, flavin monoM-
cfeoitde (FMN/, and flouin adenine dinucleotide (FADI

These in turn operate as hydrogen carriers in the im-

portant oxidative systems of the mitochondria. Usually.

NAD, operating m association with specific dehydnigt^

ases, accepts hydrogen removed from various food sub

strstes and then passes the hydrogen to FMN or FAD,

finally, the hydrogen is released as an ion into the

mitochondrial matnx to become oxidized by oxygen, tbe

system for which is described in Chapter 67

Deficiency of riboflavin in lower animalB causes severe

dermatitis, vomiting, diarrhea, muscular spasticitj

which finally becomes muscular weakness, and then

deotb preceded by coma and decline in body tempera-
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ture. Thus, severe riboflavin deficiency can cause many
of the same effects as lack of niacin in the diet; presum-
ably the debilities that result in each instance are due
to generally depressed oxidative processes within the

cells.

lo the human being riboflavin dcflcicncy has never
been known to be severe enough to cause the marked
debilities noted in animal experiments, but mild nbo-
flaiin deficiency is probably common. Such deficient^

causes digestive disturbances, burning sensations ofthe
skm and eyes, cracking at the comers of the mouth,
headaches, mental depression, forgetfulness, and so on.

Perhaps the most common charactenstic lesion of ribo-

flavin deficiency is cheilosis, which is inflammation and
cracking at the angles of the mouth. In addition, a fine,

scaly dermatitis often occurs at the angles of the nares,

and keratitis of the cornea may occur with invasion of
the cornea by small blood vessels.

Though the manifestations ofnboflavm deficiency are
usually relatively mild, this deficiency frequently occurs
IS association with deficiency of thiamine or macm
Therefore, many deficiency syndromes, including pella-

gra, beriberi, sprue, and kwashiorkor, are probably due
to a combined deficiency of a number of the vitamins,
as well as to other aspects of malnutrition.

VITAMIN By

Several different co6sfamm compounds which possess
the common prosthetic group illustrated below exhibit
so-called “vitamin B„" activity.

S /I
N N«

II 1/
-N-Co*—

/I©
N CH,

/ N

/
N
S

Note that this prosthetic group contains cobalt that
has coordination bonds similar to those of iron in the

hemoglobin molecule. It is likely that the cobalt atom
functions in much the same way that the iron atom
functions to combine reversibly with other substances
Vitamin B,j performs several metabolic functions,

acting as a hydrogen acceptor coenzyme. Its most im-
portant function is probably to act as a coenzyme for

i^unng ribonucleotides to deoxynbonucleotides, a step
that is important in the replication of genes. This «)uld

explain the two major functions of vitamin Bu fl)

promotion of growth and (2) promotion of red blood cell

formation and maturation. This latter function was
described in detail in Chapter 4 in relation to pernicious
anemia, a type of anemia caused by failure of red blood
cell maturation when vitamin B,, is deficient.

A special effect of vitamin B,] deficiency is often

demyeiination of the large nerve fibers of the spinal

cord, especially ofthe posterior columns and occasionally

of the lateral columns. As a result, persons with perni-

cious anemia frequently have much loss of peripheral

sensation and, in severe cases, even become paralyzed.

The usual cause of vitamin B ,2 deficiency is not lack

of this vitamin in the food but instead deficiency of

formation of intrinsic factor, which is normally secreted

by the panetal cells of the gastric glands and is essential

for absorption of vitamin B,, by the ileal mucosa. This

was discussed in Chapter 4 and in Chapter 66.

fOUC ACID (PTEROnCLUTAMIC ACID)

Several different pteroylglutamic acids, one of which
is illustrated below, exhibit the “folic acid effect.” Folic

acid functions as a earner ofhydroxymethyl and formyl
groups Perhaps its most important use in the body is

in the synthesis of purines and thymine, which are
required for formation of deoxyribonucleic acid. There-

fore, folic acid, like vitamin B,,, is also required for

replication of the cellular genes. This perhaps explains

one of the most important functions of folic acid—that
IS, to promote grov^. Indeed, when it is absent from
the diet an animal will grow very little.

Folic acid is an even more potent growth promoter
than vitamin B,,. and, like vitamin B,„ is also important
for the maturation of red blood cells, as discussed in

Chapter 4. However, vitamin B„ and folic acid each

perform specific and different functions in promoting
growth and maturation of red blood cells. One of the

very significant effects of folic acid deficiency is devel-

opment of macrocytic anemia. This often can be treated

eflectively with fohe acid alone.

PYRJDOXINl (VITAMIN flj

Pyndoxine exists in the form of pyndoxal phosphate

in the cells and functions as a coenzyme for many
different chemical reactions relating to amino acid and

protein metabolism. Its most important role is that of

coenzyme in the transamination process for the synthe-

sis of amino acids. As a result, pyridoxine plays many
key roles in metabolism—especially in protein metabo-

lism. Also, it is believed to act in the transport of some

ammo acids across cell membranes.

Folic acKl (ptemylgtutamic aciJ 1
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OH

p„ f •

11,0—/'^'" OH

Dirury Jack cfpyndasin® in animals can cause

dcrTMtlti*. rale of Rro'*’th. development of

fatty liver, anenia. and e%ndfnee of tnenvnl detonora-

tJon lUrely, in thilditn. pyntjoxine deficicncj- has been

kr/r*.n lo cause convulsions, dermatitis, and castrom-

lettinal disturbances such as nausea and somitmg

PASTOTHISIC AOD
r*r.toihcnic and mainly w incorpomfed m the body

inloroenrywe A. nhUh has many metabolic roles in the
telLs Two of Ihwe diwussed at length in Cbaplcra 6*1

and Ch are ‘ I » tonsmion of di'carboxylated pjTuvic aod
into acet>l-CcA prwr to its entry into the citnc and
cycle, and <2l degradation of fatty and mal«ute» into

multiple molecule* of acetyl CoA Thus, Isek of {uinto-

them; acid run lead to depreav<d meUhoIi<m of Mh
carinh^dnlef and fau

CUr-C—CU-O Kn-Cllr-CMr-COOU
I f

CH, 0
Tjintethenic eeid

IX'flcicney of pantothenic acid in loiser animals can
cause retarded gross Ih. failure of reproduction, graying
of the hair, dermstitu. falt> liscr. and hemonVagie
adrenal cortical tiecro»w In the human being no definite

defifiencv syndrome has been proved, presumably be-

cause of the nide occurrence of this vitamin in almost
all food* and because small amounts of (he vitamin con
pmhsbly be sjnlhesucd in the body Nevenhejofs. this

does not mean that pantothenic acid is not of s-<i!ue in

the metabolic systcnvi of the body, indeed, it is perhaps
as necessary as any other siiamin

ASCORBICAOD (\TTAMIX C)

Ascorbic BCid IS esvnli.sl for activating the enryme
per*/»f AiiMuyfarc that pmmotes the hydros) lation step
m the formation of hsdroiyproJmt. nn IntegmS constit-

uent of collarcn Without ascorbic acid the collagen that
I* formed IS defi-ctire and »eak Thercrore. Ihw vitamin
i» esvntial for grovith of subcutaneous tissue, cartilage,

bone, and teeth

HO-C
I

HO-<

iftr-c- n

cu.ou

Asrr.rt>»C *f>d

Deficiency of ascorbic acid for 20 to 30 weeks, os

occurred frequently during long sailing voyages in olden

da)^, causes scurry, some effects of which ere the follow.

mr
One of the most important effects of scurvy is /ai/ure

pf wounds {o htal This is caused by failure of the tells

to deposit collagen fibrils and intercellular cement sub-

stances As a result, healing of a wound tnay require

several months Instead of the several days ordmanly
necessary

Lack of ascorbic acid causes cessation of bone groulh.

The cells of the growing epiphj'scs continue to prolifer-

ate, but no new collagen ia laid down between the cells,

and the bones fracture easily at the point of growth

because of failure to ossify. Also, when an already

ossified bone fractures in a person with ascorbic and
deficiency, the osteoblasts cannot form new bone matrix

ConneqUMitly, the fractured bone does not heal.

The bfotxf oestef ustfls become nlremcfy fragile in

scurvy, because of failure of the endothelial cclU to be

cemented together properly and failure to form the

collagen fibnis normally present in vessel walls The
capillanos especially are likely to rupture, and os a

result many small petechial hemorrhages occur

throughout the body The hemorrhages beneath the skin

cause purpunc blotches, sometimes oi er the entire body.

To test for ascorbic acid deficiency, one can produce such

petechial hemonhages by inflating a blood pressure cuff

over the upper arm. this occludes the venous return ef

blood, the capillary pressure rises, and red blotches occur

in the skin of the forearm if there is a sufficiently severe

ascorbic acid deficiency

In extreme scurvy the muscle cells sometimes frag-

ment, lesions of the gums with loosening of the teeth

occur; infections ef the mouth develop: vomitingofWood,
bloody stools, and cerebral hemorrhage enn all occur;

and. finally, high fever often develops before death

VITAMIWD

Vitamin D increases calcium absorption from the

ga'trointrsttnnl tract and also helps control calcium

deposition in the ^ne The mechanism by which vitamin

D increases calcium absorption is to promote active

(ranrport of calcium through the epithelium of the

ileum U especially mcreaves the formation of a talciunv

binding protein in the epithelial cells that aids in cal-

ciunv absorption The specific functions of vitamin D in

relation to ovcroll body calaum mctabnlistn and to tene

formation arc presented in Chapter 79

OJi
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Several vitamin D compounds exist, one of which is

illustrated. This is the natural vitamin D, cholecolci-

feral, which results from ultraviolet irradiation of 7-

dehydro^olesterol in the skin. A synthetic vitamin D
compound, ergocalciferol, is formed by irradiation of

ergosterol and is used to a major extent m vitamin D
therapy. Both of these vitamin Ds are further altered,

first in the liver and then in the kidneys, finally fonmng
l,25-dthydTt)xycholecalciferi>l. which is the active form

of the vitamin. This will be discussed in more detail in

Chapter 79.

VITAMIN £

Several related compounds, one of which is illustrated

below, exhibit so-oall^ “vitamin E activity " Only rare

instances of vitamin E deficiency have occurred m hu-

man beings. In lower animals, lack of vitamin E can

cause degeneration of the germinal epithelium m the

testis and therefore can cause male sterility Lack of

vitamin E can also cause resorption of a fetus after

conception in the female. Because of these effects of

Vitamin E deficiency, vitamin E is sometimes called the

“antistenlity vitamin."

Vitamin E deficiency in animals can also cause paral-

ysis ofthe hindquarters, and pathological changes occur

m the muscles similar to those found in muscular

dystrophy, the disease entity of the human being. How-

ever, administration of vitamin E to patients with mus-

cular dystrophy has not proved to be of any benefit

CH<

CHi

Viunun E (alpha-tocopherol)

Finally, as is true ofalmost all the vitamins, deficiency

of viUmin E prevents normal growth, and it sometimes

causes degeneration of the renal tubular cells.

Vitamin E is believed to function mainly in relation

to unsaturated fatty adds, providing a protective role to

prevent oxidation of the unsaturated fats. In the absence

of vitamin E, the quantity of unsaturaled fata in the

cells becomes dimitushed, causing abnormal structure

and function of such cellular organelles as the mito-

ondria, the lysosomes, and even the cell membrane,

deei the muscular dystrophy-like syndrome that oc-

curs in the vitamin E deficiency probably results from

continual rupture of lysosomes and subsequent auto-

digestion of the muscle,

VITAMIN K
Vitamin K is necessary for the formation by the liver

ofprothrombin, factor VII (proconvertin), factor IX, and

factor X, all ofwhich are important in blood coagulation.

Theretore, when vitamin K deficiency occurs, blood clot-

ting IS retarded. The function of this vitamin and its

relationships with some of the anticoagulants, such as

dicumarol, have been presented in greater detail in

Chapter 8.

Several different compounds, both natural and syn-

thetic. exhibit vitamin K activity. The chemical formula

for one of the natural vitamin K compounds is illustrated

below Because vitamin K is synthesized by bacteria m
the colon, a dietary source for this vitamin la not usually

necessary, but, when the bactena of the colon are de-

stroyed by administration of large quantities of anti-

biotic drugs, vitamin K deficiency occurs rapidly because

of the paucity of this compound in the normal diet.

MINERAL METABOLISM

The functions ofmany of the minerals, such as sodium,

potassium, chlonde, and so forth, have been presented

at appropriate points m the text Therefore, only specific

functions of minerals not covered elsewhere are men-
tioned here.

The body content of the most important minerals U
listed in Table 73-5, and the daily requirements of these

are given in Table 73-4

Magnesium, Magnesium is approximately one eixth

as plentiful in cells aa potassium Magnesium is espe-

cially required as a catalyst for many intracellular

enzymatic reactions, particularly those relating to car-

bohydrate metabolism.

The extracellular magnesium concentration is slight,

only 1 8 to 2.5 mEq/hter. Increased extracellular con-

centration of magnesium depresses activity in the ner-

Table 73-3 CONTENT IN CRAMS
Of A 70 KILOGRAM ADULT MAN

Water 4 {.400 Mg 21

Fat 12.600 Cl 85
rrottin 12.600 P 670
Carbohydrate 300 s 112

Na 63 Fe

K ISO 1 0014
Ca 1.160

O

9 CHr-CH=G~-(CH,),--CH—(aij)r-CH—(CH,)r-(H—CHi
I I

I I

CH, OJ, CNi Ul,
Viumm Kt (S-meUiyl-3-ph)t}t-J.4-n3pluhoquinonc)
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n
Introduction to

Endocrinology

The functions of the body ere regulated by two
mcuor control systems: fl) the nervous system,

which has been discussed, and (2) the hormonal,

or endocrine, system. In general, the hormonal
system is concerned principally with control ofthe
difierenl metabolic functions of the body, such as

controlling the rates of chemical reactions m the

cells or the transport of substances through cell

membranes or other aspects of cellular metabolism
like growth and secretion. Some hormonal effects

occur in seconds, whereas others require several

days simply to start and then continue for weeks,
months, or even years

Many interrelationships exist between the her*

monal and nervous systems. For instance, at least

two glands secrete their hormones only in response

to appropriate neural stimuli, the adrenal medul-
lac and the pituitary gland In turn, many of the

pituitary hormones control secretion by the mqjor>

ity of the other endocrine glands, as we shall see

in the fallowing chapters

rvAruRi or A noraionc

A hormone is a chemical substance that is se-

creted into the body fluids by one cell or a group
of cells and that exerts a physiological control

effect on other cells of the body
‘ At many points in this text we have already

discussed dilTerent hormones Some arc local hor-
mones and others are general hormones. Examples
of local hormones arc flcctylcho/mc released at the

parasympathetic and skeletal nerve endings.^ati-

CTjiZui-nilcufed by the duodenal wall and trans-

ixirtod in the blood to the pancreas to cause o
watery pancreatic secretion, ckolecystokintn re-

leased m the small intestine and Iransported to

the gallbladder to cau.se it to contract and to the
pancreas to cause enryme secretion, and many
others. The.se hormones obviously have apecifle

local cfTccls, whence comes the name local hor-
mones
Two examples of general hormones with which

we are already familiar ore epinephrine and nor-
enineohnne, both of which' are ^reT?3’1)jr*thir

adrenal mcdullae in response to sympathetic stim-

ulation. These hormones are transported in the

blood to all parts of the body and cause many
different reactions, especially constriction of the

blood vessels and elevation ofthe arterial pressure.

Another genera] hormone is renin , which is se-

creted by the kidneys in response to hypotension;

the substance angiotensin II, which is formed in

the blood as a result of the enzsnnatic action of

renin on a plasma protein, is also a general hor-

mone.
Most of the general hormones, however, are

secreted by endocrine glands and are then trans-

ported in the blood throughout the body. A few of

the general hormones affect all or almost all cells

of the body; examples are growth hormone from

the anterior pituitary gland that causes growth in

all or most parts of the body and thyroid hormone
from the thyroid gland that increases the rates of

most chemical reactions in almost all the body’s

cells.

Other hormones, however, affect only specific

tissues, called target tissues because only these

tissues have the epcciflc receptors that will bind

the respective hormones to initiate their actions.

For instance, adrenocorticotropin from the anterior

pituitary gland specifically stimulates the adrenal

cortex. causio8-tt-to-aecrete the_ndrenocortical
hormones; and the ougriart fiormonMKavg~spcciftc

oflecta on the female^ex“organ^as well as on the

secondary sexual charactenstic.s of the female
body. Many examples of target tissues will become
apparent in the following chapters.

AN OVlRVltW OF Wl IMPORTANT
ENDOCRINE CIAND5 AND WEIR
HORMONES

Figure 74-1 illustrates the anatomical loci of

the important endocrine glands of the body except,

for the testes and except for the placenta, which is

an additional important source of sex hormones

during pregnancy. Let us gh'c a preview of the

important hormones secret^ by these glands and
their most important actions:
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ngure 74-1. The anatomicAt lod of che pnncipal endocrine

ands of Che body

Anterior Pituitary Hormones.
„ii) Growth hormone: causes growth of almost all

ells and tissues of the body.

i^Adrenocorticotropin. causes the adrenal cor-

ex to secrete adrenocortical hormones.
^^^Thyroid-stimulating hormone: causes the

hyroid gland to secrete thyroxine and truodothy-

onine.

\JM'Follicle-sUmulating hormone: causes growth
if follicles in the ovaries prior to ovulation, pro-

notes the formation of sperm in the testes.

hormone: plays an important role

n causing ovulation; also causes secretion of fe-

nale sex hormones by the ovaries and testosterone

jy the testes.

iifiW’roZacfm- promotes development of the

breasts and secretion of milk.

Posterior Pituitary Hormones.
(^T'^fjdiurefcc hormone (also called vasopres-

sen); causes the kidneys to retain water, thus

increasing the water content of the body; also, in

high concentrations, causes constriction of the

blood vessels throughout the body and elevates the

blood pressure.

(2)

Oxytocin, contracts the uterus during the

birthing process, thus perhaps helping expel the

baby; also contracts myoepithelial cells in the

breasts, thereby expressing milk from the breasts

when the baby suckles.

Adrenal Cortex.

(1) Cortisol: has multiple metabolic functions for

control of the metabolism of proteins, carbohy-

drates, and fats.

(2) Aldosterone: reduces sodium excretion by the
kidneys and increases potassium excretion, thus
increasing sodium in the body while decreasing

the amount of potassium.
Thyroid Gland.
(1 and 2) Thyroxine and triidothyronine: increase

the rates of chemical reactions in almost all cells

of the body, thus increasing the general level of
body metabolism.

(3) Calcitonin: promotes the deposition of cal-

cium m the bones and thereby decreases calcium
concentration in the extracellular fluid.

Islets of Langerhans in the Pancreas.
(1) Insulin: promotes glucose entry into most

cells of the body, in this way controlling the rate

of metabolism of most carbohydrates.

(2) Glucagon: increases the release of glucose

from the hver into the circulating body fluids.

Ovaries.
(1) Estrogens: stimulate the development of the

female sex organs, the breasts, and various sec-

ondary sexual characteristics.

(2) Progesterone: stimulates secretion of"uterine

milk" by the uterine endometrial glands; also helps

promote development of the secretory apparatus of
the breasts.

Testes.

(1) Testosterone- stimulates growth of the male
sex organs; also promotes the development of male
secondary sex characteristics.

Parathyroid Gland.
(1) Parathormone: controls the calcium ion con-

centration m the extracellular fluid by controlling

(a) absorption ofcalcium from the gut, (b) excretion

of calcium by the kidneys, and (c) release of cal-

cium from the bones
Placenta.

(1) Human chorionic gonadotropin: promotes
growth of the corpus luteum and secretion of es-

trogens and progesterone by the corpus luteum.
(2) Estrogens- promote growth of the mother’s

sex organs and of some of the tissues of the fetus.

(3) Progesterone: probably promotes develop-
ment ofsome of the fetal tissues and oigans; helps
promote development ofthe secretory apparatus of
the mother’s breasts.

(4) Human somatomammotropin; probably pro-
motes growth ofsome fetal tissues as well as aiding
in the development of the mother’s breasts.

From this overview of the endocrine system, it

is clear that most of the metabolic functions of the
body are controlled one way or another fay the
endocrine glands. For instance, without growth
hormone, the person remains a dwarf. Without
thyroxine and triidothyronine from the thyroid
gland, almost all the chemical reactions of the
body become sluggish, and the person becomes
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jluKCiJh &.1 «p!I. Without insulin from the pon-

crcns. the body's cells can uliliie very little of the

fuW carbohydrates for energi'. And, without the

Hrx honnonrs. serual development nnd sexual

fur.rUon* are Rb^enU

CHLWSTRY or THt HOMONES
niernicatly, the hormones are of three basic

types

* 1 ' ,Srcroi<i hormones- These all have o chemical
structure similar to that ofcholesterol and in most
in«tanccs arc derived from cholesterol itself.

OifTercnt steroid hormones are secreted by
(a* the adrenal cortex (eortisof nnd aldosterone).

Us' the ovaries Irstro^cn and pro^resreronc), (cl the

testes (fejm-t/cro/irl, and (d) the placenta Ics/ro/^cn

and prv/^esteront).

t2> Peni'ofnvj of the ammo acid tyrosme: Two
proups of hormones ore denvalives of the amino
aad tyrosine The two metabolic thyroid hormones.
rhyTOTine nnd fnior/oMyrominc, are iodinated

forma of ti'ioainajiauvQljves. And the iWb~prlijcT^

pal hormones ofthe adrenal medullae, rpt/icpAnne

and norepinephrine, are both catecholamines, also

derived from tyrosine.

<3l rrotciR* or peptides; All the remaining im-
portant endocrine hormones are either proteins.

peptidM. or Immediate denvativea of these The
anienor pituitary hormones ore either proteins or

large polypeptides, the posterior pituitary hor-

mones. antidiuretlc hormone nnd oxytocin, arc
peptidi-s containing only eight amine adds And
insulin, glucagon, and paraUiormone ore all targe

polypeptides

StorAge And Seetetion of Hormone*

We shallw in the following chapters that there
iv no smclr «ay in which all the endoenne glands
vlorc nnd sccrele their hormones flowcvcr, several
general patterns occur for most of the hormones
For In-stnnce. all the protein horraonc.s are formed
by the granular endoplasmic reticulum ofthe glan-
dular cells m the s,sme manner that other secretory

protons arc fonnrd as was described in Chapter
3 However, the initial protein formed by the
endcplasmtc reticulum almost never is the final

hormone itself Instead, it is larger than the active
h-irmcne and is railed a prr/irohcrmooe Then, this
l.irge prulrln Is further cleaved. u.sually while still

in the endoplasmic reticulum, to form a smaller
protein caUid the prohormnne. This in turn is

transported in the EP, transport vesicle* to the
CJolgi appamtit* where still or.oilier Section of the
protein is c!e.svnh in Ihi* way the fm.*! active
protein hffrmone i» formed Tlie Golgi apparatus
usualls aim compacts the hurmone molecules Into
small rtirmbrane-rnapsulated vwicte* caUc<J «.
rrrt^xry t«Wrf or temt-rm gmnulrs Thee** then
remain sinred in the cytoplasmic compartmenl of

J i evil unitl a BprtTjSe sigruil. such as a

nerve signal, another hormonal signal, or a local

chemical or physical signal, comes along to cause

secretion.

The two groups of hormones derived from tyro-

sine. the thyroid and adrenal medullary hormones,

are both formed by the actions of enzymes in the

cytoplasmic compartments of the glandular cells.

In the case of the adrenal medullary hormones
norepinephrine and epinephrine, these are then

absorbed into preformed vesicles and stored until

they ore to be secreted. The thyroid metabolic

hormones, thyroxine and triiodothyronine, on the

other hand, are formed as component parts of a

la^c protein molecule called thyroglobuUn, and
this 'I5^hen stored in large JoTTicles within the

thyroid gland When the thyroid hormones are to

be secreted, specific enzyme systems within the

thyroid glandular cells cleave the thyroglobulin

molecule, thereby allowing the th3Toid hormones
to be released into the blo^.
For the steroid hormones secreted by the adrenal

cortex, the ovorics, or the testes, the amounts
stored in the glandular cells are usually quite

small, but large amounts of precursor molecules,

especially cholesterol and various intermediates

between cholesterol ond the final hormones, ore

present m the celts. Upon appropriate stimulation,

enzymes in these cells can within minutes cause

the chemical conversions to the final hormones,
followed almost immediately by secretion.

Onset of Hormone Secretion Following n
Stimulus, and Durations of Action of Different
Hormones. Some hormones ore secreted w’ithin

seconds, after the gland Is stimuloted, and they

may develop full action within another few seconds

to minutes; the actions of other hormone.* often

require month* for full elTect. To give exomples.
the two adrenal medullary hormone*, epinephrine
ond norepinephrine, begin to bo secreted in re-

*pon.*c to sympathetic nerve Etimuli within the

first second of stimulation and usually reach max-
imum nctivity within a minute after the onset of

stimulation However, these hormones are al.*o

destroyed rapidly by local tis.*ue enzjrroes, or they

arc absorbed Into cells Therefore, their duration

of action is usually no more than one to three

minutes at mo*t after the sympathetic stimulation
is ovx'r

At the other extreme, the thyroid hormones ore

stored in the form of thyroglobulin in the thyroid

follicle*, rametime* for several months, before fi-

nally Wing Bocrctcd Then, after secretion, several

hour* to several days are required before even
initial activity occurs; but their effect on enhance-

ment of tissue metabolism can last as long os four

to six week* Thus, each of the di/Tcrcnl hormones
ha* Its own characteristic onset and duration of

action—each tailored to perform Its specific control

function

Concentration* of Hormones In the Clrcu-

laUng BI<wk1. end Hormonal Secretion Kate*,

The quanutalive amounts of hormone* that are
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reqiured to control most metabolic and endocrine

functions are incredibly small. Their concentra-

tions in the blood range from as little as 1 picogram
(which is 1 millionth of a millionth of a gram) in

each milliliter of blood up to at most a few micro-

grams (1 millionth of a gram) per milliliter of

blood. Similarly, the rates of secretion of the var-

ious hormones are also extremely small, measured
in micrograms or milligrams per day. We shall see

later in this chapter that highly specialized mech-
anisms are available in the target tissues that

allow even these minute quantities of hormones to

exert powerful control over the physiologic sys-

tems.

Control of Hormone Secretion Rate—
The Role of Negative Feedback

Without exception, the rate of secretion of eveiy

hormone that has ever been studied is itself con-

trolled very exactly by some internal control sys-

tem. In most instances, this control is exerted

through a negative feedback mechanism as fol-

lows:

^U^The endocrine gland has a natural tendency

to oversecrete its hormone.

jC2) Because of this tendency, the hormone exerts

more and more of its control effect on the target

organ.

^)'The target organ in turn performs its func-

tira.

-<4) But when too much function occurs, usually

some factor about the function then feeds back to

the endocrine gland and causes a negative eHect

on the gland to decrease its secretory rate. Thus,

the function of the hormone is monitored, and this

information in turn provides negative feedback

control of the secretory rate by the gland.

Careful consideration ofthe above negative feed-

back mechanism will show that the important

factor to be controlled usually is not the secretory

rate of the hormone but instead the degree of

activity of the target organ. Therefore, only when
the target organ activity rises to an appropriate

level will the feedback to the gland become pow-

erful enough to alow further secretion of the hor-

mone. If the target organ responds poorly to the

hormone, the endocrine gland will almost always

secrete still more and more of its hormone until

the target organ eventually reaches the appropri-

ate level of activity, but at the expense ofexcessive

secretion of the controlling hormone.

HORMONE RECEPTORS AND THUR
ACTIVATION

The endocrine hormones almost never act di-

rectly on the intracellular machinery to control

the different cellular chemical reactions; instead,

they almost invariably first combine with hormone
receptors on the surfaces of the cells or inside the

cells. The combination of hormone and receptor

then usually initiates a cascade of reactions in the
cell.

Either all or almost all hormonal receptors are
very large proteins, and each cell usually has some
2000 to 10,000 receptors.

Also, each receptor is usually highly specific for

a single hormone; this determines the type of
hormone that will act on a particular tissue. Ob-
viously, the target tissues that are affected by a
hormone are those that contain its specific recep-

tors.

The locations of the receptors for the different

types of hormones are generally the following:

(1) In the membrane. The membrane receptors
are specific mostly to the protein, peptide, and
catecholamine (epinephrine and norepinephrine)
hormones.

(2) In the cytoplasm. The receptors for the differ-

ent steroid hormones are found almost entirely in
the cytoplasm.

(3) In the nucleus. The receptors for the meta-
bolic thyroid hormones (thyroxine and triiodothy-

ronine) are found in the nucleus, believed to be
located in direct association with one or more of
the chromosomes.
Regulation of the Number of Receptors. The

numl^r of receptors in a target cell often does not
remain constant from day to day, or even from
minute to minute, for the receptor proteins are
themselves often destroyed or new ones are man-
ufactured by the protein-manuiacturing mecha-
nism of the cell. For instance, binding ofa hormone
with its target cell receptors usually causes the
number of receptors to decrease, either because of
inactivation of some of the receptor molecules or

because of decreased production of the molecules.

In either event, this is called down-regulation of
the receptors. Obviously, this decreases the respon-

siveness of the target tissue to the hormone over
a period of time as the number of receptors de-

creases.

In a few instances, hormones cause up-regula-
iron of receptors; that is, the stimulating hormone
induces the formation of more receptor molecules
by the protein-manufacturing machinery of the
target cell. In this instance, the target tissue be-
comes progressively more sensitive to the stimu-
lating effects of the hormone.

MECHANISMS OF HORMONAL
ACTION

Activation of the Receptors. The receptors in
their unbound state usually are inactive, and the
intracellular mechanisms that are associated with
them are also inactive. However, in a few instances
the unbound receptors are in the active form, and
when bound with the hormone they become inhib-
ited.

Activation of a receptor occurs in different ways
for different types of receptors. For instance, in
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Chapter 46 we discussed the many types of recep-

tors located in the postsynaptic membranes of

neurons and activated by the synaptic hormones
called “transmitter substances.” In general, the

transmitter substance combines with the receptor

and causes a conformational change of the receptor

molecule; this in turn alters the membrane perme-

ability to one or more ions, especially sodium,

chloride, potassium, and calcium ions. A few ofthe

general endocrine hormones also function in this

same way—for instance, the effect of epinephrine

and norepinephrine in changing the membrane
permeability in certain of their target tissues.

In addition to this occasional direct effect of

hormone receptors to change cell membrane
permeability, there are also two very important

genera] mechanisms by which a large share ofthe

hormones function: (1) by actuating the cyclicAMP
system of the cells, which in turn activates multiple

other intracellular functions; or (2) by activating

the genes of the cell, which cause the formation of

intracellular proteins that m turn initiate specUic

cellular functions. These two general mechanisms
are described as follows:

THE CYCLIC AMP MECHASI5M TOR
COSmOUlNG cut EUSCTION—
A “SECOSD MESSESCER’'
FOR HORMONE MEOIATJON

Many hormones exert their efTects on cells by
first causing the substance cyclic 3' .5' •adenosine

monophosphate (cyclic AMP) to be formed in the

cell. Once formed, the cyclic AMP causes the hor-

monal effects inside the cell. Thus, cyclic AMP is

an mtracellular hormonal mediator. It is also fre-

quently called a second messenger for hormone
mediation—'the "first messenger" being the origi-

nal stimulating hormone.
The cyclic AMP mechanism has been shown to

be a way in which all the following hormones (and
many more) can stimulate their target tissues:

1. Adrenocorticolropin

2. Thyroid-stimulating hormone
3 Luteinizing hormone
4 Follicle-stimulating hormone
5 Vasopressin
6 Parathyroid hormone
7. Glucagon
8. Catecholamines
9. Secretin

10.

The hypothalamic releasing hormones.

Figure 74-2 illustrates the function of the cyclic

AMP mechanism in more detail. The stimulating
hormone first binds with a specific “receptor” for

that hormone on the membrane surface of the
target cell. The specificity of the receptor deter-
mines which hormone will affect the target cell.

After binding with the membrane receptor, the
»^inb\nalion of hormone and receptor activates the

llsure me cyclic AMI* mechanism by which many
hoemones exert iheir control of cell function

protein enzyme adenyl cyclase. This enzyme is also

located in the membrane and is either bound
directly with the receptor protein or closely asso-

ciated with It. However, a large portion of the

adenyl cyclase enzyme protrudes through the inner

surface of the membrane into the cytoplasm and,

when activated, causes immediate conversion of
much of the tytoplasmic ATP into cyclic AMP.
Once cyclic AMP is formed inside the cell it

activates still other enzymes. In fact, it usually

activates a cascade of enzymes. That is, a first

enzyme is activated and this activates another

enzyme, which activates still a third, and so forth

The importance of this mechanism is that only a

few nsolecules of activated adenyl cyclase in the

cell membrane can cause many more molecules of

the next enzyme to be activated, which can cause

still many times that many molecules of the third

en^me to be activated, and so forth. In this way,
even the slightest amount of hormone acting on

the cell surface can initiate a very powerful cas-

cading activating force for the entire cell.

The specific action that occurs m response to

cyclic AMP in each type of target cell depends

upon the nature of the intracellular machinery,

some cells having one set of enzymes and other

cells having other enzymes. Therefore, different

functions are elicited in different target cells—

such functions as

(1) initiating synthesis of specific intracellular,

chemicals,

(2) causing muscle contraction or relaxation,

(3) initiating secretion by the cells,

(4) altering the cell permeability,

(5) and many other pos-sible effects.
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Thus, a thyroid cell stimulated by cyclic AMP
forms the metabolic hormones thyroxine and triio-

dothyronine, whereas the same cyclic AMP in an
adrenocortical cell causes secretion of the adreno-
cortical steroid hormones. On the other hand,
cyclic AMP affects epithelial cells of the renal
tubules by increasing their permeability to water.
Role of Calcium Ions and “Calmodulin" as

a Second Messenger System. Another second
messenger system operates m response to the entry
of calcium ions into cells The calcium entry may
be initiated by electrical phenomena that open
membrane calcium channels or by hormones inter-

acting with membrane receptors that similarly

open calcium channels.

On entering the cell, the calcium ions bind with
a protein called calmodulin This protein has four

separate calcium sites; when as many as three or
four of these sites have bound with calcium, a
conformational change occurs that activates the

calmodulin, causing multiple effects inside the cell

in the same way that cyclic AMP functions For
instance, it activates many other enaymes in ad-

dition to those activated by cyclic AMP, thus caus-

ing an additional set of intracellular metabolic

reactions. One of the specific functions of calmod-

ulin is to activate myosin kinase that then acts

directly on the myosm of smooth muscle to cause
smooth muscle contraction.

The normal calcium ion concentration m most
cells of the body is about 10 ^ to 10 ‘ millimoles

per liter, which is not enough to activate the

calmodulin system. But, when the calcium ion

concentration rises to as high as 10'* to 10 ’

millimoles per liter, enough binding then occurs
to cause all the intracellular actions ofcalmodulin.

This is almost exactly the same amount of calcium
ion change that is required in skeletal muscle to

activate troponin C, which in turn causes skeletal

muscle contraction. It is interesting that troponin

C is very similar to calmodulin both in function

and in protein structure.

Other Intracellular Hormonal Mediators.
Still other intracellular mediators (or “second mes-
sengers”) also exist in the cell. Two of these are

(1) cyclic guanosme monophosphate, which is nu-
cleotide that functions almost exactly like cyclic

AMP except that it contains the base guanine
rather than adenine and it activates a different

set of enzymes; and (2) inositol triphosphate, which
can also be formed in response to hormone-binding
with specific cell membrane receptors—and this

substance, too, activates still other enzymes.

Finally, it is probable that many prostaglandins

also function as second messenger substances.

These are a series of lipid compounds closely re-

lated to each other and widely present m cells

throughout the body. Hundreds of different cellu-

lar control functions have been postulated for the

different prostaglandins, though most of these

functions still await definitive proof.

The importance of the multiple second messen-
ger systems within the cells is that each of them
can control separate cellular functions, thus allow-
ing multiple modes of cellular action.

ACTION OF STEROID HORMONES ON THE
CENES TO CAUSE PROTEIN SYNTHESIS

A second major means by which hormones

—

specifically the steroid hormones secreted by the
adrenal cortex, the ovaries, and the testes—act is

to cause synthesis of proteins in the target cells;

these proteins then function as enzymes or trans-

port proteins that in turn activate other functions
of the cells.

The sequence of events in steroid function is the
following;

1. The steroid hormone enters the cytoplasm of
the cell, where it binds with a specific receptor
protein.

2. The combined receptor protein/hormone then
diffuses into or is transported into the nucleus.

3. The combination now activates the transcrip-

tion process of specific genes to form messenger
RNA.

4. The messenger RNA diffuses into the cyto-

plasm where it promotes the translation process
at the ribosomes to form new proteins.

To give an example, aldosterone, one of the
hormones secreted by the adrenal cortex, enters
the cytoplasm of renal tubular cells, which contain
its specific receptor protein. Therefore, in these
cells the above sequence of events ensues. After
about 45 minutes, proteins begin to appear in the
renal tubular ceils that promote sodium reabsorp-
tion from the tubules and potassium secretion into

the tubules. Thus, there is a characteristic delay
in the beginning action of the steroid hormone of
45 minutes and up to several hours or even days
for full action, which is in marked contrast to the
almost instantaneous action of some of the peptide
and amino acid-derived hormones, such as vaso-
pressin and norepinephrine.

ACTION OF THE THYROID HORMONES IN
THE CELL NUCLEUS

The thyroid hormones thyroxine and triiodothy-

ronine cause increased transcription by certain

genes in the nucleus. To accomplish this, these
hormones first bind directly with receptor proteins

in the nucleus itself; these receptors are probably
protein molecules located wjthm the chromosomal
complex, and they probably control the function of
the genetic promoters or operators as explained in

Chapter 3.

Two important features ofthyroid hormone func-
tion in the nucleus are:

(1) They activate the genetic mechanisms for

formation of many different types of intracellular

proteins—probably a hundred or more. Many of
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these are en2ymes that promote enhanced intra-

cellular metallic activity.

(2) Once bound to the intranuclear receptors,

the thyroid hormones can continue to express their

control functions for days or even weeks.

MtASUREMtNT OF HORMONL
CONCtNTRATlONS IN THE BLOOD

Most hormones are present in the blood in extremely

minute quantities, some in concentrations as low as one

millionth of a milligram <l picograra) per milhhter

Therefore, except in a few instances, it has been almost

impossible to measure these*-conccntrations by usual

chemical means Fortunately, though, an extremely sen-

sitive method was developed about two decades ago that

revolutionized the measurement of hormones, their pre-

cursors. and their metabolic end-products. This is the

method of radioimmunoastay

KAdlolmmuno*si»y

Tlie principle of radioimmunoassay is the fotlowing-

First, an antibody is developed that Is highly specific

for the hormone to be measured
Second, a small quantity of this antibody is nixed

with (a) a quantity of fluid from the animal containing

the hormone to ^ measured and (bi an appropriate

amount of punfled standard hormone of the same type

that has been tagged with a radioactive isotope. How.
ever, one spoctfle condition must be met there must be
too little antibody to bind completely both the tagged
hormone and the hormone in the fluid to bo assayed
Therefore, the natural hormone in the assay fluid and
the radioactive standard hormone comptte for the bind-

ing sites OR the antibody. In the process of competing,

the quantity of each of the two hormones, the natural

and the radioactive, that binds is proportional to its

concentration.

Third, afler binding has reached equilibrium, the
antibody-hormone complex is separated from the re-

mainder of (he solution, and the quantity of radioactive

hormone bound with antibody is measured by radioac-

tive counting techniques Ifa large amount ofradioactive
hormone has bound with the antibody, then it is clear

that there was only a tmall amount of natural hormone
to competa with the radioactive hormone, and therefore

(he concentration of the natural hormone in the assayed
fluid was small Conversely, if only a small amount of
radioactive hormone has bound, it is clear that there
was a very large amount of natural hormone to cvnipete

for the binding sites

Fourth, to make the assay highly quantitative, the
radioimmunoassay procedure is performed also for

"standard" solutions of untagged hormone at several

different concentrotion levels Then, a "standard curve”

u plotted as Illustrated In Figure 74-3 By comparing
the radioactive counts recorded from the original assay

procedure with the standard curve, one can determine
within an error of x lO to 16 per cent the concentration
of the hormone m the assayed fluid As little as one
tnllionth of a gram of honnonc is often assayed in this
way
Other Competitive Binding Assay Procedurea.

1 other competitive binding techniques for assay

:')

ALDOSTERONE CONCENTRATION IN TEST SAMPLE
(nanogrinis/IOOmll

nguie 74-3. A "sundafd Curve ' for radioimmunoassay of

aldosterone (Counesy of Dr Manis Smith.)

of minute quantities of hormones have also been em-
ployed One of these is to use in place of the antibody a
specific earner globulin of the plasma that is a natural

binding agent for some specific hormone. For instance,

the plosma-binding globulin for the adrenocortical hor*

mone cortisol is highly specific Therefore, this globulin

is substituted for the antibody in the assay process for

cortisol, the assay is then carried out In exactly the

same way as the radioimmunoassay procedure.

MetAbollc Oearance KJtte of Hormones

Two different factors can increase or decrease the
concentration of a hormone m the blood. One of these,

obviously, 15 the rate of secretion of the hormone The
second is the rate of removal of the hormone from the
blood, which is called the metabolic clearance rate. This
IS expressed in terms of the number of milliliters of

plasma cleared of the hormone per minute. To calculate

this clearance rate, one makes the following two meas-
urements-

(1) The rate of disappearance of the hormone from the
plasma per minute

(2) The concentration of the hormone in each milliliter

of plasma
Then, the metabolic clearance rate is calculated by

the following formula;

Rate of disappearance of
j

Metabolic e honnonc from the plasma J

clearance rate Concentration of hormone m
|

each milliliter ofplasma J

The usual procedure for making this measurement is

the following* A purified solution of the hormone to be
measured is tagged vnth a radioactive substance. Then
the radioactive hormone is infused at a constant rate

into the blood stream until the radioactive concentration
in the plasma becomes steady. At this time, the rate of
disappearance of the radioactive hormone from the



74 Introduction to Endocrinology 883

plasma obviously equals the rate at which it is infused,

which gives one the rate of disappearance. At the same
time, the plasma concentration of the radioactive hor-

mone is measured using a standard radioactive counting

procedure. Then, using the formula just cited, the met-

abolic clearance rate is calculated.

Hormones are “cleared” from the plasma in several

ways, including (1) metabolic destruction by the tissues,

(2) binding with the tissues, (3) excretion by the liver

into the bile, and (4) excretion by the kidneys into the

urine. For certain hormones, a decreased metabolic

clearance rate frequently causes an excessively high

concentration of the hormone in the circulating body

Ruids. For instance, this occurs for several of the steroid

hormones when the liver is diseased because these

hormones are mamly conjugated in the liver and then

“cleared” into the bile

Rate of Hormone Secretion

A simple method for estimating the rate of hormone
secretion is, first, to measure the concentration of the

natural hormone m the plasma using a radioimmuno-

assay procedure Next, the metabolic clearance rate is

measured. Then, by multiplying the concentration of

the natural hormone times the metabolic clearance rate,

one derives a value that is equal to the steady-state rate

of hormone production

However, hormone production often increases and

decreases very rapidly In such cases, one can measure

the changing rates of secretion only by collecting sam-

ples of both the artenal blood entenng the gland and

the venous blood leaving the gland, and simultaneously

measuring the rate of blood flow through the gland.

Then, by multiplying the rate of blood flow times the

venous increase in hormone concentration over that in

the arterial blood, one can derive the instantaneous

secretion rate Using methods such as this, it has been

possible to show that many endocrine glands can be

stimulated to extremely high secretory rates within

minutes, and many glands also secrete hormones very

intermittently rather than steadily This is especially

true for the pituitary hormones as well as for cortisol

from the adrenal gland.
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75
The Pituitary

Hormones and Their
Control by the
Hypothalamus

THE riTUITARY GLAND AND ITS

RELATION TO THE HYPOTHALAMUS

The pituitary gland (Fig. 7&-Ui also called the
hypophysis, is a small gIand~about 1 cm m d»*

ameter and 0.5 to 1 gram in weight-^lKat lies in

the sella turcica at the base of the brain and is

connecteu with the hypothalamus by (he pitmtary
(or hypophysial) stalk. Physiologically, the pitui*

tary gland is divisible into two distinct portions

the anterior pituitary, also known as the adenohy-
pophysis, and the posterior pituitary, alsoTnown
as the neurohypophysis Between those is a small,
relativelyAvascular tone called the pars mterme-
dia, which is almost absent in the num^ being
while much larger and much more functional m
some lower animals.
Embryoiogically, the two portions of the pitui-

/

tary originate from different sources, the anterior

pituitary from lialhke’s pouch, which JS an embry-
onic invagination of the pharyngeal epithelium,
and the posterior pituitary from an outgrowth of

the hypothalamus The origin of the anterior pi*

tuita'ryirbm the pharyngeal epithelium cxplaiiM
the epithelioid nature of its rell .s. while the origin

of the posterior pituitary from neural tlMUO ex-

plains the presence of large numbers of gliobtypc
cells in this gland
bix very important hormones plus several less

imlxirtant ones are secreted by the anterior pitul*

tary, and t^ important hormones ore secreted by
the pos/moTpituilory. The hormones of the ante*
nor pituitary play mtyor roles In the control of
metabolic functions throughout the body, as shown
in Figure 7&>-2. (1) Grouth hormone promotes
growth of the animal by ailecting many metabolic
functions throughout the body, especially protein
formation (2) Adrcnocorticotronin controls the se-

cretion of some oJ' the adrenocortical hormones,
which in turn affect Iho metabolism of glucose,
proteins, and fata 13) Thyroid-stimulating hor-
mone controls the rate of secretion of thyroxine by
the thyroid glond, and thyroxine in turn controls
the rates of most chemical reactions of the entire

body. (4) frpfacfm promotes mammary gland de-
velopment and milk production. And two separate
gonadotropic hormones, (5) follicle-stimulating
hormone and (6) luteinuing Tibrmonc, control
growth of the gonads as well as their reproductive
activities

The two hormones secreted by the posterior
pituitary play other roles, (DAntidiurelic hormone
(also called losopressm) controls the rate of ivater

excretion into the urine and in this way helps
control the concentration of water in the body
fluids. (2) Oxytocin (a) helps deliver milk from the
glands of the breast to the nipples during suckling,

and <b) possibly helps in the delivery of the baby
at the end of gestation.
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Hgure 75-2. Metabolic functions of the anterior pituitary hor-

mones

CELL TYPES IN THE ANTERIOR PfTUITARY

ClAND

The anterior pituitary gland contains at least five

difierent types of secretory cells Usually, there is one

cell type for each major hormone formed in this gland

Using special stains attached to high affinity antibodies

that bind with the distinctive hormones, these various

cell types can be differentiated one from another The

only m^or exception to this general rule is that the

same cell type seems to secrete both luteinizing bomoy
and TotUcle-sUmuiatmg normone thus,"the ditTefSnt

cell types are"

Ul) Somatotropes—human growth hormone (hGH)

iiZ) Corticotropes—corticotropin (ACTH)

tl3) T/iyrorropcs—thyroid-stimulating hormone (TSH)

J4) Go/wuiofropes—gonadotropic hormones, which in-

clude both luteinizing hormone (LH) and follicle-stimu-

lating hormone (FSH)
La'ctotrapes—prolactin (PRL)

About 30 to 40 per cent of the anterior pituitary cells

are somatotropes that secrete growth hormone, and

about 20 per cent are corticotropes that secrete ACTH.^

The other cell types each number only 3 to 5 per cent of

the total; nevertheless, they secrete the extremely pow-

erful hormones for controlling thyroid function, sexual

functions, and milk secretion by the breasts.

Somatotropes stain very strongly with acid dyes and

therefore are called acidophils Thus
,
pituitary tumors.

that secrete large quantities of human growth nonoone

dru called acidophilic tumors.

~i'he cell bodies ol the cells that secrete the posterior

pituitar^ hormones are not located in the posterior

pituitary gland itself but instead are large neurons
^ located in the hvoothalamus; the hormones are .then

transpmTca to the "posterior mtuitarv glands in the

axoplasm oi the neurons’ nerve fibers passing f^ni the

KypoHialamus to the poaterior pituiUiTgl^nd.~'tms will

be discussed more fully later in the^haptor.

CONTROL OF PITUITARY SECRETION
BY THE HYPOTHALAMUS

Almost all secretion by the pituitary is con-

trolled by either hormonal or nervous signals from
the hypothalanTus. Indeed, when the pituitary

gland is removed from its normal position beneath

the hypothalamus and transplanted to some other

part of the body, its rates of secretion of the

different hormones (except for prolactin) fall to low
levels—in the case of some of the hormones, almost

to zero.

Secretion from the posterior pituitary is con-

trolled by nerve fibers originating in’the hypo-
thalamus and terminating in the posterior pitui-

laiy In contrast, secretion by the anterior

pituitary is controlled by hormones called hypotlia -

lamie releasing and inhibitory hormones (or fac-

tors) secreted within the hypothalamus itself and
then conducted to the anterior pituitary through

minute blood vessels called hypothalamic-hypo-

physial portal vessels. In the anterior pituitary

these reieaism^ and inhibitory hormones act on

the glandular cells to control their secretion. This

system of control will be discussed in detail later

m the chapter.

The hypothalamus receives signals from almost

all possible sources ih Ihe nervous system, inus,

wheh a person is exposed to pain , a portion of the

pam signal is transmitted into the hypothalamus.

Likewise, when a person experiences some power-

ful depressing or exciting thought, a portion of the

signal is transmitted into the hypothalamus. Ol-

factory stimuli denoting pleasant or unpleasant

smells transmit strong signal components directly

and through the amygdaloid nuclei into the hypo-

thalamus. Even the concentrations of nutrients,

electrolytes, water, and various hormones in the

blood excite or inhibit various portions of the

hypothalamus. Thus, the hypothalamus is a col-

lecting center for information concerned with the

interna! well-being of the body, and in turn much
of this information is used to control secretions of

the many globally important pituitary hormones.

THE HYPOTHAlAM/C-HYPOPHYSIAt
PORTAL SYSTEM

The anterior pituitary is a highly vascular gland
with extensive capillary sinuses among the glan-

dular cells. Almost all the blood that enters these

sinuses passes first through a capillary bed in the
tissue of the lower tip of the hypothalamus and
then through small hypothalamic-hypophysial por-
tal vessels into the anterior pituitary sinuses. Thus,
Figure 75-3 illustrates a small artery supplying
the lowermost portion of the hypothalamus called
the median eminence that connects inferiorly
with the piiuiuiiy stalk. Small blood vessels proj-
ect into the substance of the median eminence and

/
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Hypothalamus

then return to its surface, coalescing to form the

hypothalamic-hypophysial portal vessels These in

turn pass downward along the pituitary stalk to

supply blood to the anterior pituitary sinuses

Secretion of Hypothalamic Releasing and
Inhibitory Hormones into the Median Emi.
nence. Special neurons in the hypothalamus syn-

thesize and secrete hormones called hypothalamic
releasing and inhibitory hormones (or releasing and
inhibitory factors) that control the secretion of the

anterior pituitary hormones These neurons ongj-

nate in various parts of the hypothalamus and
send their nerve fibers into the median emin«>pc>

and the tuber cinereum. the hypothalamic tissue

that extends into the pituitary stalk. The endings
of these fibers are different from most endings in

the central nervous system in that their function

is not to transmit signals from one neuron to

another but merely to secrete the hypothalamic
releasing and inhibitory hormones (factors) into

the tissue fluids These hormones are immediately
absorbed into the capillaries of the hypothalamic-

hypophysial portal system ond carri^ directly to

the sinuses of the anterior pituitary gland.

(To avoid confusion, the student needs to know
the difference between a “factor” and a “hormone "

A substance that has the actions of a hormone but
that has not been purified and identified as a
distinct chemical eVrnpound is called a factor. Once
it has been so identitied it is thereailer knoWn as
a hormone instead of simply a factor.)

Function of the Releasing and Inhibitory
Hormones. The function of the releasing and
inhibitory hormones is to control the secretion of
the anterior pituitary hormones. For each type of
anterior pituitary hormone there is usually a cor-

responding hypothalamic releasing hormone; for

some of the anterior pituitary hormones there is

also a corresponding hypothalamic inhibitory fac-

tor. For most of the anterior pituitary hormones it

is the releasing hormone that is important; but,
*br prolactin, an inhibitory hormone probably ex-

‘
i most control. The hypothalamic releasing and

inhibitory hormones (or factors) that are of major

importance arc:

1. Thyroid-stimulating hormone releasing hor-

mone (THW, which causes release of thyroid-stim-

ulating hormone
2. Corticotropin-releasing (CRF), which causes

release of odrenocorticotropin

3 Growth hormone releasing hormone (GHRH),
which causes release of growth hormone, and
growth hormone inhibitory hormone (GlilH),

which is the same as the hormone somatostatin

and which inhibits the release of growth hormone
4. Luletnutng hormone releasing hormone

(LRH). which causes release of both luteinizing

hormone and follicle-stimulating hormone—this

hormone is also called gonadotropin-rcleasing hor-

mone (GnRH)
3. Prolactin inhibitory factor iPlF}, which causes

inhibition of prolactin secretion

In addition to these more important hypotha-

lamic hormones, still another excites the secretion

of prolactin, and several hypothalamic inhibitory

hormones inhibit some of the other anterior pitui-

tary hormones Each of the more important hypo-

thalamic hormones will be discussed m detail at

the time that the specific hormonal system con-

trolled by them is presented in this and subsequent
chapters

c.-8pecinc Areas in the Hypothalamus That
Control becretiun oi &pecuic ilypuiiialnmie
Releasing and Inhibitory Factors. All or most
of the hypothalamic hormones are secreted at

nerve endings in the median eminence before
being transported to the anterior pituitary gland.

Electrical stimulation of this region excites these

nerve endings and therefore causes release of es-

sentially all the h>T>othaIamIc factors. However,
the neuronal cell bodies that give rise to these
median eminence nerve endings are located In

other discrete areas of the hypothalamus or in

closely related areas of the basal brain. Unfortu-
nately, the specific loci of the neuronal cell bodies

that form the different hypothalamic releasing or

inhibitory hormones are so incompletely known
that it would be misleading to attempt a delinea-

tion here.

Other Hypothalamic Substances That May
Hove Hormonal KHects. Multiple ^ther su^
stances, especially many small peptides, are found
m the neurons of the hypothalamus However,
functions for these as hormones are only specula-

tive. Yet, because they are of research interest

they are listed here- (A^ubslancc P. {^Ijteuroten-

sin. i^yangiotensin Ilfih^kephalins, (Sl^ndor-
phins. {Gl^soactwe inhibitory polypeptide, and (7)

chalecystokinin-8. Many of these same substances

are also found in neurons elsewhere in the brain,

suggesting that they may function as neurotrans-

mitters both in the hypothalamus and elsewhere.

In addition, some of them are in the neurons of

the enteric nervous system of the gastrointestinal

tract, functioning there also as neurotransmitters
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and possibly as honnones released into the circu*

lating blood from the nerve endings.

PHYSIOLOGICAL FUNCTIONS OF
GROWTH HORMONE

All the major anterior pituitary honnones be-

sides growth hormone exert their principal effects

by stimulating target glands—the ^yroid gland,

the adrenal cortex, the oyaries, the testicles, and
thejjrammary glands. The functions of each of

these pituita^ hormones are so intimately con-

cerned with the functions of the respective target

glands that, except for growth hormone, their func-

tions and the functions of their corresponding hy-

pothalamic releasing and inhibitory hormones will

be discussed in subsequent chapters along with
the target glands. Gro^^ hormone, in contrast to

other hormones, does not function through a target

glantUiut instead~exerta its effects on all or alm^t
all tissues of the body .

Effect on Growth of Growth Hormone

Growth hormone (GH), also called somatotroph
hormone (SH) or somatotropin, is a small protein

molecule containing itn amino acids in a single

chain and having a znoITcular weight of 22,005. It

causes growth of all tissues of the body that are

capable of growing. It promotes both increased

sizes of the cells and increased mitosis with devel*

opment ol increased numbers of ceils.

Figure 75-4 illustrates weight charts of two

growing rats, one ofwhich received daily injections

of growth hormone, compared with a littermate

that did not receive growth hormone. This figure

shows marked exacerbation of growth by growth

hormone—both in the early days of life and even

after the two rats had reached adulthood. In the

early stages of development, all organs of the

treated rat increased proportionately in size, but

figure 75-4. Comparison of weight gain of a rat Injected daily

with growth hormone with that of a normal rat

after adulthood was reached, most of the bones
ceased lengthening while the soft tissues continued
to grow. This results from the fact that, once the
epiphyses of the long bones have united wth the
shatts, further growth of bone length cannot occur
even though 'most other tissues of the body can
coniiDue to grow throughouriife.

METABOLIC EFFECTS OF GROWTH
HORMONE

Aside from its general effect in causing growth,
growth hormone has many specific metabolic ef-

fects as well, including especially:

Jet) Increased rate ofprotein synthesis in all_cell3

of the body;

jjS) Increased mobilization of fatty acids from
adipose tissue

, and increased use ot the tatty lirids
lor energy; ^d

(3) Decreased rate ofglucose utilization through-
out the body.
Thus, m effect, growth hormone enhances the

body protein , uses up the fat stores , and conserves
car^nydrate. It is probable that the increased rate

of growth results mainly from the incre^ed rate

ol protein'synthesis.

Role of Growth Hormone In Promoting
Protein Deposition

Although the most important cause of the in-

creased protein deposition caused by growth hor-

mone is not known, a series of different effects are

known, all of which can lead to enhanced protein.

These effects are:

Enhancement of Amino Acid Transport
Through the Cell Membranesrurowth hormone
directly enhances transport^of at least some and
perhaps most amino acids through the cell mem-
branes to the interior of the cells. This increases

the concentrations of the ammo acids in the cells

and is presumed to be at least partly responsible

for the increased protein synthesis. This control of
amino acid transport is similar to the effect of

insulin in controlling glucose transport through

the membrane, as discussed in Chapters 67 and

(^Enhancement of Protein Synthesis by the
Ribosomes. Even when the amino acids are not

increased in the cells, growth hormone still causes

protein to be synthesized in increased amounts in

the cells. This is believed to be caused partly by a
direct effect on the ribosomes, making them pro-

duce greater numbers of protein molecules; the

mechanism by which this effect occurs is as yet
unknown.

3. Increased Transcription of DNA to Form
RNA. Over more prolonged periods of time (24 to

48 hours), growth hormone also stimulates the
transcription of DNA in the nucleus, causing for-

mation of increased quantities of RNA. This in
turn promotes protein synthesis and also promotes
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grow'th if sufficient energy, amino acids, vitamins,

and other necessities for growth are avaiiaWe. In

the long run, this perhaps is the most important

of alT the'functions of growth hormon^
Decreased Catabolism of i^rotein and

Amino Acid. In addition to the increase in protein

synthesis, there is a decrease in the breakdown of

cell protein. A possible if not probable reason for

this is that growth hormone also mobilizes large

quantities of free fatty acids from the adipose

tissue, and these in turn ore used to supply most

of the energy for the body cells, thus acting as a

potent “protein sparer."

Summary. Growth hormone enhances almost

all facets of amino acid uptake and protein synthe*

sis by cells, while at the same time reducing the

breakdown of proteins.

^y<{ffect of Growth Hormone In Enhancing fAt

UtlllzAtlon for Energy

Growth hormone has a specific effect, but one
that takes several hours to develop, in causing

release of fatty acids from adipose tissue and,
therefore, increasing theTally aa<j concentration

in the body fluids. In addition, in the tissues it

enhances the conversion of fatty acids to acetyl-

CoA with subsequent utilization oTthis tor ener^.
't herefore, under the influence of growth hormone,
f^at 18 utilized for energy in preference to both

carbohydrates and proteins.

Some research workers have considered this fat

mobilization effect of growth hormone to be one-of

its most important functions and have also consid-

erea Ihe protein-sparing effect to be a maior lactor

that promotes protein aeposition and grovrth. How-
dVef,' gfOwth hormone tnoomzation ot tat requires

hours to occur, whereas enhancement of cellular

protein synthesis can begin in minutes under the

influence of growth hormone
kctoeenic Effect of Growth Hormoae. Occa-

sidna^ly, fat mobiiiration under the influence of
excessive amounts of growth hormone is so great

that exc^ive quantities of ncetoacetic acid are
formed by the liver and are released into the body
fluids, thus causing feetosis. This excessive mobili-

zation of fat from the"a3Tpose tissue also frequently
causes a fatty liver.

Effect of Growth Hormone
on CnrbohydrAte MetAlfotIsm

Growth hormone has three major elTecls on cel-

lular metabolism of glucose: (1) decreased utiliza-

tion of glucose for energy
. (2) ennancement bf

glycogen de^ition in the cells, and (3) diminished
uptake"ot^lurose by the cells.

DecreosecTUse of Glucose for Energy. Unfor-
tunately, we do not know the precise mechanism
hy which growth hormone decreases glucose utili-

by the cells However, the decrease probably

^
’ts partially from the increased mobilization

and utilization of fatty acids for energy caused by
growth hormone. That is, the fatty acids form large

quantities of acetyl-CoA that in turn initiate fe^-
back effects to block the glycolytic breakdown of

glucose and glycogen.

Enhancement of Glycogen Deposition. Since

glucose and glycogen cannot be utilized for energy,

the glucose that does enter the cells is rapidly

polymerized into glycogen and deposited. There-
fore, the cells rapidly become saturated with gly-

cogen and can store no more.

Diminished Uptake of Glucose by the Cells
and Increased Blood Glucose Concentration.
When growth hormone is first administered to an
animal, the cellular uptake of glucose is enhanced,
and the binnd glupose enneentrati^ lalls sligHllv .

However, this effect lasts for only 30 minutes to

an hour or so and is then superseded by exactly

ine opposite effect, namely decreased transport of

glucose through the cell membrane, 't his perhaps
results from the tact that Ine cel)s“have already
taken up an excess of glucose that they are having
difficulty using Without normal cellular uptake
and use, the blood coneentrabon of glucose in-

creases, sometimes to as high as 50 to 100 percent
above normal .

NeccMity'of Insulin and Carbohydrate for
the Growth-Promoting Action of Growth Hor-
mone. Growth hormone fails to cause growth in

an animal lacking a pancreas, and ii also lails to

cause growin u carb^ydrates are excluded from
the diet. This shows that adequate insuim activity

^ welt as adequate availability of carbohydrates
is necessary for growth hormone to be effective.

Part of this requirement for carbohydrates and
insulin IS to provide the energy needed for the
metabolism of growth. But there seem to be other
efiecis as well. Especially important is one effect

of insulin on enhancing amino acid transport into
cells in the same way that it ennances glurose
Transpdri

Diabetogenic Effect of Growth llornione. We have
airway pomteu out that growth hormone leads to mod-
erately increased blood glucose concentration. This in

turn eUmulatea the beta cells of the islets of Langerhans
to s«rote extra insulin In addition to this effect, growth
hormone also has a slight direct stimulatory effect on
the beta cells as well. The combination of these two
effe^ sometimes so greatly overstimulates insulin se-

crelion by the beta cells llm they literaiiy -hum out”
When this occurs the person develops diabetes meliuus,

a disease that will be discussed m detail in Lhapt^ 78
Therefore, growth hormone is said to have a diabetogenic

Diabetogenir Effects of Other Anierior Pitvitnry
Hormones. Growth hormone is not the only anterior

pituitary hormone that increases the blood glucose con-

centration. At least three others can do the same ad-

renocorticotropin, thyroid stimulating hormone, arS
prolacti n. Especially important is adrenocorticotropin,
which increases the rate of cortfsol secretion bv*

t

he
adrenal cortexJ^rtisofthen inCTcays the blood glucose
concentration by increasina the rSie of tiluconeogencsis
This effect, quantitatively, is probably e^ally as dia-

betogenic as the effect of growth hormone.
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^ Pituitary Diabetes. From the preceding discussion it

is readily apparent that specific increase in secretion of

growth hormone or generalized increase in secretion of

ail me antenor piiuitary hormones causes elevat^
blood giucose concentration; this condition h called

pituitary diabetes, and it differs from diabetes tnellitus.

which results trom insulin lack, m the following ways:
»First. in pituitary cirabetes th^ratc of glucose utilization
by the cells is omy moderately depres^ , in comparison
with almost no utilization in diabetes mGlHtus»Sccond,
the blood glucose concentration is relatively refractory

to insulin—that is, it decreases very little in response
to an insulin injection because adequate insulin is al-

ready avaiiaoie in the body nThird, many of the side,

eliccts that re^t Irom reduced carbohydrate metabo^
fismTn diabetes mellitus are absent in pituitary diabe-

tes.

inMUMf/OW OF CARTILAGE AND BONE
CROWTH—ROLE OF THE SOMATOMEDINS

Though we have discussed at length the role of
growth hormone in causing growth of an animal,
growth hormone does not have a direct effect on
the growth of the sKeletai elements cartilage and
^ne . For instance, when growth hormone is ap*

plied directly to cartilage chondrocytes cultured

outside the body, no discernible proliferation or
enlargement of the chondrocytes occurs, even
though growth hormone it\jected into the intact

animal does cause such proliferation and growth.
To make a long story short, it has been found that

growth hormone acts indirectly on cartilage and
bone by causing the liver to form several small

BTOteins called somatomediM , with molecular

weights varying between ^^0 and 7500. These
somatoraedins then act oh the wrtilage ind bone
to promote their growth. One or more of the so*

matomedms are required for deposition of chon-

ydroitin sulfate and collagen, both of which are

necessary for cartilag^e and bone growth.

At least four different somatomedins have been
isolated. HiSwever, all seem to have closely similar

actions, differing m potency.

Once the epiphyses ofthe long bones have united

with the sh£^, the bones can no longer increase

in length but they can continue to increase in

thickness because of growth beneath the perios-

teum. 'fKerefore, excessive ^owth hormone ailer

Adolescence cannot cause further increase in

height of a person. However, it can cause dispro-

portionate growth of the tMckness of the long
bones as well as continued growth ol tne membra-
nous bones, which have no epiphyses to unite. For
initanceTT^e jawbones can still be stimulated to

S,
causingTorward protrusion of the chin and

• teeth. Likewise tbe bones ot the skull~wll
continue to grow in thickness, giving rise to _bony

protrusions over the eyes.

uther Metabolic and Growth Functions of
Somatomedin. Though growth hormone can
cause all the metabolic effects that we have dis-

cussed thus far, except cartilage and bone growth.

when added directly to tissues removed from the
body, the concentrations of growth hormone that
are required to cause these actions are often many
times as great as those knovra to exist in the body.
Furthermore, experiments have shown that the
different somatomedins in very small concentra-
tions can cause essentially all the same effects as
those caused by the direct actions of growth hor-
mone. Therefore, it is probable that Tnngt nf tho

metabolic functions of gro^h hnimnne are cau^H
not by Its direct effects on the tissues but instead
indirectly"through the somatomedinsf

RECUIATIOS OF GROWTH HORMONE
SECRETION

For many years it was believed that growth
hormone was secreted primarily during the period

of growth but then disappeared from the blood at

adolescence. However, this has proved to be very
far from the truth, because after adolescence, se-

cretion continues at a rate almost as great as that

in childhood Furthermore,' the rate of growth
hormone secFetion increases and decreases within
minutes, as illustrated m Figure 75-5, sometimes
for reasons that are not at all understood, but at
other times definitely in relation to the person’s

state of nutrition or stress, such as during (1)

jfarvation, {2)^poglycemla or low concentration

of fatty acids in the blood, (Slfixerctse, (i^jxcite'

ment, and (^ Iroumo. And it characteristically

increases during the first two hours oi' deep steep,

as also is shown in Figure

'

The normal concentration of growth hormone in

the plasma of an adult is about 3 millimicrograms
per milliliter ana in a child”about 5~millimicro-

grams per nilliliter. However, tnese values often

increase to as high as 30 miHim/crograraa per
milliliter after depletion of the body stores of
proteins or carbohydrates. Under acute conditions ,

hypoglycemia is a far more potent stimulator of
growui hormone secretion than is an acute de-
crease in protein intake. In fact, acute administra-

tion of some amino acids
,
especially arginine

,
cain

cause acute increase in growth hormone secretion;

30

I

0
8am 12 4pm dPM 22 4am
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ngure 75-5. Typical variations In growth hormone secretion
Owou^iout the day. illustrating the especially powerful effect on
Seoetlon caused by strenuous eaerclse. and Ulustratina also th^
Wgh rate of growth hormone seaetion that occurs durino th-
first few hours of deep sleep ®
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figure 7S— EIfKt of extreme protein def\dtncy on ttte

eoncentranon of growth hormone in the plasma bt the chsease

kwashloTtot The hgute also shows (he failure of catbohQKltate

treatment but the effectiveness of protein treatment fr» lowering

growth hormone concentration (Drawn from data in (Imstone

Ami ain Nufr, 2/482. 1968)

this honnone then increases the rate of protein

synthesis

On the other hand, tn chronic conditions the

degree of cellular protein depletion seems to cor*

relate more with the level of growth honnone
secretion than with the availability of glucose. For
instance, the extremely high levels of growth hor-

mone that occur dunng starvation arc very closely

related to the amount of protein depletion Figure
75->6 illustrates this relationship' the hrst column
shows growth honnone levels in children with
extreme protein deficiency dunng the malnutntion
disease called kwashtorkor; the second, column
shows the levels in the same children after 3 days
of treatment with more than adequate quantities

of carbohydrates in their diets, illustrating that

the carbohydrates did not lower the plasma growth
hormone concentration; the third and fourth col-

umns show the levels after treatment with protein

supplement m their diet for 3 and 25 days, with
concomitant decrease m the hormone. These re-

sults demonstrate that under very severe condi-

tions of protein malnutrition, adequate calones
alone are not sufficient to correct the excess pro-

duction of growth hormone Instead, the protein
deficiency must also be corrected before the growth
hormone concentration will return to norma!

Kote of the HypothjdAiaus, Growth
Hormone Releasing Hormone, <ind

SomAtostAtln In the Control of Growth
Homon'e~$ecretlon

From the preceding description of the many
different factors that can affect growth hormone
secretion, one can readily understand the perplex-
ity that has faced physiologists in their attempt to
unravel the mysteries of the regulation of growth

hormone secretion. However, it is known that

growth honnone secretion is controlled almost en-

tirely in response to two factors secreted in the

hypothalamus and then transported to the anterior

pituitary gland through the hypothalamic-hypo-

physial portal vessels. These are growth hormone

releasing hormone (GHRH) and growth hormone

to-^inhibitorv hormone (GHIH), also called soma^-

"TTie hypothalamic nucleus that causes secretion

of growth hormone releasing hormone is the ven-

tromedial nucleus,
tKe same area of the hypotbal-

muus mat IS KnoVn to be sensitive to hypoglyce-

mia and to cause hunger in hypoglycemic states.

The secretion ofsomatostatin is controlled by other

nearby areas of the hypothalamus. Therefore, it is

reasonable to believe that some of the same signals

that modify a person's behavioral feeding instincts

also alter the rate of growth honnone secretion. In

a similar manner, hypothalamic signals depicting

emotions^ stress, and traum a can all affect hypo-

thala^mic control of growth hormone secretion. In

fact, definitive expcrlmenis nave snown that cate-

cholamine s, dopamine, and serotonin, each of

which is release by a different neuronal system
in the hypothalamus, will increase the rate of

growth honnone secretion.

Most of the control of growth hormone secretion

IS probably mediated through growth hormone
releasing hormone rat¥er than through the inhib-

rtbrv hbrnibhe‘S6malostaIlh ImnPf-
tant to note that somatostatin is also secreted by

jjfthe delta cells oi me islets ot Langerhans in the

pancreas
,
anu viiat irc ~̂inhibit the secTotion-Pf

inSdlift and glucagon by the beta and alpha cells

in the islets'dtTiftgerhaffa m the same w^ay" that

it inhibits the secretion of groivth hormone by the

anterior pituitary gland. For this reason, somato-
statin might have a widespread role in meidulating
the functions of multiple hormonal systems.
When growth hormone is administered to an

animat over a penod of hours, the rate of endoge-
nous growth hormone secretion becomes decreased.
This illustrates that growth hormone secretion, as

is true of essentially all other hormones, is subject

to typical negative feedback control. However, the

nature of this feedback mechanism and whether it

is mediated through inhibition ofgrowth hormone
releasing hormone or enhancement of somatostat-
in are still unknovm.
In summary, our present knowledge of the reg-

ulation of growth honnone secretion is not suffi-

cient to describe a composite picture. Yet, because
of its undoubted long-term effect on promoting
protein synthesis and growth of tissues, one would

like to propose that the major long-term controller

of growth hormone secretion is the state of nutri-

tion ofthe tissues themselves, especially theirlevel

of protein nutrition. Tiiat is, nutritional deficiency

or excess tissue need for cellular proteins—for

instance, after a severe bout of exercise when the
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muscles’ nutritional status has been taxed—would
in some way increase the rate of growth hormone
secretion. The growth hormone in turn would pro-

mote synthesis of new proteins while at the same
time conserving the protein already present in the

cells.

ABNORMAUTIIS OF
GROWTH HORMOSE SECRETION

Panhypopituitarism. This term means decreased

secretion of all the anterior pituitary hormones. The
decrease in secretion may be congenita l {present from

birth), or it may occur suddenly or slowly at any time

during the life of the individual.

Dwarfism. Some instances of dwarfism result from
deficiency ol anterior pituitary secretion during child-

hood. In general, the features of the body develop in

appropriate proportion to eacn other, out the rate of
development is Neatly decreased A child who has

?cACfl6d tllfi ufriO vyHis may have the bodily devel-

opment of a child of 4 to 5 years, whereas the same
person on reaching the age of 20 years may have the

bodily development of a child of 7 to 10 years

The dwarf usually does not exhibit specific thyroid

deficiency or adrenocortical deficiency, for the entire

body remains so small that only small quantities of

thyroid-stimulating and adrenocorticotropic hormones
are needed. Also, there is no mental retardation On the

other hand, the panhypopitmtary dwart "does not pass

through puberty and never secretes a sufficient quantity

of gonadotropic hormones to develop adult ^xual func-

tions. in one tniTQ ot me dwarfs, however, the denciency

18 ofgrowth hormone alone; these individuals do mature
sexually and occasionally do reproduce In a very rare

condition (the Lorain dwarf), the rate ofgrowth hormone
secretion is a'ctualiy ngntial or high but there is a
hereditary inability to torm somatomedin in response to

the growth fiorm^;^
'

Tivatmeat WJl/i Human Growth Hormone. The
growth hormones of different species of animals are

sufficiently different from each other that they will

function to cause growth only in the one animal species

or at most very closely alliijd species. For this reason,

growth hormone prepared from lower animals (except

to some extent from prunates) is not effective m human
beings. Therefore, the growth hormone of the human
being is called human growth hormone (hGH) to distin-

quish it from the others.

Unfortunately, in the past it has been very difRcull

to obtain sufficient quantities ofhuman growth hormone
to treat patients with growth hormone deficiency except

on an expenmental basis because it has had to be
prepared from human pituitary glands. However, hu-

man p^wlh honnone can now be s^mthesued by
erichia coh bacteria as a result of successful appIiMlioff

of recombinant DNA technology. Therefore, this hor-

mone is now beginning to become available in sufficient

quantities for treatment purposes. Dwarfs who have
pure growth hormone deficiency can be completely

cured. Also, human growth hormone might pro%e to bo

beneficial in other metabolic disorders, because of its

widespread metabolic functions.

PanAypop/tuitarism in the Adult, Panh>’popituttar-

tsm occurring in adulthood frequently results from one
of three common abnormalities- Two tumorous condi-

tions, craniopharyngiomas and chromophobe tumors,

may ctfrapress the pituitary gland until me lunctioning

anterior pituitary cells are totally or almost totally

destroyed. The third cause is thrombosis of the pituitary
blood vessel s. This occurs occasionallt^when a mother
develops circulatory shock lOllowing birth of a hahv
""ihe eilects of adult panhj-popituiUnsm, in general,

are (1) hypothyroidism, (2) depressed production of glu-

cocorticoids by the adrenal glands, and Ol-suppressed
secretion of the gonadotropic hormones to the point that

sexual functions'are losi. 'thus, the picture is that of a
lethargic person (from lack of thyroid hormones) who is

gaming weight because of lack of fat mobilization by
growth, adrenocorticotropic, adrenocortical, and thyroid

horraones and who has lost a!) sexual functions Except
for the abnormal sexual functions, the patient can usu-
ally be treated satisfactonly by administration of adre-

nocortical and thyroid hormones.
Giantism. Occasionally, the acidophilic, growth ho r-

mone-producing cells of the anterior pituiury become
excessively active, and sometimes even acidophilic tu-

mors occur in the gland. As a result, large quantities of

growth hormone are produced. All body tissues grow
rapidly, including the bones, and if the condition occurs

before adolescence, that is, before the epiphyses of the

long bones have not become fused with the shafts, height

increases so that the person becomes a giant with

heights as great as 8 to 9 feet ,

^0 giant ordinanly has^>perg/>ce/nm. and the beta

cells of the islets of Langernans in tne pancreas are

prone to degenerate, partially because they become
overactive owiiTg to the hyperglycemia and partially

because of a direct overstimulating effect of growth
hormone on the islet cells Consequently, about 10 per

cent of the giants finally deielop fulUblown diabetes

meUitus.

'

'

hfcsl giants, unfortunately, eventually develop pan-

hypopituitansm if they remain untreat^, because Che

gigantism is usually caused by a tumor of the pituilaiy

gland that grows until the gland itself is dcstro>cd.This

general deficiency of pituitary hormones usually causes

death in early adulthood. However, once giantism is

diagnosed, further development can often be blocked by
microsurgical removal of the tumor from the pituitary

gland or, if not in this way, by irradiation of the gland.

Acromegaly. If an acidophilic tumor occurs alter

adolescence—that is, affer the epiphyses of the long

bones have fused with the shafts—the person cannot

grow taller; but the soft lissue.s can continue to grow,

and tne ouncs can crow m inicKnc?; . tnis cunUition.

which is illustrated in Figure 75-7, is known os acro-

megaly. Enlargement is especially marked in the small

banes 'of the hands and feet and in the membranous
bones, inciuaing tne ^niuin, the nose, tlie bossc-Tuh
the forehead, the supraorbital ih^ lower jawbone,

and portions of tne vertebrae^ for their growth docs not

cease at adolescence. Consequently, the jaw protrudes
forward, sometimes as much as a half iniii, thelorchcad
flants forward because of excess development of the
supraorbital ndges. the nooC inaca.ses to as much as
twice normal size, the foot requires a size 14 or larger
shoe, and the lingers bec^e extrvEni.iy thickened so

that the lund develops a size almost twice normal. In
addition to these effects, changes in the vertebrae ordt-
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narily cause a hunched back, which is known clinically

as kyphosis. Finally, many soft tissue organs, such as
the~tongi^ ,

liver, and especially the kidneys, become
greatly enlarged.

'

THE POSTERIOR PITUITARY GLAND
AND ITS RELATION TO THE
HYPOTHALAMUS

The posterior pituitary gland, also called the
neurokypophysis, is composed mainly of glial-like

cells called pituicytes . However, the pituicytcs do
not secrete hormones; they act simply as a sup-

porting structure lor large numbers of terminal

nerve fibers and terminal nerve endings from nerve
tracts that originate in the supraoptic and para-
ventricular nuclei of the hypothalamus, as sRown
in f igure 70-a. These tracts pass to the neurohy*

pophysis through the pituitary stalk (hypophysial

stalk). The nerve endings are bulbous knobs that

lie on the surfaces of capillaries” onto which they

secrete the two posterior pituitary hormones- (1)

antidiuretic hormone (ADH), also called vasopres-

sin, and (2) oxytocin.

If the pituitary stalk is cut near the pituitary

gland, leaving the enure nypoinaiamus intact, the

posterior pituitary hormones dahlirtUu.“~lIfter a
transient decrease for a few days, to be secreted

almost normally, But they are”then secreted by the

cut ends of the fibers within the hypothalamus
and not oy tfie nerve endings in the posterior

pituitary. The reason for this is that the hormones
are initially synthesized in the cell bodies of the

supraoptic and paraventricular nuclei and are then

fransported in combination with
"
earner’' proteins

called neurophysins down to the nerve etidmgs in

the posterior {iituitary gland.^reguiring about a
week to reach the glan d.

ADH. IS formed primarily in the supraoptic nu -

clei, whereas oxytocin is formed pnmarity in the

paraventricular nuclei. However, each of these two
nuclei can synthesize approximately one sixth as

much of the second hormone as of its primary

hormone.
Under resting

.

conditions, large quantities of

both ADH ando^tocin accumulate in large fere-

tory granules in, the nerve endings of the posterior

pituitary gland, still loosely bound with their re*

spcctive neurophysins . Then, when nerve impulses

are transmitted downward along the fibers from
the supraoptic or paraventricular nuclei, the hor-

mone is immediately released from the nerve end-

ings by the usual secretory mechanism of ctoc%/q-

sis and is absorbed into adjacent capillaries. Both
Hie neurophysin and the hormone are secreted

together, but since they are only loosely bound to

each other, it is believed that the hormone .sepa-

rates almost immediately. The neurophysin has no
known function after leaving the ner\c terminals.

CHEMICAL NATURE OF ANTIDIURETIC
HORMONE (VASOPRESSIN) AND
OXYTOCIN

Both oxytocin and ADH (vasopressin) are polypeptides

containing nine amino acids. The amino acid sequences

of these are"th'e following:

Vasopressin;

Cys-Tyr-Phe-Gln-Asn-Cj s-Pro-Arg-GlyNH,
.

Oxytocin: / J
Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-GlyNH,

Note that these two hormones are almost identical

except that in vasopressin phenylalanine and arginine

replace isoleucine and leucine oi the oxytocin molecule.

The simiJanty oi the moJecules explains their occasional

functional similarities.

PHYSIOLOGICAL FUNCTIONS OF
ANTIDIURETJC HORMONE (VASOPRESSIN)

Extremely minute quantities of antidiuretic hor-

mone (ADH)—as small as 2 millimicrograms

—

when injected into a person can cause antidiurcsls ,

that is, decreased excretion of water by the kid-

neys. This antidiurctic ettect was discussed in

detail in Chapter 36. Briefly, in the absence of

ADH, the collecting ducts and tubules are almost
totally impermeable to water, which prevents sic-

niflcant reabsorption of water and therctore allows

extreme loss of water into the urine. On the other

hand, in the presence of AUH the permeability of

the collecting ducts and tubules to w^ier increases
greativ^nd allows most ol the water to bo rcab-

^rbcd as the tubular fluid passes through these

ducts, thereby conserving water in the body.

The precise mechanism by which ADH acts on
the ducts to increase their permeability is un-
known. However, the hormone first becomes fixed

to specific receptors on the basal side of the col-

lecting duct ppitnciial ceii^causing them to form
large quantities of cyclic AMP in their cytoplasm.

This in turn acts oh the membranes of the luminal
side of the cell s, opening many pores that allow

tree diiiusion of water between THe~tuhular and
peritubular fluids, though the manner m which
cyclic AMP acid causes its effect on the pores is

mainly unknown. The water is then absorbed from
the collecting duct (and tubule) by osmo^ as was
explained in relation to the concentrating mocha-
nism of the kidney in Chapter 36.

RegulAtlon ofADH Production

Osmotic Regulation. When a concentrated
electrolyte solution is injected into the arten' sup-
plying the hytMthalamus, the AUli neurons in the
supraoptic unit paraventricular nuclei immedi-
ately transmit impulses into the posterior pilui-

tao' to release large quantities of ADH into the
circuloling blood. Conversely, injection of pure
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water into this arterj' causes complete cessation of

tlie impulses and essentially complete cessation of

ADH secretion. The ADM that is already in the

(issues is destroycd at a rate of approximately one

half every 15 to 20 minutes. Thus, the concentra-

tion of ADH in the body fluids can chanK© from

small amounts to large amounts, or \nce versa, in

only a few minutes.

It has been postulated that neurons that are

separate from the ADH neurons but located near

them function as osmorfceprors . These presumably

increase and decrease in size in relation to the

degree of concentration of the oxtrocellulaT fluid

When the extracellular fluid is highly dilute, os-

mosis of water into the telj supposedly increases

its volume, while concentrated extracellular fluid

supposedly reduces the volume Regurdltw of the

mechanism, concentrated body fluids do stimulate

the supraopttc nvcJei, whereas dJJuie body ilufds

inhibit them Therefore, n feedback control system

IS available to control the total osmotic pressure

of the body fluids, operating as follows

When the body fluids become highly concen-

trated. the supraoptic nuclci^comc Mclted7 im-

pulses arc transmitted to the posteriorpituitary,

and ADH is secreted This passes by way of the

blood to the kidneys, whore it increases the perme-
ability of the collecting ducts to water As a result,

most of the water is ttich rcab'orbed from th«
tubular fluid, while electrolytes continue to i)C lost

into the urine This dilutes the extracellular fluid,

returning it to a reasonably normal osmotic com-
position

Role of AUlt In Controlling Elxtrucellular Fluid
Sodium Ion Concentration. Under normal conditions,

about 95 ner cent of the lotat otrootic pressuTC of the
cxtru^llular fluid-* M detenrunal by tne sodium lotl

concentration of these fluids ib«cau»e of the high con-

centration of sodium and because (he onion enneentro-

lion '‘follows" the sodium eonecnlrationt Therefore in

effect, when one says that ADH controls the osmolality

of the extracellular fluids, this sNo means that ADIt
controls the sodmm ion concentration of thc*c fluids at
th« time FuflJiermoie. rueni experiments Rave
shown that the msyor change that occurs in the tompo-
sition of the extracellular fluid foltowirig either in-

creased or decreased ADH secretion is a change it)

sodmm ion concentration, with much les.s change m
volume of water in the extracellular fluids Therefore.

It IS becoming clear that ADH is a very potent controller

of sodium ion concentration, a fact that was discussei]

in detail in Chapter 36
Stimulation ofADH Seeretion by Low Dlood Vol-

ume—Pceasor Effect of ADH. ADH m moderate to
high concentrations has a very potent effect oi constricC
ing the arteriolea and thereiore ot increasing the arteiiur

pressure aim, one of the most powerful stimuli of al|

for increasing the secretion of ADH is severe loss of
blood volume As little as 10 per' cent loss ol lilootj wil l

promote a moderate increase in aUH secretion, and 2&
per cent or more tiiooa loss can cause as much ag*5y
times normal rates of secretion

i'he increased secretion is believed to result mainly

from the low prwsure raii»o<l In the atria of (he hea rt

by the low niood volume The ralaxstion of the'atmj
stretch receptors 6upt»Q«H'dlv elicits ihe mcrca«e in ADH
tccfttionrH owever, the buforecepton* of the carotid,

aortic” and pulmonary regions at«o partlcipatdTiT the

control of ADlf swi'tion.

It i*. genemUy slated that the normal concentraticn

of ADH tn the body fluids, between I and 2 picogranj

per milliliter tinlhonths ot a gram per mlllihter), is too

smell to cause any significant pressor effect However,

jt-cent studies by Cowley in which the compensatory

rote of the nervou* reflexes wss eliminated showed tliat

between Sand 10 mm Hg of the normal arterial pres-rare

ts mamtamed by this normal ADH. Also, he showed
that, when the arterial prcMure falls, the amount of

ADH secreted is enough to bnng the pressure three

fourths of the way back to normal 'Hiis shows that ADH
plays a much greater role in nrtenal pressure homeo-
stasis than hfl.s previously l>ecn believed

llecnuse ADH has this potent pressor effect, it is also

ettiffd tflsoprcssin

OtlieVTuciorsThnt Affect ADII Production. Other

factors that frt-<jtiently increase the output of ADH
include frou/tto to the body, pain, anxiety, and drugs

such as nTor/ih ine nieotine. tra'D^uiUtiFil and some on-

fslhctm “Each of lIie»o' facCfTTan cause retention of

water in the body This probably explains the frequent

accumulation of water m many emotional states, and
possibly also explains the diuresis that octur# when the

state w over

t^A sub->tanei- that mhibiis ADH seeretion is alcohol

Therefore, during liii Hirohi>iic is/uQacX of AUH allowi

marked diunsj s Alcohol proLnbly b1» dilates the affer-

ent artenoles of the nephrorm
. which adds toita diundie

eJUci ~ ~
'

*
'iTTubetc* Insipidus. Diabetes insipidus is the disease

that occurs when the supraoptirahypophynjat sysUin
secreting ADH-faijs Thu wii octur bnrv whciTthe ADH
neurons )n the supraoptic and parovi^tncular nuclei
are^t^trov cd ir'wui not occur whetTthe ptisienor

pikuilury- gland alone Is destroyed or when the pituiMiy
stalk IS cut, because the cut nerve fibers can continue
to secfcu* ADM In a person with full-blown diabetes
insipidus, lack of /\DH makes the unne almost alwajs
very dilute except in scry severe dehydration stales

The urine specific gravity remains almost constantly
between 1 002 and 1 OOG, the unne output i.s usually 4

to 6 btefa p<-r day but can lie ns great ns 12 to IS hiers
per^y . depending pnneipally on how 'm«h w ater the
pciMU dnnks Furthermore, the rapid loss of fluid in

the unne creates a constant thirst, which keeps the
water flushing through the Iwdf

" ‘

The person with diabetes insipidus has a tendency to

become dehydrated However, this tendency is usually
quite well offset by the increas^ thirst. Under condi-

tions of circulatory etrew or when water might not be

adequately available, the fluid loss can become serious.

Diabetes insipidus occurs most frequently as a result

of g tumor of the hvriothalamus or hypophvsis that

destroy-* me portions of the hyTxtthalumus that control

ADH secretion U can be treated easily by simply in-

jecting vasopressin suspended in oil (for slow rclcasel

once every two clays

Cxress Secretion of ADII—Syndrome of Inappro-
priate ADH Secretion. Occasionally, excess AUH is

accreted by the hypophysial-posterior pituitary system
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or, much more usually by certain types of tumors in the

body, particularly bronchogenic carcmomasof tfie lunps.

When this occurs, a condition calteU syndrome of inap-

propriate ADH secretion develops, characterized by
greatly decreased sodium ion concentration in the extra-

cellular liuid out by only a lew per cent increa^ in b<xly

water. Ihe reasons for these effects were discussed in

detail m Chapter 36; they especially point up the fact

that ADH is much more a controller of sodium ion

concentration than of body fluid volume.

Other Actions ofADH
Large doses of ADH can also caxise contraction of

almost any smooth muscle tissue in the body, including

cohtracuons oi most of the intesunal musculature, the

bile ducts, and the uterus however, the concentrations

required to cause these etiects are far greater than those

required to cause antidiuresis, and it is doubtful that

these are significant physiological effects for normal

function of the body.

Some psychologists have suggested that ADH secreted

into the hypothalamus itself or into nearby areas of the

brain increases one’s memory retention

OXYTOaC HORMONE

Effect on the Uterus. An oxytocic substance is

one that causes contraction of the pregnant uterus.

The hormone oxytocm, in accordance wittT its

name, powerfully stimulates the pregnant uterus,

especially so toward the end of gestation . There-

fore, many obstetricians believe that this hormone
is at least partially responsible for effecting birth

of the baby. This is supported by the following

facts: (1) In a hypophysectomized animal, the du-

ration of labor is prolonged, thus indicating a

possible effect of oxytocin during delivery. (2) The
amount of oxytocin in the plasma increases during

labor, especially during the last stage (3) Stimu-

lation of the cervix in a pregnant animal elicits

nervous signals that pass to the hypothalamus and
cause increased secretion of oxytocin. These effects

and this possible mechanism for aiding the birth

of the baby will be discussed in Chapter 82.

Effect of Oxytocin on Milk Ejection . Oxytocin

plays an especially important role m itie process

of lactation , a role that is far more certain than

its^ssible role in delivery of the baby. In lacta-

tion, it causes milk to be expressed from the alveol i

into the ducts so that the baby^n obtoin

suckling This mechanism works as toiiows: me
suckling stimuli on the nipple of the breast cause

signal8~to be tfansmilted tnrough ihe'sensory

nerves to the brain. The signals pass upward
through the brain stem and finally reach the oxy-

tocin neurons in the paraventricular and supraop-

tic nuclei in the hypothalamus, to cause release of

oxytocin. The oxytocin then is earned by the blood

to the breasts where it causes contraction of myo-
epithelial cells that lie outside of and form a lat-

ticework surrounding the alveoli of the mammary

glands. In less than a minute after the beginning
of suckling, milk begins to flow. Therefore, this

mechanism is frequently called milk letdown or
mUk ejection . This process is discussed further in

Chapter 82 fn-relation to lactation.
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76
The Thyroid
Metabolic Hormones

The thyroid gland, which is located immediately

below the larynx on either side of and anterior to

the trachea, secretes two significant hormones,

thyroxine and triiodothyronine, that have a pro-

lound ellect on the metabolic rate of the body. It

also secretes calcitonin, an important hormone for

calcium metabolism that will be considered in

detail in Chapter 79. Complete lack of thyroid

secretion usually causes the basal metabolic rate

^to fall about 40 per cent below normal, and extreme

excesses ot thyroid secretion can cause the basal

metabolic rate to rise as high as 60 to 100 per cent

above normal. Thyroid secreiion is controlled pn-

marily by thyroid-stimulating hormone secreted

by the anterior pituitary gland.

The purpose of this chapter is to discuss the

formation and secretion of the thyroid hormones,

their functions in the metabolic scheme of the

body, and regulation of their secretion.

FORMATION AND SECRETION OF
THE THYROID HORMONES

About 90 per cent of the hormone secreted by

the thyroid gland is thyroxine and ^per cent is

triiodothyronine. However, a considerable portion

of the thyroxine is converted to tniodotnyronine

in the blood and peripheral tissues, so that both

are very important functionally. The fuiKtions ol

these two hormones are qualitatively the same,

but they differ in rapidity and intensity of action.

Triiodothyronine is about four as potent ^
thyroxine, but it is present in the blood in much

smaller quantities and persists for a much shorter

time than^es thyroxine.
. m.

Physiologic Anatomy of the Thyroid Gland, the

thyroid eland is composed, as shown in Figure <6-1, oi

large numbers of closed follicles (150 to 300 m
diameter) filled with a secretory substance call^ colloid

and lined with cuboidal epithelioid cells that secrete

into the intenor'oi the iolliclesT ihe iiinjor constilwnt

of colloid is the large glycoprotein th\roelobulin, which

contains the thyroid hormones'^thin its molecule. Onre

the secretion has entered the follicles, it must be

soibod back through the follicular epithelium into the

blood before it can function in the body. The thyroid

gland has a blood flow about five times the weight of

the gland each minute, which is a blood supply as rich

as Ihat'^ any other area of the body with the probable

exception ofthe adrenal cortex.

IODINE REQUIREMENTS TOR FORMATION
or THYROXINE

To form normal quantities of thyroxine, approxi-

mately 50 mg of ingested iodine are required each year,

or aoproxunatelv 1 me per week . To prevent iodine

deficiency, commoh table salt is iodized with one part

sodium iodide to every 100.000 parts sodium chlorid e.

~F'ate ot ingested Iodides, iodides ingested orally are

absorbed from the gastrointestinal tract into the blood

in approximately ^e same manner as chlondcs, but

iodides do not remain m the circulatory sysUm for a

prolonged time because the kidneys have a very high

plasma clearance for iodide ion—about 35 ml per minute

in comparison with only 1 ml per minute for chlonde

ion. Within the first three days , four fifths ofthe ingested

iodides are normally lost mio the urine
,
ana almost ail

thTTemaining one fiffinTselectively removed from the

circulating bJoofl by the cells of the thyroid gland and

used for synthesis of the thyroid hormones.

Itaure 76-

1

. Microscopic appearance of the thyroid gland,
showbig the secretion of thyro^obuUn Into
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figure 76-2. Thyroid cdluljir mech^sim lot Iodine transport

thyroxine (and trllodothyrorrtne) Formatlort and thyroxine (and
trllodothyroriJne) release Into the blood.

me IODIDE rUMf (IODIDE TRAPPING)

The first stage in the formation of thyroid hor-

mones, as shown in Figure 76-2, is transport of

iodides from the extracellular fluid into the th)rroid

glandular cells and follicles The basal membrane
of the thyroid cell has a specific ability to transport

the iodide actively to the interior of the cell. This
is called iodide trapping . In a normal gland, the

iodide pumb concentrates the iodide to about 30
times its concentration in the blood. However,
when the thyroid gland becomes maximally active,

the concentration ratio can rise to several times

this vaiue

THYROCIOBUUN AND CHEMISnY Of
THYROXINE AND TRIIODOTHYRONINE
rORMAVON

Formation and Secretion of Thyroglobulin
by the Thyroid Cells. The thyroid cells are typi-

cal protein-secreting glandular cells as illustrated

in Figure 76-2 The endoplasmic reticulum and
Golpi apparatus synthesize and secrete into the
lollicles a large glycoprotein molecule called tAy-

roglobulin with a molecular weight of 660,000
Each molecule of thjrToglobulm contains 140

tyrosine ammo acids, and these are the m^or
substrates that combine with iodine to form the
thyroid hormones These hormones (orm^witkin
the thyrogiobulin molecule. That is, the tyrosme
ammo acid residues, as well as the thyroxine and
tniodothyroninc hormones formed from them, re-

main a part of the thyroglobulin molecule during
the process of synthesis of the thyroid hormones

In addition to secreting the thyroglobulin the
glandular cells also provide the lodme, the en-
zymes, and other substances necessary for thyroTJ
hormone synthesis.
Oxidation of the Iodide Ion. The first essential

step in the formation of the thyroid hormones is

conversion of the iodide ions to an oxidaed form

. \

ofiodine that is then capable ofcombining directly

with the amino acid tyrosine.

This oxidation of iodine is promoted by the

enzyme peroxidase and its accompanying hydrogen

peroxide, which provide a potent system cipaBIeoI

OJCldlzmg iodides. The peroxidase Is located either

in the apical membrane of the cell or in the

cytoplasm immediately adjacent to this membrane,
thus providing the oxidized iodine at exactly the

point in the cell where the thyroglobulin molecule

first issues forth from the Golgi apparatus. When
the peroxidase system is blocked, or when it is

hereditarily absent from the cells, the rate of

lormation ol thyroid hormones falls to zero.

lodination of IVrosme and Formktion of the

Thyroid Hormones—“Organification” of Thy-
roglobulin. The binding of iodine with the thyro-

globulin molecule is called organification of the

thyroglobulin. Oxidized iodine evenTn the molec-

ular form will bind directly but slowly with the

amino acid tyrosine, but m the thyroid cells the

oxidized lodme is associated with an lodinase cn-

zyme that causes the process to occur within^w-
onds or minutes Therefore, almost as rapidly as

the thyroglobulin molecule is released from the

Golgj apparatus, or as it is secreted through the

apical cel) membrane into the follicle, iodine binds

with about one sixth of the tyrosine residues

within the thyroglobulin molecule.
Figure 76-3 illustrates the successive stages of

iodioation of tyrosine and the final formation of

the two important thyroid hormones, thyroxine
and triiodothyronme. Tyrosine is first iodized to

monoiodotyrosine and then to duodotyrosine. Then
daring the next few minutes, ho'urS; and even days,

more and more of the duodotyrosine residues be-

come coupled vnth each other (though the mecha-
nism of the coupling is not understood). The prod-

uct of the coupling reaction is the molecule
zAyrcarine that also remains part of the thyroglob-
ulin molecule Or one molecule of monoiodotyro-
sine couples with one molecule of diiodotyrosine to

form tniodothyronine.

I, HO - - CH, - CHNH* - COOH ——

HO - - CHi - CHNH? —COOH +

HO — CH, - CHNH* — COOH
Z ^tO<WyfOiln»

Momtodotyrosine Onodo'yrDiine >

HO -fe> - CHNH, -COOH
3A3' —

05«fc)ijTOsme Diiodolyrosine —
HO — CHNH, —COOH

* *

Hstfre 76-3. Cftecrtstty of ttiytoxloe tTfiodoihyroolne ftV-

motion.
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• Storage of Thyroglobulin. After synthesis of

the thyroid hormones has run its course, each
j thiToglobulin molecule contains from 5 to 6 thy-

I roxinc molecules, and there is also an average of

abour i iriiodothyronine molecule for every 10
' molecules of thyroxine. In this form the thyroid

t horitlblies arc otten stored in the follicles for sev*

eral months. In fact, the total amount stored is

i sufficient to supply the body with its normal re*

quirements of thyroid hormones for one to three

[ months. Therefore, even when synthe-sis ot thyroid

1 hormone ceases entirely, the effects of deficiency

{ might not be observed for several months

,
RlLEASl or THYROXISE AND
TRIIODOTHYRONINE FROM

:
THYROCLOBUUN

Thyroglobulin itself is not released into the cir-

culatin^loou iiTsignincani uinuunti^ instead, the

th>TOxine and trii^othyronine arc first cleaved

from the thyroglobulin molecule, and then these

free hormones are released This process occurs as
follows: The apical surface of the thyroid cells

normally sends out pscudopod extensions that

close around small portions of the colloid to form
pinocylie vesicles. Then lysosomes immediately

I
fuse with these vesicles to form digestive vesicles

containing the digestive enzymes from the lyso*

somes mixed with the colloid The prolctnases

among these enzymes digest the thyroglobulin

molecules and release the th>Toxme and triiodo-

,

thyronine, uhich then diffuse through the base of
the th>Toid cell into the surrounding capillaries.

Thus, the thyroid hormones arc released into the
blood.

About three quarters of the lodinatcd tyrosine

in the thyroglobulin never becomes thyroid hor-

mones but instead remains monoiodotyrosine or

diiodotyrosine. During the digestion of the thyro-

globulin molecule to cause release of thyroxine

!

and triiodothyronine, these iodmated tyrosines

also are freed from the thyroid cells. However,
they are not secreted into the blood. Instead, their

iodine is cleaved from them by a deiodinase enzyme
that makes most of this iodine availaHTeToFrecy-
cling within the gland for forming additional thy-

roid hormones. In the congenital absence of this

deiodinase enzyme, persons frequently become io-

dine-deficient because of failure of this recycling

i

process.

Daily Rate of Secretion of Thyroxine and
Triiodothyronine. Over 90 per cent of the thyroid

hormone released from the thyroid gland is thy-
'

roxinc, and less than 10 per cent is triiodothy^

t
nine. However, during the ensuing few days while

!
these hormones circulate in the blood, small por-

i

tions of the thyroxine are slowly deiodinated to

[

form additional triiodothyronine. Therefore, the

1
quantities of the two hormones finally delivered to

the tissues is approximately 90 micrograms of
thyroxine per day and 35 mlcrograms of trii^o-

called "reverse triiodothyronine" lire ibrmed each
day by removal ot one ot the iodines of thyroxine
near its carboxyl end. However, reverse triiodo-

thyronine is almost totally inactive.)

Once the two horriionei finally enter the periph-
eral tissue cells, triiodothyronine is about four
times as potent in stimulating metabolism and
causing other intracellular eflects as thyroxine.

On the other hand, the duration of action of thv-
roxinc is four or more tim6s as long as the duration
of action of triiodothyronine. Therefore, the inte-

grated effect of each of the hormones over the
period of its action per unit mass of delivered

hormone is probably about equal.

On entering the peripheral cells, most of the
thyroxine is deiodinated to form triidothyronine
Therefore, it is believed that the true intracellular

hormone is principally triidothyronine rather than
thyroxine.

TRANSPORT Of THYROXINE AND
TRIIODOTHYRONINE TO THE TISSUES

Binding of Thyroxine and Triiodothyronine
with Plasma Proteins. On entering the blood, all

but minute portions of the thyroxine and triiodo-

thyronine combine immediately with several of

the plasma proteins. They combine approximately
as follows: two thirds with thyroxine-binding glob-
uUn, which is a glycoprotein; about one fourth
with thyroxine^binding prealbumin\ and about one
tenth with albumin. The quantity of thyroxine-

binding globulin in the blood is only 1 to 1.5

milligrams per deciliter of plasma, but its affinity

for the thyroid hormones is so great that it still

binds most of the hormones. Its affinity (and that

of the other plasma proteins) is Qver_ten times as
great for thyroxine as for triiodothyrmimel This
differencerplus the fact that the concentration of

thyroxine m the plasma is considerably greater

than that of triiodothyronine, causes the total

amount of protein-bound thyroxine to be about 60
times as great as the protein-bound triiodothyro-

nine.

Release of Thyroxine and Triiodothyronine
to the Tissue Cells. Because of the very high

affinity of the plasma-binding proteins for the

thyroid hormones, these substances—in particular,

thyroxine—are released to the tissue cells only

veiy slowly. Half of the thyroxine in the blood is

released to the tissue cells approximately evep^6
days, whereas half of the triiodothyronine-^be-

cause of its lower affinity—is released to the cells

in approximately 1.3 days.

On entering the'cells, both these hormones again

bind with intracellular proteins, the thyroxine

once again binding more strongly than the triie-

dothyromiie..^erefore, they are again stored, but
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rijure 76-4. Prolonssd effect on the baiAl metAbcdic rate

caused by administering a single large dose of thyroxine

this time m the functional cells themselves, and

they are used slowly over a period ofdays or weeks.

Latency ond Duration of Action of the Thy-
roid Hormones. After injection of a large quan-

tity of thyroxine into a human being, essentially

no eflect on the metabolic rate can be discerned

for two to three days, thereby illustrating that

there is a tong latent period before thyroxine activ-

ity begins. Once activity does begin, it increases

progressively and reaches a maximum in 10 to 12

days, as shown in Figure 7$-4. Thereafter, it

decreases with n half-life of about 15 days. Some
of the activity still persists as long as 6 weeks to

2 months later.

“TTS^actions of tniodothyronme occur about four

times as rapidly as those of thyroxine, with the

latent period as short as 6 to 12 houra and maxi-

mum cellular activity occurring within 2 to 3 days
A large share of the latency and prolonged period

of action of these hormones is caused by their

binding with proteins both m the plasma and in

the tissue cells, followed by their slow release

However, we shall see in subsequent discussions

that part of the latent period also results from the

manner in which these hormones perform their

functions in the cells themselves.

FUNCTIONS OF THE THYROID
HORMONES IN THE TISSUES

The thyroid hormones have two major effects on
the body; (1) an increase in the overall metabolic

rate, and (2) in children, stimulation of growth

CESERAL INCREASE INMETABOUQ RATE

The thyroid hormones increase the metabolic
activities of almost all tissues of the body (with a
few notable exceptions such as the brain, retina,

spleen, testes, and lungs). The basal metabolic rate
can increase to as much as 60 to 100 per cent
above normal when large quantities of the hor-
mones are secreted. The rate of utilization of foo^
for energy is greatly accelerated The rate of pro-

tein synthesis is at times increased, while at

same time the rate of protein catabolism is al*

increased The growth rate of young persons i

greatly accelerated. The mental processes are

cited, and the activity of many other endocn>
glands is often increased. Yet despite the fact th^

we know all these many changes in metabolism

under the influence of the thyroid hormones,
basic mechanism (or mechanisms) by which tl^

hormones function is much less well known.
ever. «)me of the mechannsms of action of th

thyroid hormones are desenbed in the folIowiPi

sections

Effect of Thyroid Hormones on Causing I"

creased Protein Synthc.si4. When either thyrd*

me or triiodothyronine is given to an atum^l

protein synthesis increases in almost all tissues 5
the body The first stage of the increased protc*’

sjmthesis begins almost immediately and result

from stimulation of the translation process—th^

18 . increase in the rate of formatioR of proteins hi

the ribosomes The second stage occurs hours ^

days later and is caused by increased RNA synth®

sis by the genes, the process of (ronscn^i/ion, whfd
leads to a generalized increase in synthesis ^

many types of proteins within the cells This stii®

ulation of the genes occurs in the following wa>
(1) The thyroid hormone, probably mainly trilo

dothyonine derived from deiodinated thyroxlP'

within the cell, combines with a “receptor" proteh

m the cell nucleus (2v This combination, or ’

product of It. then activates a large portion of th'

cellular genes to cause RNA formation and sul*

sequent protein formation
Effect of Thyroid Hormones on the Cellul?^

Entyme Systems. Within a week or so followii^l

administration of the thyroid hormones, at leaS

100 and probably many more intracellular eP
zymes are increased in quantity because of tP'

enzyme, o-glycerophosphate dehydrogenase,
be increased to an activity six times its norm®
level Since this enzyme is particularly importab
in the degradation of carbohydrates, its increa®'

could help explain the rapid utilization of carbo

hydrates under the influence of thyroxine. Als®
the oxidative enzymes and the elements of tP'

intracellular electron transport system, both ®

which are found in mitochondria, are greatly i”

creased.

Effect of Thyroid Hormones on Mitochob
dria. When thyroxine or triiodothyronine is giv^i

to an animal, the mitochondria in most cells of tP‘

body increase in size and also in number. Further
more, the total membrane surface area of tP‘

mitochondria increases almost directly in propor'

tion to the increased metabolic rate of the who”
animal. Therefore, it seems almost to be anobvioi*^

deduction that the principal function of thyroxib*
mi^t be simply to increase the number and acti*'

ity of mitochondria, and these in turn increase th<



rale of formation of ATP to energize cellular func-

,
tion. Unfortunately, though, the increase in num-

. her and activity of mitochondria could as well be
the result of increased activity of the cells as be

! the cause of the increase.

J

\Vhen extremely high concentrations of thyroid

: hormone arc administered, the mitochondria swell

. inordinately, and there is uncoupling of the oxi-

. dative phosphorylation process with production of

large amounts of heat but little ATP However,

, under natural conditions, it is questionable

i whether the concentration of thyroid hormones
becomes high enough to cause this effect even in

I,
persons who have thyrotoxicosis.

Effect of Thyroid Hormone in Increasing
! Active Transport of Ions Through Cell Mem*
branes. One of the cnz>mcs that becomes in-

creased in response to thyroid hormone is Na-K
ATPase. This in turn increases the rate of trans-

port of both sodium and potassium through the

cell membranes of some tissues. Since this process

utilizes energy and also increases the amount of

heat produced in the body, it has also been sug-

gested that this might be one of the mechanisms
by which thyroid hormone increases the body's

metabolic rate.

Summary. It is clear that we know many effecta

that occur in the cells throughout the body under
the influence of thyroid hormone. Yet, a specific

metabolic mechanism that leads to all of these

effects has been elusive At present, the most likely

basic function of the thyroid hormones is their

capability to activate the DNA transcription proc-

ess in the cell nucleus with resulting formation of

many new cellular proteins.

IfTlCTOF THYROID HORMONE
ON GROWTH
Th

3rroid hormone has both general and specific

effects on growth. For instance, it has long been
known that thyroid hormone is essential for the

metamorphic change of the tadpole into the frog.

In the human being, the effect of thyroid hormone
on growth is manifest mainly in growing children.

In those who are hypothyroid, the rate of growth
is greatly retcu-ded. In those who are hyperthyroid,

excessive skeletal growth often occurs, causing the
child to become considerably taller than otherwise.

However, the epiphyses close at an early age so
that the duration of growth, and the eventual
height of the adult, may be shortened.
An important effect of thyroid hormone is to

promote growth and development of the brain
during fetal life and for the first few years of

postnatal life. Ifthe fetus does not secrete sufficient

quantities of thyroid hormone, p’owth and matu-
ration of the brain both before birth and afterward
are greatly retarded. Without specific thyroid ther-
apy within days or w'eeks after birth, the child

wll remain mentally deficient throughout life.
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This will be discxissed more fully later in the
chapter.

The growth-promoting effect ofthyroid hormone
is presumably based on its ability to promote
protein synthesis. On the other hand, a great
excess of thyroid hormone can cause more rapid
catabolism than synthesis of protein, so that the
protein stores are then actually mobilized and
amino acids released into the extracellular fluids.

EFTECTS OF THYROID HORMONE
ON SPECIFIC BODILY MECHANISMS
Effect on Carbohydrate Metabolism, Thyroid hor-

mone stimulates almost all aspects of carbohydrate
metabolism, including rapid uptake of glucose by the
cells, enhanced glycolysis, enhanced gluconeogenesis,
increased rate of absorption from the gastrointestinal

tract, and even increased insulin secretion with its

resultant secondary effects on carbohydrate metabolism.
All these effects probably result from the overall in-

crease in enzymes caused by thyroid hormone
Effect on Fat Metabolism. Essentially all aspects of

fat metabolism are also enhanced wder the influence

of thyroid hormone. However, sinte fats are t^d" major

»

source of long-term energy supplies, the fat stores of the
body are depleted to a greater extent than are most of
the other tissue elements; in particular, lipids are mo-
bilized from the fat tissue, which increases the free fatty

acid concentration in the plasma, and thyroid hormone
also greatly accelerates the oxidation of free fatty adds
by the ceils.

Effect on Blood and Liver Fats. Increased thyroid
hormone decreases the quantit of cholesterol, ph'osphb-

'

lipids, and^-triglycendes in the Bloo£ even though it

increases the free fatty acids. On the other hand, de-
creased thyroid secretion greatly increases the concen-
trations of cholesterol, phospholipids, and triglycerides

and almost always causes excessive deposition of fat in

the liver. The large increase in circulating blood lipids

in prolonged hypothyroidism is- often associated with
severe arteriosclerosis, mhich was discussed in Chapter
68 .

Effect on Vitamin Metabolism. Because thyroid

hormone increases the quantities of many of the differ-

ent enzymes and because vitamins are essential parts
of some of the enzymes or coenzymes, thyroid hormone
causes increased need for vitamins. Therefore, a relative

vitamin deficiency can occur when excess thyroid hor-
mone is secreted, unless at the same time increased

quantities of vitamins are available.

Effect on Basal Metabolic Rate. Because thyroid

hormone increases metabolism in most cells of the body
(with the exception of the brain, retina,* spleen, testes,

and lungs^, excessive quantities of the hormone can
occasionally increase the basal metabolic rate to as much
as 60 to 100 per cent above normal. On the other hand,
when no thyroid hormone is produced, the basal meta-
bolic rate falls almost to half normal; that is, the basal

metabolic rate becomes —30 to —45, as discussed in

Chapter 71. Figure 76-5 shows the approximate rela-

tionship between the daily supply of thyroid hormones
and the basal metabolic rate. Extreme amounts of the
hormones are required to cause very high basal meta-
bolie cates

Effect on Body Weight. Greatly increased thyroid
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FTsure 76-5. Approximate relartonshlp of thyrotd hormone

dally rate of secretion to the basal metabolic rate

hormone production almost always decreases the body

weight, and greatly decreased pr^uction almost always

increases the body vmigh'Ctur'these efTecta do not

always occur, because thyroid hormone increases the

appetite, and this may ovorbalanco the ehanga in the

metabolic rate

Effect on the Cardiovascular System. Blood
Flow and Cardiac Output. Increased metabolism in

the tissues causes more rapid utilisation ofoxygen than
normally and causes greater than normal quantities of

metabolic end'products to be released from the tissues

These effects cause vasodilatation in most of the body
tissues, thus increasing blood flow Especially does the

rate of blooa now in" ihe~sKin increase because of the

increased necessity for heat elimination

As a consequence of the increased blood How, the

cardiac output also increases, sometimes rising to 50
per cent or more abuVC noriffill when excessive thyroid

hormone is present.

Heart Rate. The heart rate in^easos considerably

more under the influence of thyroid hormone than would
be expected simply because of the jnereased cardiac

output Therefore, thyroid hormone probably has a direct

effect on the excitability of the heart, which tn turn

increases the heart rate This effect is of particular

importance because the heart rate is one of the most
sensitive physical signs that the clinician has for deler-

ritlnlng'whethi'r a patient has excessive or diminished

thyroid hormone production

Strength of Heartbeat The increased enzymatic
activity caused by increased thyroid hormone production

apparently increases the strength of the heart when
only a shght 'excess of thyroid hormone is secreted, niia
IS analogous to the increase in strength of heart beat
that occurs in mild fevers and during exercise However,
when thyroid hormone is increased markedly, the heart
muscle strength becomes depressed because Of excessive

protein catabolism Indfewi, some severely thyrotoiuc
patients die of cardiac decompensation secondary to

myocardial failure and increased cardiac load imposed
by the increased output
BJood Volume. Thyroid hormone causes the blood

volume to tncrease slightly. The effect probably results
Jeaat paaiy~Irom the vasodilatation which allom

increased quantities of blood to collect in the circulator

system
Arterial Pressure. The mean arterial pressure usu

ally is unchanged. However, because of the increasei

stroke volume with each heart beat and Increased bloo

flow through the tissues betw'ccn heart beats, the pulsi

pressure is increased, with the systolic pressure elevate

10 kT^O mm ilg, and the diastolic pressure correspond

tngly reduced.

Effect on Kespiration. The increased rate of metal

olism increa.ses the utilization of oxygen and the foi

mation of carbon dioxide, these effects activate all th

mechanisms that increase the rate and depth of respi

ration

Effect on the Gastrointestinal Tract. In addition t

increased appetite and food intake, which has boei

discussed, thyroid hormone increases both the rate i

secretion of the digestive juices and the motility ofth

gastrointestinal tract. Offen, diarrhea results Lack c

thyroid hormone causes constipation

Effect on the Central Nervous System. In general

thyroid hormone increases the rapidity of cerebratioi

but also often dissociates this, whil^on the other hanc

lack of thyroid hormone decreases this function Th
hyperthyroid individual is likely to develop extreme

nervousness and is likely to have many psychoncurotic

Te'ndfrues,' such as anxiety complexes, extreme worry,
or paranoias

Effect on the Function of (he Muscles. Slight

increase in thyroid hormone usually makes the muscles

react with vigor, but when the quantity of hormone
becomes excessive, the muscles become weakened be*

cause of excess protein catabolism. On the other hand,

lack of thyroid hormone causes the muscles to become
extrcinety sluggish,Tndlhey relax slowiv alter a con*

traction
~ ~

WujSc TVemor. One of the most charocteristic signs

of hyperthyroidism is a fine museje tremo r. This is not

the coarse tremor that occurs in Parkinson’s disease or

in shivering, for it occurs at the rapid frequency of 10^

to 15 times per second The tremor can be obsened'
easilyl>y plying n sheet of paper on the extended fingers

and noting the degree of vibration of the poper. This

tremor is believed to be caused by increased sensitivity

of the neuronal synapses in the areas of the cord tnai

control muscle tone ‘ihe tremor is an important means
ior asscboing Ihi flagree of thyroid hormone effect on

the centra] nervous system
Effect on Sleep. Because of the exhausting effect of

thyroid hormone on the musculature and on the central

nervous system, the hyperthyroid subject often has a
feeling ofconstant tiredness , but because pf the excitable

effects of thyroid hormone'on the synapses
, it is dilli^it

to sleep On the other hand, extremeSomnolence is

cHdricteristic of hypothyroidisnv*
——————

Effect on Other Endocrine Glands. Increased thy-

roid hormone increases the rates of secretion of most
other endocrine glands, but it also increases the need of

flie tissues for the hormones For instance, increased

thyroxine secretion increases the rate of glucose metab-
olism everywhere in the body and therefore causes a

corresponding need for increased insulin secretion by
the pancreas. Also, thyroid hormone increases many
metabolic activities related to bone formation and, as a
consequence, increases the need for parathyroid hor-

mone. And, finally, thyroid hormone increases the rate
at,which adrenal glucocorticoids are inactivated by the
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.
liver. This leads to feedback increase ;n ACTH produce

" tion by the anterior pituitary and, therefore, increased

rate of glucocorticoid secretion by the adrenal glands
’ also.

^ Effect of Thyroid Hormone on Sexual Function.
For normal sexual function to occur, thyroid secretion

i needs to be approximately normal—neither too great
* nor too little. In men, lack of thyroid hormone is likely
^ to cause complete loss of libido, while, on the other hand,

great excess^ ol the hormone frequently cause mpo-
* tence. In women, lack of thyroid hormone often causes

menorrAoffio and polymenorrhea, which mean, respec-

lively, excessive and ircquent menstrual bleeding. In
^ some women the lack may cause irregular periods and,

occasionally, even total amenorrhea. A hypothyroid
" woman, like a man, is also likely to have greatly
' decreased libido. Conversely, in the hyperlhyroid

woman, oligomenorrhea, which means greaiiy reduced
’ bleeding,“is usual, and occasionally amenorrhea results

I

The action of thyroid hormone on the gonads cannot

,

be pinpointed to a specific function but probably results
' from a combination of direct metabolic effects an the

gonads and of excitatory and inhibitory effects operating

through the antenor pituitary hormones that control
' the sexual functions.

RECUUTION OF THYROID
HO^ONE SECRETION

I
To maintain normal levels of metabolic activity

^ in the body, precisely the right amount of thyroid

hormone must be secreted all the time, and to

provide this, specific feedback mechanisms operate
through the hypothalamus and anterior pituitary

gland to control the rate ofthyroid secretion These
mechanisms can be explained as follows:

Effects of Thyroid'Stimulating Hormone on
Thyroid Secretion. Thyroid-stimulating hormone

1
(TSH), also known as thyrotropin ,

is an anterior
' pituitary hormone, a Elycoprotem with a molecular

!
weight of about 28,000, that was discussed in

I Chapter 74; it increases the secretion of thyroxine
and triiodothyronine by the thyroid gland. Its

specific effects on the thyroid gland are

(1) increased proteolysis of the thvroglobu_im .

that has already been stored in the follicles, witii
’

resultant release of the thyroid hormones into the

circulating blood and diminishment of the follicu-

lar substance itself;

(2) increased activity of the iodide pump, which
increases the rate of “iodide trapping” in the glw-
dular cells, sometimes increasing the ratio of in-

tracellular to extracellular iodide concentration

severalfold;
' (3) increased iodination oftyrosine and increased

coupling to form the thyroid hormones; -

1 (4) increased size and increased secretory activ-

ity of the thyroid cells; and
(5) increased number of thyroid cells, plus a

change from cuboidal^ columnar cells and much
^

I
infolding of the thyroid epithelium into the folli-

I

cles. ’’

-

In summary, thyroid-stimulating hormone m-
creaaes all the known acridities of the ihvroid elan-
dular cells.

The most important early effect following
administration of thyroid-stimulating hormone is

proteolysis of the thyroglobulin . which causes re-

lease of thyroxine and triidotbyronine into the
blood within 30 minutes. The other effects require

.
hours or even days and weeks to develop fully.

Role of Cyclic AMP in the Stimulatory Effect
of TSH. In the past it was difficult to explain the
many and varied effects of thyroid-stimulating
hormone on the thyroid cell. However, it is now
clear that at least most of these result from acti-

vation of the “second messenger” cyclic AMP sys-

tem of the cell. The first event in this activation

is binding ofthe thyroid-stimulating hormone with
specific TSH receptors on the basal membrane
surfaces of the cell. This then activates adenylcy-

close in the membrane, which increases the for-

mation ofcyclic AMP in the cell. Finally, the cyclic

AMP acts as a second messenger to activate essen-

tially all systems of^e thjrol^^l. TTie

result is noth anjmrnediata'TttcreaseTirsecretion

of thyroid hormones and prolonged growth of the

thyroid glandular tissue itself. This method for

control of thyroid cell activity is similar to the

function of cyclicAMP in many other target tissues

of the body.

HypothaJamIe Regulation of TSH ! ,

Seuetion by the Anterior Pituitary—
ThyrotropIn-ReleMlng fidmone^ ffRH/

Electrical stimulation of multiple areas of the
hypothalamus increases the anterior pituitary se-

cretion of TSH and correspondingly increases the

activity of the thyroid gland. This control of ante-

rior pituitary secretion is exerted by a hypotha-
lamic hormone, thyrotropin-releasine hormone
TRH), which is secreted by nerve enqinga in the

median eminence of the nypothalamus and then
'

transported Lrom there to the antenor pituitary in

the hypothalamic-hypophysial portal blood, as was
explained m Chapter 74. The precise nuclei of the

hypothalamus that are responsible for causing

secreting ofTRH m the median eminence are not

known. However, injection of radioactive antibod-

ies that attach specifically to TRH have shown
this hormone to be present in many different

hypothalamic loci, including the (1) dorsomedial

nucleus, (2) suprachiasmatic nucleus,' (3) ecatro-

medial nucleus, 14J anterior hypothalamus, (5)

preoptic area, and (6) pargyentnculdf nucleus.

TRH has been obtained in pure form, and it has
proved to be a very simple substance, a tripeptide

â de^pyroglutamyl'histidyl-prQline-afniae.^Hii
’directly' aiiects the antmor pituitary gland cells

to increase their output of thyroid-stimulating hor-

'mone. .JVhen the portal system from the hypothal-

amus to the anterior pituitary gland is completely
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blocked, the rate of secretion of TSH by the ante-

rior pituitary is greatly decreased but not reduced

to zero.

The hypothalamus can also inhibit anterior pi-

tuitary secretion of thyroid-stimulating hormone.

It doe.s this by secreting somaiostatin , which inhib-

its the secretion of TSH at thVsame time that it

also inhibits gronih hormone secretion. But the

role 6f somatostatin in the overall thyroid control

system is unknown.
Effects of Cold and Ot/ier Neurofi’en/c Stim-

uli on TRII and TSH Secretion. One of the best-

known stimuli for increasing the rate of TRH
secretion by the hypothalamus, and thereforeTSH
secretion by the anterior pituitary, is exposure of

an animal to cold TJiift effect almost certainly

re.sult5 iVom excitation of the anterior area of the

hypothalamus by the cold stimulus. Exposure of

rats for several weeks to very severe cold increases

the output of thyroid hormones sometimes more
than 100 per cent and can increase the basal

metabolic rate as much as 60 per cent. Indeed,

people moving to arctic regions have been known
to develop basal metabolic rates 15 to 20 per cent

above normal; however, the behavioral propensity

of human beings to protect themselves from. cold

usually prevents a measurable effect.^

Various emotional reactions can also affect the

output of TRH and TSH and can, therefore, indi-

rectly affect the secretion of thyroid hormones. On
the other hand, ^citemont and anxiety—condi-

tions that greatly"stimulate the symp^etlc ner-

vous system—cause acute decrease i n secretion of

TSH, perhaps because these states increase the
metabolic rate and the body heat.

Neither these emotional effects nor the effect of

cold is obsen’cd after the hypophysial stalk has
been cut, illustrating that both these effects are

mediated by way of the hypothalamus

Inverse feedback Effect of Thyroid

Hormoni on Anterior HtultAry Secredon
of TSH—feedback RegulAtlon of Thyroid

Secretion

Increased thyroid hormone m the body fluids

decreases the secretion of TSH byWhe anterior
pituitary. When the rate of thyroid harmone secre-
tion rises to about 1.75 time.s normal , the rate of
TSH secretion faiia essentially to zenj Most of this
feedback depressant effect occurs ewn when the
anterior pituitary has been completely separated
from the h>'pothalamu3, but the effect is somewhat
greater if the hypothalamus and hypothalamic-
hypophysial portal system are intact Therefore,
as illustrated in Figure 76-6. it is probable that
increased thyroid hormone inhibits anterior pitui-

tary secretion of TSH mainly by a direct feedback
effect on the anterior pituitary itself but perhaps
secondarily by much v, eaker effects acting through
the hypothalamus.

Hypothjlimm

njure 76-a. Reguladofl of thyroid secredoa

One mechanism that has been suggested for t^®

feedback effect on the anterior pituitary gland is

that thyroid hormone reduces the number ofTRH
receptors on the cells that' secrete thyroid-stimu-

lating hormone. Therefore, the stimulating effect

on these cells by TRH from the hypothalamus
greatly reduced.

Regardless of the mechanism of the feedback,

effect 13 to mamtoin an almost constant concentfa-

tion of free thyroid hormone in the circulatigS

body fluids For instance, during periods of hea'vy

exercise, thyroid hormone is consumed much'more
rapidly than under resting conditions; yet, because

of appropriate feedback control, the rat© of seci'e*

tion of thyroid hormone rises to equal the rate 0‘

consumption, and the blood th)Ttijd hormone con*

centration remains almost exactly constant.
If there is a feedback effect through the hypO'

thalamus m addition to the direct feedback to the

pituitary gland itself, this probably operates .veri*

slowly and might be caused at least partly W
changes in the rate of metabolism in the bo^y
temperature controlling centers of the hypothala-
mus, which are known to have a significant effect

in controlling the thyroid hormone system. -

ASHTHYROIP SUBSTANCES

Drugs that suppress thyroid secretion are colled o”'
tithyroid substances The three best known of these a™
thiocyanate, propylthiouracil, and high concentrations

01 inorgan^ iodides the mechanism by which each nf

thew blocks thyroid secretion is different from th®

others, and they can be explained as follows;

Decreased Iodide Trapping Caused by Thiocya-
nate Ions. The same active pump that pumps iodide

ions into the thyroid cells can also pump thiocyanate

ions, perchlorate ions, and nitrate ions. Therefo/e.

administration of thiocyanate lor one of the other ion®

as well! in high enough concentration can cause coi"-

petitive inhibition of iodide transport into the cell—th^I

is, inhibition of the Iodide-trapping mechanism.
The decreased availability of iodide in the glandulsi"

cells docs not stop the formation of thyroglobulm; it
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merely causes thyroglobulin to be formed without be-

coming iodinated and therefore without forming the

thjToid hormonee. This irv turn leads to increased secre-

tion of TSH by the anterior pituitary gland, which then
causes overgrowth of the thyroid gland even though this

gland still does not secrete adequate quantities of thy-

roid hormones. Therefore, use of thiocyanates and some
other ions to block thyroid secretion or the presence of

these ions in certain foods can lead to the development
of an enlarged thyroid gland, which is called a goiter

Depression of Thyroid Hormone Formation by
Propylthiouracil. Prophylthiouracil (and other similar

ojmpounds such as rnethima2ole arid carbimazole) pre-

vents formation of tHyroifl hormone Trom iodides and
tyrosine. The mechanism of this is partly to block
lodination of tyrosine but even more so to block the
coupling of two iodinated tyrosines to form thyroxine or

triiodothyronine.

Propylthiouracil does not prevent formation of thyro-

.
globulin, but the absence of thyroxine and triiodothyro-

t nine in the thyroglobulin leads to tremendous feedback

enhancement ofTSH secretion by the anterior pituitary

gland. Therefore, in the same manner that thiocyanates
cause the thyroid gland to enlarge, so also does propyl-

thiouracil lead to enhanced growth of the glandular
tissue, thus forming a goiter

< Decrease In Thyroid Activity Caused by Iodides.
\STien iodides are present in the blood tn high concen-

j

tralion (100 times the normal plasma level), most activ-

,

ities of the tliyroid gland are decreased, but o(Un they

.
lemain decreased only for a few weeks. The rate of

1
iodide trapping is reduced, the rate of thyroid hormone
formation is decreased, the secretory activity of the
thyroid cells is decreased, and the rate of thyroid hor-

mone release from the thyroglobulin is decreased Since
these are almost exactly opposite to the effects ofTSH
on the thyroid gland, it has been suggested that high
concentrations of iodides in the blood directly .inhibit

the thyroid-stimulating effect ofTSHT
Because iodides in high concentrations decrease all

phases of thyroid activity, they decrease the sue of the
thyroid gland and especially decease Ito blood supply.
iTi liuntradisiinction to the opposite”BfTects^cauEea ^
most of the othcf antithyroid agents. For this reason,
iodides are frequently administered to patients for two
or three weeks prior to surgical removal of the thyroid
gl^id 10 decrease tne necessary amount ol surgery

diseases of the thyroid

HYP£RTHYR0ID/SM

Most effects of hyperthyroidism are obvious from the
preceding discussion of the various physiological effects

of thyroid hormone. However, some specific effects

should be mentioned m connection especially with the
development, diagnosis, and treatment of hyperthyroid-
ism.

Causes of Hyperthyroidism (Toxic Goiter, Thy-
rotoxicosis, Graves’ Disease). In the patient with
hyperthyroidism the entire thyroid gland is usually
markedly hyperplastic. It is increased to two to three
times normi size, with tremendous folding of the follic-

ular cell lining into the follicles so that the number of
cells IB increased several times as much as the sire of
the gland is increased. Also, each cell increases its rat©

of secretion severalfold; radioactive iodine uptake stud-
ies indicate that these hyperplastic glands secrete thy-
roid hormone at a rate as great as 5 to 15 times normal.
These changes in the thyroid gland are similar to

those caused by excessive thyroid-stimulating hormone.
However, radioimmunoassay studies have shown the
plasma TSH concentrations to be less than normal
ratherThan enhancea m most of the patients, and olien
to be essentially zero un the other hand, some other
substance or substances that have actions simiSi- to

that of 'reH are lound in the blood of almost all these
patients. These substances are usually

,
immunoglobulin

antibodies that bind with the thyroid cell membranes.
It IS believed that they bind with the same membrane
receptors that bind TSH and that this induces continual
activation of the cyclic AMP system of the cells, with
the resultant de^lopment oi nyperthyroidism. One of
these antibodies, found in 50 to 80 per cent of thyrotoxic
patients, is called long-acting thyroid stimulator (LATS)
This has a prolonged stimulating effect on the thyroid

gland, lasting as long as 12 hours in contrast to a little

over 1 hour for TSH TheTiigh level of thyroid hormone
secretion caused by LATS, in turn, suppresses anterior

pituitary formation of TSH
The antibodies that cause hyperthyroidism almost

certainly develop as the result of autoimmunity that

has developed against thyroid tissue Presumably, at

some time m the history of the person an excess of

thyroid cell antigens has Uen released from the thyroid

cells, and this has resulted in the formation of antibodies

against the thyroid gland itself

Aside from the aforementioned variety of hyperthy-
roidism, the condition occasionally also results from a
localized adenoma (a tumor) that develops in the thyroid

Tissue and secretes large quantities of thyroid hormone
This 18 different from the more usual type of hyperthy-

roidism in that It usually is not associated with evidence

of autoimmune disease An interesting effect of the

adenoma is that as long as it continues to swrete large

quantities drthyfbid hbtfTnmeVfuhcUOh In ihelemainder

of the thyroid gland is almost totally inhibited because

the thyroid hormone trom the adenoma depresses The
production ot l&H by toe pituitary gland.

Symptoms of Hyperthyroidism

The symptoms of hyperthyroidism are obvious from
the preening discussion of the physiology of the thyroid

hormones—intolerance to heat, increased sweating, mild

to extreme* weight loss (sometimes as much as 100
pounds), varying degrees of diarrhea, muscular weak-

ness, nervousness or other psychic disorders, extreme
fati^e but ilidbntty to sleep, and tremor oftheliands.

’ liixophtiiaimos. Most, but not all, persons with hy-
perthyroidism develop some degree of protrusion of the
eyeballs, as illustrated in Figure 76-7. This condition is

called exophthalmos. A major degree of exophthalmos
occurs in about one third of the hypcrthyroid patients,

and the condition on rare occasions becomes severe
enough that the eyeball protrusion stretches the optic

nerve enough to damage vision. Much more often, the
eyes are damaged because the eyelids do not close
completely when the person blinks or is asleep. As a
result, the dry epithelial surfaces of the eyes become
irritated and often infected, resulting in ulceration of
the cornea.

The cause of the protruding eyes is edematous swell-
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rpjre 76-7. TaBent v^th exophfriaJmlc hyperthyroidism. Note
protrusion of the eyes and retraction of the superior eyelids. The

basal ffreubollc rale was -S46 fCcainesy oT Dr leonamPcee}*)

inp of the retro-orbital tissues and degenerative changes

mthe extraocular muscleT*The factor or factors that

initiate these changes are still in serious dispute. In

most patients, antil^ies can be found in the blood that

react with the retro-orbital tissues Therefore, there is

much reason to ^Ueve that exophthalmos, like hyper-

thyroidism Itself, is an autoimmune process Usually,

the exophthalmos i^aappears or at least greatly amelio-

rates with treatment of the hyperthyroidism

Diagnostic Teste for Hyperthyroidism. For the

usual Mse ol tiypmhyroidism, the most accurate diag-

nostic lest is direct measorement of the concentration

of “free" thyroxine in the pl^a. using appropriate

radiouTiTnunoasaav'pTOedures

Other tests that are sometimes used are

fl) The basal metabolic rate is usually increased to

+30 or +60 in severe nypennyroidism

(2) The stimulating elTect of thyrotropin-releasing

hormone (TRH) on the anterior pituitary gland is also

often measured To do this, a small amount of synthetic

thyrotropin-releasing honoone is mjccted intravenously,

and the increase In concentration of thyroid-stimulating

hormone (TSH) in the plasma is measured by radioim-

munoassay Id the usual type of thyrotoxicosis, the

anterior pituitary secretion of TSH is so completely

suppress^ by the large amounts ofcirculating thyroxine

and triiodothyronine that there will be almost no in-

crease in plasma TSH
Physiology ofTreatment in Hyperthyroidism.Th^

most direct treatment for hyperthyroidism is surgical

removal of most of the thyroid gland In general, it ia

desirable to prepare the patient for surgical removal of
the gland prior to the operation. This is done by admin-
istering propy^iouracil, usually for several weeks, un-
til the basm metabolic rale of the patient has returned
to normal Then administration of high concentraUons

of iodides for two weeks immediately pnor to operation

causes the gland itself to recede in size and its blood

supply to dimmish. By using these preoperativc proce-

dures. the operative mortality is less than 1 in 1000 in

the ^tter hospitals, whereas prior to development of
these procedures the operative mortality was as great

as 1 in 25.

Treatment of the fOT?erp/asfi‘c Thyroid Gland
vtith Radioactive Iodine. As much as 80 to 90 per cent
of an injected dose of iodide is absorbed by the hyper.

plastic, toxic thyroid gland within a day after injecUo

If this iryected iodine is radioactive, it can destr

internally the secretory cells of the thyroid gland Us
ally f millieuries of radioactive iodine Is given to ti

patiimt, whose condition is reassessed several weel

later. Ifthe patient is still hyperthyroid, additional doa

are repeated until normal thyroid status is reache

These quantities of radioiodme are about 1000 times

great as those used for diagnosis of hyperthyroidism,

discussed earlier.

HYPOTHYROIDISM

The effects ofhypothyroidism in general are opposi

to those of hyperthyroidism, but here again, a U
physiological mechanisms peculiar to hypothyroidi:

alone are involved

Hypothyroidism, like hyperthyroidism, probably al

results m most instances from autoimmunity again

the thyroid gland, but immunity that destroys the glai

rather than stimulating it The thyroid glands of me
of these patients first develop

‘ ‘

thyroiditis,’ ' which mea
thyroid inflammation . This teuses progressive deten

raUoa_and finally ^rosis of the gland, with results

diminished or ab^ht section of thyroid hormone. He
ever, s^erai other types^liypothjToidism also ecn
often associated with develoimient of enlarged ihyrc

glands, called thyroid goiter

Endemic Colloid Colter. The term goiter means a

greatly enlarged thyroid gland As pointed out in :

discussion of iodine metalrolism, about 50 mg of iodine i

IS necessary each year for the formation of adequate

quantities of thyroid hormone. In certain areas of the

world, notably in the Swiss Alps, in the Andes, and in

the Croat l-akes region of the United States, insufficient

iodine 13 present in the soil for the foodstuffs to contain

even this minute quantity of Iodine Therefore, in days
,

prior to iodized table salt, many persons living in these

areas developed extremely large thyroid glands called

endemic goiters

The mechanism for development of the large endemic
goiters is the following- Lack of iodine prevents produe-

tion of thyroid hormone the thyroid eland, and, as a

result, ho normone is available to inhibit production of

TSH by the anterior pituitary; this allows the pituitary

to secrete excessively large quantities ofTSIL The TSH
then causes the thyroid cells to secrete tremendous
amounts of thyroglohulin (colloid) into the follicles, and
the gland grows larger and larger But unfortunately,
becau-so of lack of iodme, increased thyroxine and triio-

dothyronine production does not occur and therefore

doea not cause the normal suppression ofTSH production

1^ the anterior pituitary. The follicles become tremen-
dous in size, and the thyroid gland may increase to as

large as 300 to 500 grams or more.
Idiopathic Nontoxic Colloid Goiter. Enlasged thy-

roid glands sinular to those of endemic colloid goiter

frequently also occur in persons who do not have iodine

deficiency These goitrous glands may secrete normal

quantities of thyroid hormones but more frequently the

secretion of hormone is depressed, as in endemic colloid

goiter.

The exact cause of the enlarged thyroid gland in

patients with idiopathic colloid goiter is not known, but

most of these patients show signs of mlid thyroiditis ;

therefore, it has been suggested that" the thyroiditis

causes slight hypothyroidism, which then leads to in-
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creased TSH secretion and progressive growth of the
* noninflamed portions of the gland. This could explain

why these gl^ds usually are very nodular, with some
portions of the gland growing while other portions are

’ being destroyed by thyroiditis.

' In some persons with colloid goiter, the thyroid gland
' has an abnormality of the eniyme system requir^ for
* the formation of the th3aoid hormones. Among the
^ abnormalities often encountered are
" (1) Deficient iodide-trapping mechanism, in which

lodme is'not pumped adequately into the thyroid cells;

(2) Deficient peroxidase system, in which the iodides

are not oxidizea to the lodinestate,

(3) Deficient coupling of iodinated tvrosmes in the

1 thyroglobulin molecule, so tharthe final thyroid hor-

j mones cannot be formed, and
: (4) Deficiency of the deiodinase enzyme; this prevents

recovery of iodme from the iodinated tyrosines that are

I
not coupled to form the thjToid hormones (this is ac-

; tually most of the iodine), thus leading to iodine defi-

ciency.

Finally, some foods contain goitrogenic substances that
have a propyltKIouracil-type ol antithyroid activity, thus
alM leading to TCH-stimulated enlargement of the thy-
roid gland. Such goitrogenic substances are found m
some varieties of turnips and cabbages
Characteristics of Hypothyroidism. Whether hy-

po^yroidUm is due to thyroiditis, endemic colloid goiter,

idiopathic colloid goitef, fetrucUon'Of the thyroid gland
biTirradiation, or surgieJ^removal of the thyroid gland,
the pR^oIogica] elle^ are the same These include
fatigue and extreme somnolence with sleeping 14 to 16
hours a day, extreme muscular sluggishn^s, slowed
nean rateTflecreased cardiac outpu t, degeased^piood
wiume, sometimes in^eased weigfU, constipation, men-_

sluggishness, failufi'bf fhany trophic lunctions m
(lie body evidenced by depressed growth of hair and
scaliness of the slun, development of a froglike husky
Vtne^ and. in seveVe cases, development o't an edematous
appearance throughout the body called myxedema
Afy^eiferna. The patient with almost total lack of

thyroid function develops myxedema. Figure 76-d shows
such a patient, illustrating bagginess under the eyes
and swelling of the face . Inlhia condition, lor reasons
not yet explained, greatly increased quantities of pror

teoglycans (mucopolysaccharides) containing matnly^y-
fluronic acid collect m the interstitial spaces, and This
causes the total quantity of interstitial fluid also to

mcrease. The fluid is adsorbed to the proteoglycans, thus
greatly increasing the quantity of

‘‘ground substance"
gel in the tissues. Because of the gel nature oi the excess
fluid, it is relatively immobile, and the edema is nonpit-

faggjn type.

Arteriosclerosis in Hypothyroidism. As pointed out
m Chapter 68, lack orUiyroid hormone increases the
quMti^ of blood lipids, most importantly cholesterol,

and the inerfease^n Blood cholesterol is usually associ-

ated with increased atherosclerosis and arteriosclerosis.

Therefore, many hypothyroid patients, particularly

those with myxedema, develop arteriosclerosis, which
results in peripheral vascular disease,

deafness, and
often extreme" coronarv sclerosis with consequent early
death,

Diagnostic Tests in Hypothyroidism. The tests

already described for diagnosis of hyperthyroidism give
the opposite results in hypothyroidism. The free thyrox-
ine in the blood is low. The basal metabolic rate in

figure 76-8. Patient with myxedema. (Counesy of Dr. Herbert
Langford

}

myxedema ranges between -30 and -45. And the
secretion of TSH by the anterior pituitary when a test

dose ofTRH is administered is usually greatly increased

(except in those rare instances ofhypothyroidism caused
by depressed response of the pituitary gland to the THH).
Treatment of Hypothyroidism. Figure 76-4 shows

the effect of thyroxine on the basal metabolic rate,

illustrating that the hormone normally has a duration
of action of more than one month. Consequently, it is

easy to maintain a steady level of thyroid hormone
activity m the body by daily oral ingestion of a tablet

or so of thyroid extract STpUte thyroxine. FurtUtiruiOre,

proper treaunent of the hypotnyroid patient results in

such complete normality that formerly myxedematous
patients properly treated have lived into their 90s after

treatment for over 50 years.

Cretinism

Cretinism is the condition caused by extreme hypo-
thyroidism during fetal life, infancy, and childhood, and
It is characterized especially by failure of growth Cre-

tinism results from congenital lack of a thyroid gland

(congent'tai cretinism), fi^im failure of the thyroid gland

to produce thyroid hormone because of a genetic defi-

cient of the gland, or from iodine lack in the diet

(endemic cretinism). The severity of endemic cretinism

varies greatly, depending on the amount of iodine in the

diet, and whole populaces ofan endemic area have been
known to have cretinoid tendencies.

A newborn baby without a thyroid gland may have
absolutely normal appearance and function because he
had been supplied with some (but usually not enough)

thyroid hormone by the mother while in utero, but a few
weeks after birth his movements become sluggish , and
both his physical and mental growth arS ^aiiy re-

tted. Treatment of the cretin at any time usually
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causes normal return of physical growth, but, unless the

cretin is treated within a few months after hirth, hw
mental growth will be permanently retarded, and even
then this might be too late for optimaTTKerapy. This is

probably due to the fact that physical development of

the neuronal cells of the central nervous system is rapid

during the latter part ol fetal life and also the firsfvear

oI nte so mat any reiaraauon at this point is extremely

detrimental.

Skeletal growth tn the cretin is charaetensUcally
more inhibited than is sort tissue growth. As a result of

this disproportionate rate of growth, the soft tissues are

likely to enlarge excessively, giving the cretin the ap-

pearance of an obese and stocky ,
short child Indeed,

occasionally the tongue becomes so large in relation to

the skeletal growth that it obstructs swallowing and
breathing, inducing a characteristic guttural breathing

that sometimes chokes the baby
‘
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The Adrenocortical
Hormones

The adrenal glands, each of which weighs about
4 grams, lie at the superior poles of the two
^i3neys. And, as illustrated in Figure 77-1, each
gland is composed of two distinct parts, the adrenal
medulla and the adrenal cortex. The adrenal me-
dulla, the central 20 per cent of the gland, is

timctionally related to the sympathetic nTrvous
system; it secretes the hormones epinephrine and
norepinephrine in response to sympathetic stimu-
lation. In turn, these hormones cause almost the
same effects as direct stimulation of the sympa*
thetic nerves in all parts of the body. These hor*

mones and their effects were discussed in detail in

Chapter 57 in relation to the sympathetic nervous
system.

The adrenal cortex secretes an entirely different

group of hormones, called corticosteroids. These
hormones are all synthesized Irom the steroid

cholesterol , and they all have similar chemical
ioiTOulas However, very slight differences in their

molecular structures give them several very dif-

ferent but very important functions.

Mineralocorticoids and Glucocorticoids.

Two major types of adrenocortical hormones, the
mineralocorticoids and the glucocorticoids, are se-

creted by the adrenal cortex. In addition to these,

small amounts of sex hormones are secreted, es-

pecially androgenic hormones, which exhibit ap-

proximately the same effects in the body as the

male sex hormone testosterone. These are nor-

mally of only slight importance, though in certain

abnormalities of the adrenal cortices extreme
quantities can be secreted (which is discussed later

in the chapter) and can then result in masculiniz-

ing effects

The mineralocorticoids have gained this name
because they especially affect the electrolytes of

the extracellular fluids—sodium and potassium, in

particular The glucocorticoids have gained their

name because they exhibit an important effect in

increasing blood glucose concentration . However,
the glucocorticoids have additional effects on both

protein and fat metabolism which likely are

equally as important if not more important to body
function than are their effects on carbohydrate

metabolism.
Over 30 different steroids have been isolated

from the adrenal cortex, but only two of these are
ofexceptional importance to the endocrine function

ofthe human body

—

aldosterone, which is the prin-

cipal mineralocorlicoid, and cortisol, which is the

principal glucocorticoid.

CHEMISTRY OF ADRENOCORTICAL
SECRETION

The Layers of the Adrenal Cortex, and Hormone
Formation. Figure 77-1 shows that the adrenal cortex
is composed of three relatively distinct layers. Aldoster-
one is secreted by the zona glomerulaa, the outermost
and very thin layer on the surface. Cortisol and several
other glucocorticoids are secreted by both the zona
faseieulata, the middle layer, and the zona reticularis
the deep layer, with probably more secretion of these
hormones by the zona faseieulata than reticuJans. The

909
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ngure 77-2. The maior steps In the synthesis of the three

principal adrenal steroids. The physiologic charactertsdes are des-

ignated (M) mlneralocorticoid effect. (G) glucocorttcoW effect

and (A) androgenic effect

adrenal androgens are also secreted by both these layers,

but probably more by the zona reticularis.

Those conditions that increase the output of aldoster-

one cause hypertrophy of the zona glomerulosa while

not affecting the other two zones On the other hand,

those factors that cause increased secretion of cortisol

and adrenal androgens cause hypertrophy of the zona
fasciculata and zona reticulans white having very little

or no effect on the zona glomerulosa; this is especially

true of stimulation of the gland by ACTH, as will be
discussed later In this chapter.

Chemistry of the Adrenocortical Hormones. All

the adrenocortical hormones are steroid compounds.
They are formed mainly from cholesterol absorbed di-

rectly from the circulating blood by endocytosis through
the cell membrane. This membrane has specific recep-

tors for the low density lipoproteins that contain ve^
high concetitrations of cholesterol, and attachment of

these lipoproteins to the membrane promotes the endo-
cytotie process Small amounts of cholesterol are also

s^thesized within the cortical cells from acetyl coen-

zyme A, this too can be used for forming the adrenocor-

tical hormones
Figure 77-2 gives the pnncipal steps in the formation

of the three important steroid products of the adrenal
cortex aldosterone, cortisol, and the androgens Essen-

tially all these steps occur in two of the organelles of
the cell, the mitochondria and the endoplasmic reficu-

lum, some steps occurring in one of these organelles and
some in the other Each step is catalyzed by a specific

enzyme system A change in even a single enzyme in

the schema can cause vastly different types ofhormones
to be formed, such as especially latge quantities of
masculinizing or, very rarely, feminizing sex hormones

or other steroid compounds not normally present in llu 1

blood but that have either mlneralocorticoid or gluco-

1

corticoid actions or a combination of both.
|

Figure 77-3 illustrates the chemical formulas of si-

1

dosterone and cortisol, It is the oxygen atom bound at

the number 18 carbon of the cholesterol nucleus that ii

most important in providing the mlneralocorticoid ectir

ily of aldosterone. The glucocorticoid activity of cortisol

is provided principally by the presence of the keto-

oxygen on carbon number 3 and the hydroxylation ol

carbon numbers 11 and 21.

In addition to aldosterone and cortisol, which respec- I

tively are the principal mlneralocorticoid and glucocor- i

ticoid hormones, still other steroids having one or both I

of these activities are secreted in small amounts cvea

normally by the adrenal cortex. And several additional I

idreitargJahdA have bten synthesizeu ana are in

fanou^iorms or t^Teranv. The more important of th'i

idrenocOTtical honnohesare the following:

Mtneralocorticotda

^Aldosterone Ivery potent, accounts for 95 per cent of

more of mlneralocorticoid activity)

^^JDcsoxycorticosterone (one fifteefith as potent as aldo-

sterone, very small quantities secreted)

JiJorttcosterone (slight activity)

^•Fluorocortisol (synthetic, slightly more potent thao

aldosterone)

Cortisol (very slight activity)

Cortisone (synthetic, slight activity)

Clucocoriieoids

(3ortisol (very potent, accounts for about 95 per cent

of all glucocorticoid activity)

«f%rticosteTone (about 4 per cent of total glucocorlietiid

activity, but much less potent than cortisol)

Jkirtisone (synthetic, almost as potent as cortisol)

^^nisone (synthetic, four times as potent as cortisol)

tMethylprednisone (synthetic, five times as potent as

cortisol)

.Pexamethasone (synthetic, 30 times as potent as cor-

tisol)

It is clear from this list that some of these hormone
have both glucocorticoid and mlneralocorticoid activi-

ties It 19 especially significant that cortisol has a small

amount of mineralocorticoid activity because some syn-

dromes of excess cortisol secretion can cause significant

mlneralocorticoid effects.

Hsure 77-3. The two Impanani cordcostetotds.
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The very intense glucocorticoid activity of dexanteth-

isone, which has almost zero mineralocorticoid activity,

nakes this an especially important drug for stimulating

;pecific glucocorticoid activity.

Transport and Fate of the Adrenal Hormones,
lortisol combines with a globulin called cortisol-binding

jlobutin or tmnscortm and, to a lesser extent, with
ilbumin—about per cent is normally transported in

he bound form and about 6 per cent free. On the other

land, aldosterone combines only loosely,with the plasma
iroteins so that about 50 per cent is m the free form. In

>oth the combined and ttee forms the hormones are

ransported throughout the extracellular fluid compart*
nent. In general, the hormones become fixed in the
arget tissues within an hour or two for cortisol and
«thjn about 30 minutes for aldosterone.

The adrenal steroids are degraded mainly in the liver

md conjugated especially to form glucuronides and, to

i lesser eident, sulfates. About 25 per cent ot uiese are
ixcreted in the bile and then in the feces and the
remaining 75 per cent in the urine. The conjugated
bnns of these honnones are ina^Hve.
The normal concentration of aldosterone in blood is

ibout^ nanograms (6 billionths of a ^am) per dl. and
the secretdiy rale is about 150 itgper day.
The concentration of corfisoT in trie £iood averages 12*^

and the secretory rate averages 15 mg per day.

FUNCTIONS OF THE
MINERALOCORTICOIDS—
U.OOSTERONE

Total loss of adrenocartical secretion usually
causes death within three days to two weeks unless
the person receives extensive salt therapy or mi*
neralocorticoid therapy. Without mineralocorti-
coids, the potassium ion concentration of the ex*

tracellular fluid rises markedly, the sodium and
chloride concentrations decrease, and the total

extracellular fluid volume and blood volume also
become greatly reauced. Tfie person soon develops
dimimshed cardiac output

, which proceeds to a
shocklike state folTo^ed by death. This entire se-
quence can be prevented by the administration of
aldosterone or some other mineralocorticoid.
Therefore, the mineralocorticoids are said to be
the acute “life-saving” portion ofthe adrenocortical
hormones, while the glucocorticoids are equally
necessary to allow the person to resist the destruc-
tive effects of life’s intermittent “stresses,” as is

discussed later in the chapter.
Aldosterone exerts at least 95 per cent of the

mineralocorticoid activity of the a^enocortical se-
cretion, but cortisol, the major glucocorticoid se-
creted by the adrenal cortex, also provides a small
amount of mineralocorticoid activity. Other adre-
nal steroids secreted in small amounts that have
mineralocorticoid effects are corticosterone, which
also exerts glucocorticoid effects, and deoxycorti-
costerone, which has almost the same effects as
aldosterone but with a potency one fifteenth that
of aldosterone.

miAL EFFECTS OFALDOSTEROSE

By far the most important function of aldoster-

one is to promote transport of sodium and potas-
sium throTTglnhe renaJ tuhuJar walls and, to a
lesser extent, transport ot hydrogen ions. The
mechanisms of these effects were discussed in

detail in Chapters 34 through 37. However, let us
summarize briefly the renal and body fluid effects

of aldosterone.
Effect on Tubular Reabsorption of Sodium

and Tubular Secretion of Potassium. It will be
recalled from Chapter 34 that aldosterone causes

an exchange transport of sodium and potassium

—

that is, absorption of sodium and simultaneous
excretion of'potassium by' the tubular epithelial

cells—in the distal tubule, collecting tubule, and
collecting ductV Therefore, aldosterone causes so-

dium to be conserved in the extracellular fluid

while potassium is excreted into the urine.

A high concentration of aldosterone in the

plasma can decrease the sodium loss into the urine

to as little as a few milligrams a day. At the same
time, potassium loss into the urine increases

manyfold. Conversely, total lack of aldosterone i

secretion can cause loss ot as much as zu gr^a of

s(^ium in tne unne a day , an amount ^ual to one /

fifth of all the sodium in tHe body. But, at the

sam^timie, potassium is conservea tenaciously in

the extracellular fluid.

Therefore, the net effect of excess aldosterone in

the plasma is to increase the total quantity of

so^um in the extracellular fluid while decreasing

the potassiiun. Yet, strangely enough, a large

increase in aldosterone increases the sodium ion

concentration in the extracellular fluid very little.

Instead, it increases the extracellular fluid volume

considerably. These differences can be explained

as follows:

Mild Effect of Aldosterone on Sodium Ion

Concentration. When aldosterone causes excess

sodium reabsorption, this also causes reabsorption

of almost an equivalent amount of water, an effect

that was described in Chapter 36. The main reason

is that, when sodium is absorbed through the

tubular epithelium, an osmotic gradient is created

from the tubules toward~the peritubular fluids,

and water then “follows” the sodium. Secondly, if

not enough water follows, the sodium concentra-

tion in the extracellular^uid rises slightly and

elicits increased antidiqrMic hormone secretion as

well as increased thirst; these two together then

enhance the amount of water in the extracellular

huid. Consequently, even vast amounts ot aido-

sterone will rarely raise the sodium ion concentra-

tion more than 2 to 3 per cent, and total lack of

aldosterone causes only a 5 to 8 per cent decrease

in sodium concentration.

Effect on Extracel/u/ar Fluid Volume. Even
though aldosterone increases the sodium ion con-

centration very little, the combined, aimost equal

absolution of sodium and water increases
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cellular fluid volume much more, increasing the

volume to as high as 10 to 20 per cent above

normal with great excesses of aldosterone; or the

extracellular fluid may decrease to as low as 20 to

25 per cent below normal in the absence of aldo-

sterone. Consequently, the extracellular fluid vol-

ume tends to change in proportion to the rate of

aldosterone secretion, but only within a narrow

range.

Aldosterone Escape. When aldosterone is first

administered, sotlium retention and increase in

extracellular flui? volume become maximal within
about 3 days. Then during the next tew davs.

diuresmind natnuresis occur, and most of me
gained sodium and excess extracellular fluid vol-

ume is lost in the urine, leaving a flnal increase

in extracellular fluid volume rarely exceeding 10
per cent. This secondary loss of sodium and extra -

cellular fluid isTaTTSTfHosterare'csca^rTFJe’^-

cIsFinecHamsirrof this es^pe is not knois-n Ex-
pcrinient.s in our laboratory have suggested that

It results from a rise in arterial blood pressure of

10 to 15 mm Hg resulting fi'om the increased fluid

volume, ibis pr^sure rise is enough to cause the

pressure diuresis and natriuresis phenomena, as
was explained in ChaptirsTT'ana 36 However,
other physiologists have suggested that some un-

known hormonal changes are responsible, though
the exact hormones involved have not been discov-

ered.

Hypokalemia and Muscle Weakness; Ilyper-

kaiemiu atid tJardiac To.xicity. 'ihe exce^Ive
IOS.S ofpotassium lonslrom tne extracellular fluid

into the urine under the influence of aldosterone

causes serious decrease in the plasma potassium
concentration, often decreasing jt from the normal
value of4.S mEq/liter to as low as 1 to 2 mEq/liler
This condition is called hypokalenua When the

potassium ion concentration falls below approxi-

mately one half normal, severe muscle weakness
often develops This is caused by alteration ol the
electrical properties of the nerve and muscle fiber

membranes (see Chapter 101, which prevents
transmission of action potentials

On the other hand, when aldosterone is deficient,

the extracellular fluid potassium ion concentration
can rise far above normal When it rises to approx-
imately double normal, serious cardiac toxicity,

including
'

weakness of heart contraction and de-
velopmcnt~ol' arrhythmia, Decomes~evident, a
slightly higher conrenlralion of potassium leads
inevitably to a cardiac death .

Effect of Aldoateronc on Tnereasing Tubular Hy-
drogen Ion Secretion, nilh Resultant Mild Alka-
losis, Though aldosterone mainly causes potassium to
be secreted into the tubules in exchange for sodium
reah^orption. to a much smaller extent It also causes
tubular si'cretion of hydrogen ions In exchange for so-
dium. The obvious cTect of this is to decrease the
hydrogen ion concentration in the extracellular fluid.

Hov.e%er, this eflcct is not a strong one, usually causing
only ft mild degree of alkalosis

EHect of Aldosterone on Circulatory Function.

The circulatory effects of aldosterone result almost en-

tirely from the increase in extracellular fluid volume.

In the absence of aldosterone secretion, with a decrease

m cxtracellutar fluid volume to 20 to 25 per cent below

normal and a comparable decrease in plasma volume
'

circulatory shSclT develops rapidly . Indeedrin complete

rack ot aldosterone, a person not treated with extra

intake of salt and'or administration of a minerolocorli-

coid drug is likely to die of circulatory shock within as

few as four to eight days

In the case of hypersecretion of aldosterone
,
not only

IS the extracellular liuid volumeTncreased but the^ood
vtduroe and cardiac output as well. Each of these can

inoe^ to as much as 20 to 30 per cent above normal

m the fast few davs «m fvms'; nlilnslpmnp socrptitin, but

after aldosterone escape occurs , the volumes and cardiac

output usually return to no^more than 5 to 10 pe_r cent

above normal Nevertheless, over a prolonged penod ol

tune even these small increases are suiucieni to cause

moderate fo severe hypertension , as we shall discuss

later ih tne cnapier in relation to primary aldosteronism

iniCTS OT ALDOSTlROSt ON SWEAT
GLANDS, SALIVARY GLANDS, AND
INTESTINAL ABSORPTION

Aldosterone has almost the same effects on sweat
glands and salivary glands that it has on the renal

tubules Both these glands form a primary secretien

that contains large quantities of sodium chloride, but

much of the sodium chloride on passing through the

excretory ducts is reabsorbed whereas potassium and
bicarbonate ions are secreted Aldosterone greatly in-

creases the reabsorption of sodium chlontie and the

secretion of potassium by the ducts. The effect on the

sweat glands is important to conserve body salt m hot

enyrrohniehts. and the elleet on the salivary glands is

necessary tojonserye gait when excessive Quan titjes of

Aldosterone also greatly enhances sodium ftbsorption

by the intestines, which obviously prevents loss of so-

dium 111 the stools On the other hand, in the absence o f

aldosterone, sodium absorption from the intestine can

be very poor, leading to failure to absorb anions, and

water as wSl The unalwprtfed sodium chloride” and

water then lead to diarrhea, with further loss of salt

from the body

CELLULAR MECHANISM
or ALDOSTERONE ACTION

Although for many years we have known the

QVeraU effecta of mineralocorticoids an the body,

the basic action of aldosterone on the tubular cells

to increase transport of sodium is still only partly

understood. The sequence of events that leads to

increased sodium reabsorption seems to be the

Ibllowing:

First, because of its lipid solubility m the cellu-

lar membranes aldosterone ditluses readily to the

interior of the tubular epithelial cells.

Second, in the cytoplasm of the tubular cells

aldosterone rombines with a highly specific cylo-

plasm'ic receptor protein, a protein that has a ^er-



eomolecular configuration that will allow only al-

dosterone or extremely similar compounds to

combine.

Third, the aldosterone-receptor complex diHuses
into the nucleus where it may undergo further
alterations, and then it induces specific portions of
the DNA to form a type or types of messenger
RNA related to the process of sodium and potas-

sium transport.

Fourth, the messenger RNA diffuses back into

the cytoplasm where, operating in conjunction
with the ribosomes, it causes protein formation.
The protein formed is one or more enzymes or
carrier substances required for sodium transport,

possibly a specific ATPase that catalyzes energy
transfer from cytoplasmic ATP to the sodium
transport mechanism of the cell membrane.
Thus, aldosterone does not have an immediate

effect on sodium transport but must await the
sequence of events that leads to the formation of
the specific intracellular substance or substances
required for sodium transport. Approximately 20
to 30 minutes are requir^ before new RNA*5^
pears in the cells, ana approximately 4o minutes
aTe required" bSftjre the rate ot sodium transport
begins to increase; the effect reaches maximum
only after several hours.

RlCULATtOS OF
ALD05TIR0NE SECRETION

The regulation of aldosterone secretion is so
deeply intertwined with the regulation of^xtra-
cellular fluid electrolyte concentrations,^Tracel-
lular fluid volume,^ood volume, a^rial'^essure,
and many special aspects o^enarfunction that it

is not possible to discuss tKe regulation of aldo-

sterone secretion independently of all these other
factors. This subject has already been presented In

great detail in Chapter 36, to which the reader is

referred. However, it is important to list here as
well the most important points of aldosterone se-

cretion control.

Let us note first that aldosterone is secreted by
the zona glomerulosa, a very thm zone of cells

located on the surface of the adrenal cortex im-
mediately beneath the capsule. These cells func-
tion almost entirely independently of the deeper
cells in the zona reticularis and zona fasciculata,

which secrete cortisol and the androgens. Further-
more, the regulation of aldosterone secretion is

almost gntirely independent of the regulation of
these other hormones.
Four different factors are presently known to

play essential roles in the regulation of aldoster-
one. In the probable order oftheir importance these
are:

1. Potassium ion concentration of the extracel-

lular fluid

2. Renin-angiotensin system
3. Quantity of body sodium
4. Adrenocorticotropic hormone (ACTH)

Effect of Potassium Ion Concentration on
Aldosterone Secretion. An increase mpotassium
ion concentration of less than 1 mEq/liter wil l

tnple the rate of aldosterone secretion. Further-
more, this secretion will continue at ah elevated
level indefinitely under the stimulus of excess

potassium ions.

This very potent effect of potassium ions is

exceedingly important because it establishes a
powerful feedback mechanism for control of extra-

cellular fluid potassium ion concentration as fol-

lows: (1) An increase m potassium ion concentra-

tion causes increased secretion of aldosterone. (2)

The aldosterone in turn has a potent effect on the
kidneys, causing enhanced excretion of potassium .

(3) Therefore, the potassium ion concentration re-

tums either to or nearly to normal Recent quan-
titative measurements of the feedback gam of this

system show it to be by far the most potent of all

the factors controlling aldosterone secretion, as

has already been discussed in detail in Chapter
36 Serious interference with this control system

can lead^to a cardiac death ir ihe.potassium con-

centration rises too high or 'to a paralytic death if

the potassium concentration falls too low

'~^h!s eiiect ol potassium ions on aldosterone

secretion is a direct effect of the potassium ions on

the zona glomerulosa ceils, though the cellular

mechanism of the effect is unknown.
Effect of the Renin-Angiotensin System on

Aldosterone Secretion. Infusion of large

amounts of angiotensin into an animal can cause

acute increases in aldosterone secretion of as much
as eightfold. However, if the angiotensin infusion

IS continued, the rate of aldosterone secretion falls

m about 12 hours to only 50 to 100 per cent above

normal. This effect is illustrated in Figure 77-4,

which shows the effect of two different angiotensin

infusion rates, one of which (the dashed curve)

Increased the extracellular fluid concentration of

angiotensin to about 3 times normal, and the other

0 I 2 3 to w

DAYS

figure 77-4. Effecis on plisma aldosterone conccnuailon

caused by continuous Infusion of angiotetwin 11 at two differen^

IrAisIon rates for a penod of two weeks. Note the very

acute effect but the much weaker chronic effect (Drawn

data in Cowley and McCaa. Ore ffes. J978S. 1976)
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ofwhich (the solid curve) increased the an^otensm
concentration to about 15 times normal.

Elevated renin and angiotensin are found very

frequently in the same clinical conditions In which
aldosterone is also elevated. Therefore, the effect

of angiotensin is often staled to be the most im-

portant of all the factors controlling aldosterone

secretion even though the effect is not as potent

as that of increased potassium.

Effect of Decreased Quantity of Total Body
Sodium on Aldosterone accretion. When an
animal or human being is placed on a sodium-

deficient diet, after several days the rate ot aldo-

sterone secretion increases markedly even though

the sodium ion concentration of the body fluids

does not fall significantly. Suggestions for the

cause of this effect have been the following:

1. The diminished sodium leads to diminished
extracellular fluid volume, with resultanTdimin-

ished cardiac output and renal Elood flow. This
cauies enhanced formation ol angiotensin, and the

angidlerisin stimulates aldosterone secretion
2. Lack of sodium causes retenU^ of ^asslum

by the'T?i3neys, as explaTn^ earlier, ’t he elevated

potassium could then cause the increased aldoster-

one secretion

3 A few experiments have suggested that di-

minished sodium concentration possibly causes the

anterior pituitary gland to secrete some substance

(not ACTH) that affects the adrenal glands to

increase aldosterone secretion. For the present,

this substance is called the unid^Upedjittuitary

factor

'JTDiminiahed sodium concentration directly af-

fects the soHa-gtomeruiosaTcells to enlace aldo-

sterone j^ecretion

Unfortunately, the importance of each of these

mechanisms is yet to be proved, Even so, prolonged
sodium depletion is one of the most potent of all

the stimulators of aldosterone secretion.

Effect of ACTH on Aldosterone Secretion.

ACTH is the anterior pituitary hormone that con-

trols the secretion of glucocorticoids It also has a
permissifc effect on aldosterone secretion in the

following way All the above regulations of aldo-

sterone secretion will occur if there is only a
minimal amount of ACTH present. However, in

the total absence of ACTH, the zona glomerulosa
of the adrenal cortex parti^ly atrophies and there
IS almost total atrophy ol the remainder of the

gland. Thus, total absence of ACTH can lead to a
mild to moderate degree of aldosterone deficiency.

/functions of the\
\GLUCOCORTICOIDS/

Even though mineralocorticoids can save the life

ofan acutely adrenaicctomized animal, the animal .

still is far from normal. Instead, its metabolic
systems for utilization of proteins, carbohydrates.

S u.^ci.

and fats are considerably deranged. Furthermore,

the animal cannot resist different t)T)es ofphysi<a l

or even mental stress, and minor illnessesiucJTas

respiratory tract infections can lead to dead).

Theretore, the glucocorticoids have functions just

as important to long-continued life of the aniroal

as do the mineralocorticoids ihese are explained

in the following sections.

At least 95 per cent of the glucocorticoid activity

of the adrenoe^ical secretions results the

secretion of cortisol
,
known also as h\dro^rtisont

In addition to this, a small amount of glucoc^i-

coid activity is provided by corticosterone and 8

minute amount by cortisone.

JEffECTS or CORTISOL
OS CARBOHYDRATl MSTABOUSM

StimulaiiDn of Gluconeogenesis. By far the

best-known metabolic effect of cortisol and other

glucocorticoids on metabolism is their ability to

stimulate gluconeogenesis by the liver, often in-

creasing the rate of gluconeogenesis as much as

six- to tenfold. This results mainly from two dif-

ferent effects of cortisol:

First, all the enzymes required to convert amino
acids into glucose arc increased in the liver cells.

This results from the effect of the glucocorticoids'

to activate DNA transcription in the liver cell

nuclei, in the same way that aldosterone functions

in the renal tubular cells, with formation of mes-

senger RNAs that in turn lead to the array of

enzymes required for gluconeogenesis.
^ond, cortisol causes mobilization of amino

acids from the extrahepatic tissues, mainly from

muscle. As a result, more amino acids become
available in the plasma to enter into the gluco-

neogenesis process of the liver and thereby to

promote the formation of glucose.
One of the effects of increased gluconeogenesis

IS a marked increase in cWwg^ in the Uver cfiTb-^

Decreased Glucose Uulization'byThe UeHiT
Cortisol also causes a moderate decrease in the

rate of glucose utilization by the cells everywhere
in the body Though the cause of this decrease is

unknown, most physiologists believe that some-
where between the point of entry of glucose ioft*

the cells and its final degradation cortisol directly

delays the rale of glucose utilization. A suggested
mechanism is based on the observation that glu-

cocorticoids depress the oxidation ofNADH. Since
NADH must be oxidized to allow rapid glvcolvsis.

this effect could account for the diminished utili-

zation of glucose by the cells.

Also, it is known that glucocorticoids slightly

depress glucose transport into the cells, which
could be an additional factor that depresses cellu-

lar glucose utilization.

Elevated Blood Glucose Concentration, and
Adrenal Diabetes. Both the increased rate of

gluconeogenesis and the moderate reduction m
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rate of glucose utilization by the cells cause the

blood glucose concentration to rise. The increase

in concentration is occasionally great enough—50
per cent or more above normal—that the condition

is called adrenal diabetes , and it has many simi-

larities to pituitary diabetes, which was discussed

m Chapter 75. Administration of insulin lowers

the blood glucose concentration only a moderate
amount in adrenal diabetes, not nearly so much
as it does in pancreatic diabetes. On the other

hand, insulin causes greater decrease in blood
glucose concentration in adrenal diabetes than in

pituitary diabetes . Therefore, pituitdi^diabetes is

said to be weakly insulin sensitive, adrenal diabetes

moderately insulin sensilive, hnd pancreatic dia-

betes strongly in^ITn'sensitive.

imCTS OF CORTISOL
ON PROTVN METABOLISM

Reduction in Cellular Protein. One of the
principal effects of cortisol on the metabolic sys-

tems of the body is reduction of the protein stores

in essentially all body cells except those of ^e
liver. This is caused both fay decreased grotein V
synthesis and increased catabolism of protein al-

r^y in the cells. Both theseWeets may possibly

result from decreased amino acid transport into

extrahepatic tissues, as will be discussed later, but
this probably is not the only cause since cortisol

also depresses the formation of RNA in many
extrahe^tic tissues , especially muscle and lymph-

QMti^ue:
In the presence of great excesses of cortisol the

muscleTcan become so weak that the pers^ Mn-
hot rrse from the squatting position. Andjhehn-
muDity tunctiona ol the ly^pHoiH' tissue ^an'Te
decre^ed to a small fraction of normaL
Increased Liver Protein and Plasma Fro-

teins Caused by Cortfsb/. Comcidently with the

reduced proteins elsewhere in the body, the liver

proteins become enhanced. FurthermoreT fhe
plasma proVeins (which are produced by the li'^r

and then released into the blood) are also in-

creased. Therefore, these are exceptions to the

protein depletion that occurs elsewhere in the
body. It is believed that this is a possible effect of
cortisol in enhancing amino acid transport into

liver cells (but not into most other cells) and of

enhancement of the liver enzymes required for

protein synthesis.

Increased Blood Amino Acids, Diminished
Transport of Amino Acids into Extrahepatic
.Cells

, and Enhanced Transport into Hepatic
Cells. Recent studies in isolated tissue have dem-
onstrated that cortisol depresses ammo acid trans-

port into muscle cells and perhaps into other e*-

trahepatic cells.

Obviously, the decreased transport of amino
acids into extrahepatic cells decreases their intra-

cellular amino acid concentrations and as a con-

sequence decreases the synthesis of protein. Yet
catabolism of proteins in the cells continues to

release amino acids from the already existing pro-
teins, and these diffuse out of the cells to increase
the plasma amino acid concentration. Therefore,
it IS said that cortisol mobilizes amino acids from
the tissues.

The increased plasma concentration of amino
acids, plus the fact that cortisol enhances transport
of ammo acids into the hepatic cells, could also

account for enhanced utilization of amino acids by
the liver to cause such effects as (1) increased rate
of deamination of amino acids bv the liver, (2)

increased protein svnthe.sis in ths 1iv«>r, (3) in-

creased formation of pf^ma proteins hv thtt ^’V6^

glucose—that is, enhanced gluconeogenesis.
Thus, it is possible that many of the effects of

cortisol on the metabolic systems ofthe body result

mainly from this ability of cortisol to mobilize
amino acids, though cortisol also increases the
liver enzymes required for the hepatic effects by
causing the ibrmation of appropriate messenger
RNAs.

EFFECTS OF CORTISOL
ON FATMETABOUSM

Mobilization of Fatty Acids. In much the same
manner that cortisol promotes amino acid moblli*

zatiop from muscle, it alto pwfhoUs IHobillzattgh

61 latty acids irom adipose tissue. This incases
the cSHgentration of free Tattv acids in the plasma,
which also increases their utilization lor enerfy.
Cortisol moderately enhances the oxidation of fatty

acids in the cells as well; this effect perhaps results

secondarily to the reduced availability of glycolytic
products for metabolism.
The mechanism by which cortisol promotes fatty

acid mobilization is not yet understood. However,
part of the effect probably results from diminished
transport of glucose into the fat cellsT^it^i^ll ba
remembered that p-glycerophosphate. which is de-
rived from glucose, is required both for deposition
of and maintenance of triglycerides in these cells,
and in its absence the fat cells begin to release
fatty a’cids .

The increased mobilization of fats, combined
with their increased oxidation in the cells, helps
shiR the metabolic systems of the cells in tiroes of
starvation or other stresses from utilization of
glucose for energy to utilization of fatty acids
instead. This cortisol mechanism, however, re-
quires several hours to become fully developed
not nearly so rapid or nearly so powerful an effect
as a similar shift elicited by a decrease in insulin
Nevertheless, it is probably an import^int faptnr
for long-term conservation of body glucose
glvcogcm
Ketogenic Effects of CorUsoI. It is frequently

said that cortisol has a ketogenic effect because
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ketosis usually will not develop unless cortisol is

available to cause fat mobilization. However, this

ketogenic cfiecl occurs only under certain condi-

tions, such as when insulin also is deficient.

Obesity Caused by Cortisol. Despite the fact

that cortisol can cause a moderate degree of fatty

acid mobilization from adipose tissu^ persona with

excess cortisol secretion trequenHy develop a pe-

culiar type of obesity, with excess deposition of fat

in the chest and head regions of the body, giving

a buflalo-iiice tors'o and a rouhaed la^ called a
“moon lace." (JareluTexperiments hav^hown that

this obesity results from excess stimulation of food

intake so that fat is generated in some tissues of

the body at a rate even more rapidly than it is

mobilized and oxidized

OTHER EFFECTS OF CORTISOL

function of Cortisol In Different Types of Stress

It is amazing that almost any type of stress,

whether it be physical or neurogenic. wiU cause
an immediate an'd'marked increase in ACTlTTe-

cretion by the anterior pituitary gland, ioliowed

within minutes by greatly increased adrenocortical

secretion of cortisol Some of the different types of

stress that increase cortisol release are the follow-

ing;

Trauma of almost any type

Infection

Intense heat or cold

Injection of norepinephrine and other sym-
pathomimetic drugs

Surgical operations

Iryection of necrotizing substances beneath
the skin

7. Restraining an animal so that it cannot move
wS Almost any debilitating disease
Thus, a wide variety of nonspecific stimuli can

cause marked increase in the rale of cortisol secre-

tion by the adrenal cortex.

Yet, even though we know that cortisol secretion

often increases greatly m stressful situations, we
still are not sure why this is of significant benefit

to the animal One guess, which is probably as
good as any other, is that the glucocorticoids cause
rapid mobilization of ammo acids and iats irom
their cellular stores, making these available both
lor energy ano loF'syn'th^is ol other compounds,

including glucose, needed by the dilterent tissues

of the body, indeed, it is well known that when
proteins are released from most of the tissue cefts.

the liver cells can use the mobilized ammo acids
to form new proteins. It has also been shown in a
few instances that damaged tissues which are
momentarily depleted of proteins can also utilize
the newly available ammo acids to form new^o-
teins that are essential to the lives ol ttie cells Or
perhaps the amino acids are also used to synthesize
such essential intracellular substances as purines,
pyrimidines, and creatine phosphate, which ate

necessary for maintenance of cellular life and re-

production of new cells.

But all this is mainly supposition It is supported

only by the fact that cortisol usually does PiA

mobilize the basic functional proteins of the

until almost all other proteins have been released-

This preferential effect of cortisol in mobilizing

labile proteins could make amino acids ^alia^
to needy cells to synthesize substances essentialTom— —

Antf-InflnmniAtorY Effects of Cortisol

When tissues are damaged by trauma , by jnfgc-

tion with bacteria, or in almost any other way,

they almosTalways will become inflamed. In some

conditions the inflammation is more damagiog

than the trauma or disease itself.^^m7nistratlon

of large amounts of cortiaol can usually block thb

inflammation or even reverse many of its effects

once It has begun. Before attempting to explf*io

the way in which cortisol functions to block inflani-

mation, let us first review the basic steps in tbs

inflammation process, which was discussed in more

detail m Chapter 5

Basica^, there are five main stages of (nflam-

motion- release from the damaged tissue cells

of chemical substances that activate the Infiam-

mation process—cEmicals such as Wstamihe,

bradykimn, proteolytic enzymes, and so forth; (2)

ah~increase in blood flow m the inflamed afea

caused by some ol the released proaucts irom
tissues, a process called erythema: (31 leakage of

large quantities of almosr|ure plasma out of

capillaries into the damaged areas, tbiiowea by

clofling^ tne ti.sbue lluid, thus causing a non/IlL
(tng type of edema; (4) infiltration of the area by

leukocytes
;
and, finally. (5) tissue healing, whirh

isollen o^mplished at least partially bylngro'Vth

of fibrous tissue.

Yet, unfortunately, we still know very litd®

about the basic mechanisms fay which cortisol

achieves its anti-inflammatory effect However*

very large amounts of cortisol are often required

When such large amounts of cortisol are secreted

or are injected into a person, the cortisol has two

basic effects; (1) it blocks the early stages of

inflammation process, and (2J if inflammation h®*

already begun, it causes rapid resolution of

inflammation and increased rapidity of heab'ng

These effects are explained as follows

Prevention of the Development of Infla^'

mation

—

Lvsosome Stabilizniion and Other P‘*

facts. (l> One of the most important anti-inflam-

mation effects of cortisol is its ability to cad^e

stabiluation of the lysosomal membranes. That
cortisol makes it much more difficult than is do*"*

mal for the membranes of the intracellular lySf*

Bomesto rupture. Therefore, most ofthe proteolj'^*®

enzymes that are released by damag^ cells f®
cause inflammation, which are mainly stored
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‘ the lysosomes, are released in greatly decreased

quantity. Other important effects are:

! (2) Cortisol decreases the permeability of the
' capillaries, which prevents loss of plasma into the

! tissues and also reduces the migration of white
I blood cells into the'mtlamed area.

! (3) Cortisol depresses the ability of white blood

i cells to digest phagdcytized tissues, and this blocks

: further release ot inllammatory materials.

(4) Cortisol suppresses the immune system, es-

pecially the T cells. Theref’or^r^uced amounts of
T cells an3 antibodies enter the inflamed area,

which reduces tissue reactions that might be

i
caused by these.

(5) Cortisol reduces fever, and this in turn re-

duces the degree ot vasodilatation .

Effect of Cortisol in Causing Resolution of
Inflammation. Even after inflammafiorThas be-

come well established, administration of cortisol

can often reduce inflammation within hours to

several days. The immediate effect is to block most
ofthe factors that are promoting the inflammation.
Then, the rate of healing is also enhanced. This
probably results from those same, mainly unde-
fined factors that allow the body to resist many

I
other types ofphysical stress when large quantities

I
of cortisol are secreted: perhaps this results from

I

the mobilization of amino acids and use of these
' to repair the damaged tissues; perhaps it results

,

from increased amounts of glucose and fatty acids

,
available for cellular energy; or perhaps it depends
on some catalytic effect of cortisol to inactivate or

[
remove inflammatory products.

I
Regardless of the precise mechanisms by which

the anti-inflammatory effect occurs, this effect of
cortiso) can play a mqjor role m combating certain
types of diseases, such as rheumatoid arthritis,

rheumatic fever, and acute glomerulonephritis. All
tKeSe are characterized by severe local inflamma-

j

tion, and the harmful effects on the body are

[
caused mainly by the inflammation itself and not

. by other aspects of the disease. When cortisol or
other glucocorticoids are administered to patients
with these diseases, almost invariably the inflam-
mation subsides within 24 to 48 hours. And even
though the cortisol does not correct the basic dis-
ease condition, merely preventing the damaging
effects of the inflammatory response, this alone
can be a life-saving measure.

Effect on Allergy. Cortisol blocks the itiflammatory
response to allergic reactions in exactly the same way
that it blocks other t>'pe3 of inflammatory responses.
The basic allergic reaction between antigen and anti-
body is not affected by cortisol, and even some of the
secondary effects of the allergic reaction, such as the
release of histamine, still occur the same as ever, llow-

j

ever, since the inflammatory response is responsible for
many of the serious and sometimes lethal effects of
allergic reactions, administration of cortisol can be
lifesaving. For instance, cortisol effectively prevents
i>hock or death m anaphylaxis, which otherwise kills
many persons, as explained in Chapter 6.

Effect on Blood Cells and on Immunity. Cortisol

decreases the nnmhpr nfj^nginnphiU and lymphocytes in

the blood, this effect begins within a few minutes after

the injection of cortisol and is marked within a few
hours. Indeed, a finding of lymphocytopenia or cosino-S'

i is an important diagnostic criterion for oveniro-
on of cortisol by the adrenal gland.

Likewise, administration of large doses of cortisol

causes significant atrophy of all the lymphoid tissue

throughout the body, which in turn decrease the output
of both.T cells and antibodies from the lymphoid tissue.

As a result, the level of immunity for almost all foreign
invaders of the body is decreased. This can occasionally

lead to fulminating infection and death from diseases

that othenvise would not be lethal, such as fulminating

tuberculosis in a person whose disease had previously

"been arrestea. On the other hand, this ability of cortisol

and other glucocorticoids to suppress immunity makes

these among the most useful ot all drugs to prevent
immunological rejection df iran&olanied hearts , kidneys,

a^nd other tissues.

the cause of which is unknown. When eTtcet^ cortisol is

secreted by the adrenal glands, polycythemia often re-

suits, and, conversely, when the adrenal glands secrete

no cortisol, anemia often results

REGUIATION OF CORTISOL SECRETION-^
ADRENOCORTICOTROPIC HORMONE
(ACTH)

Control of Cortisol Secretion by ACTH. Un-
like aldosterone secretion by the zona glomcrulosa,

which IS controlled mainly by potassium and
giotensin acting directly on the adrenocortical

cells, olmosf no sUmuli have direct effects on the
adrenal cells to control cortisol secretion. Instead,

secretion of cortisol is controlled almost entirely

by adrenocorttcolropic hormone (ACTH) secreted

by the anterior pituitary gland. This hormone, also

called corficofropin or adrenocor(icoln>pin, also en-

hances the productioiToi^drcnal an'di^gens. As
pointed out earlier in the chapter, small amounts
of ACTH are also required for aldosterone secre-

tion, providing a permissive role that allows the

other, more important factors to exert their more
powerful controls.

Chemistry of ACTH. ACTH has been isolated

m pure form from the anterior pituitary. It is a

large polypeptide having a chain length of 39

amino acids A digested product of ACTH having

a’ctiam length of 24 amino acids also has all the

trophic effects of the total molecule.

Conlfol~<Jf“ACTH"Secretioir^' the Hypo-
thalamus—Corticotropin-Releasing Factor

niones are controlled by releasing hormones or

factors from the hypothalamus, so also docs an
important releasing factor control ACTH secretion.

'Hiis is called corticotropin-rclcasjnp factor (CRF).

It is secreted into the primary capillary plexus of

the hypophysial portal system in the median em-
inence of the hypothalamus and then carried
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the anterior pituitary gland where it induces

ACTH secretion. The exact chemical nature ofCHP
has not yet been established, though some experi-

ments suggest that it is a peptide composed of 41

amino acids. The cell bodies of the neurons that

.secrete CRF are believed to be located in the

EOSterior mediaLbasat-hypothalamus This nucleus

in turn receives many nervous connections from

the limbic system and !owerj3raiELBi£.m. Vasopres-

sin, formed mainly in the supraoptic nuclei and
discussed in Chapter 75, can also weakly increase

the relea.se of ACTH from the anterior pituitary

gland

The anterior, pituitary gland can secrete only

small quantities of ACTH in the absence of CRF.
Instead, most conditions that cause high ACTH
secretory rates initiate this secretion by signals

beginning in the hypothalamus and then trans-

mitted by CRF to the anterior pituitary gland
Mechanism by Which ACTH Activates Adreno-

cortical Cells to Produce Steroids—Function of
Cyclic AMP- The principal effect of ACTH on the

adrenocortical cells is to activate adenyl cyclase in the

cell membrane. This then induces the formation ofcyclic

AMP m the cell cytoplasm, reaching maximum effect in

about 3 minutes The cyclic AMP m turn activates the

intracoUular enzymes that cause formation of the adren-
ocortical hormones Thus, this is another example of

cyclic AMP as a second messenger hormone
The most important of all the ACTH-stimutaud steps

for controlling adrenocortical secretion is activation of

the enzyme desmohse that causes initial conversion of
cholesterol t& ^!>regiienolone This initial conversion is

tne~‘^aie-iimitinc" step lor all the adrenocortical hor-

mones. which explains iVhy AL 1 H normally is necessary
for any adrenocortical hormones to be formed Long-
term stimulation of the adrenal cortex by ACTH not
only increases secretory activity but alse causes hyper-

troiihv and proliteration ol the adrenocortical cellW es-

pecially in the zona lasciculata an^rcticularis where
cortisol and the anUrogens are secreted

Effect of Physiological Stress on ACTH Se-
cretion. It was pointed out earlier in the chapter
that almost any type of physical or even mental
stress can lead within minutes to greatly enhanced
secretion of ACTH and consequently of cortisol as
well, oAen increasing cortisol secretion as much
as 20-fold. This effect is illustrated forcefully

the curves in Figure 77-5, which shows a manyfold
increase in plasma corticosterone concentration in
0 rat within minutes after the tibia and fibula had
been broken (corticosterone is the principal gluco-
corticoid secreted by the rat adrenal in place of
cortisol). It is believed that pain stimuli caused by
the stress are first transmitted upward through
the brain stem to the pcnfomical area of the
hypothalamus and from here into the medial basal
hypothalamus and eventually to the median em-
inence, as shown in Figure 77-6, where CRF is

secreted into the hyjwphysial portal system.
Within minutes the entire control sequence leads
to large quantities of the glucocorticoids in the
blood.

Mental stress can also cause an almost inst^J

taneous increase in ACTH secretion. This Is h

Ueved to result from . increased activity in j!

limbic system, especially in the region of the arny

ffatft "a'nd'llippocampus, both ol these then tra^

miiting'gtgnMs'lo the~post»>riQr medial hypotbj
amus.
Inhibitory Effect of Cortisol on the Hyp '

thalamu8~and on the interior Pitultair .

'

Cause uecreascH ACTH Secretion. Cortisoll^

direct negative feedback effects on (1) the hyP
thalamus to decrease the formation ofCRF and <

the anterior pituitary gland to decrease the fo

mation of ACTH These feedbacks help regula

the plasma concentration of cortisol. That is, whe

ever the concentration becomes too great, the feo

backs automatically reduce the ACTH toward

normal control level. Or, if the level of cortis

falls too low, lack of the negative feedback \vi

increase the cortisol again toward normal.

Summaiy of the Control System

Figure 77-6 illustrates the overall system for

control of cortisol secretion. The central key to tbw

control is the excitation of the hypothalamus by

different types of stress These activate the enti^«

system to cause rapid release of cortisol, and
cortiw! in turn initiates a series of metabolic

effects directed toward relieving the damagml
nature of the stressful state. In addition, ther^

also direct feedback of the cortisol to the hypo*

thalamus and anterior pituitary gland to stabillz®

the concentration of cortisol in the plasma at tiiAes

CulDemln. Dear, and llpscomb

)
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njura 77-6. Mcctunlvn lor le^uUUon o( slucocortkoid s«

cetion.

v-hen the body is not experiencing stress However,
the stress stimuli are the prepotent ones: they can
always break through this direct inhibitory feed*

back of cortisol, causing periodic exacerbations of
cortisol secretion at multiple times during the day
(Fig. 77-7).

.^^ Circadlnn Rhvihm of Glucocorticoid Secretion.
The secretory rales of CHH. ACfH. and cortisol are all

hieh^ln the early morning but low m the late evening.

M alio iliuiiniico in i-igure 77-<; Uic plasma cortisol

leicl ranges between a high of about 20 ua^dl an hour
^fore anting in the momin^^ and a low oi about a
^un~d inidniKhL 'in>s~cir<^ results frora"ir2Wi«Ui'
Oclic alteration'in the signals from the hypothalamus
that cause cortisol secretion. When a person changes
daily slorninc^ h.ihita. the O'cle chances'coirr^pondingly
One of the reasons the cycle is so important is that

measurements of blood cortisol levels arc meaningful
only when expressed in terms of the lime m the cycle
at which the measurements arc made.

Secretion of MeUnocyte^StinwI^ng
Hormone. Upotrooln, and ^do^hln In

AssocJjition with ACTH
When ACTH is secreted by the anterior pituitary

gland, several other hormones that have similar chem-
ical structures are secreted simultaneously. The reason
lor this is that the RNA molecule that causes ACTH
foiTOation initially causes the formation of a considCT-
abiy larger protein molecule, a preprohormone, that
contains ACTH as only one of its subunits, itiis same
preprohormone also contains several other hormones as
well, including alpha- and bela^melano^i^^s^mulaitng
hormone. beUi-TimArvoin . and beta-endomhin . Under
normal conditions, none of these is known to oe secreted
m enough quantity to have significant effect on the
h^y, but this may not be true when the rate of secretion
of ACTH is very high, as occurs in some types of
Addison’s disease, which will be discussed later.

Heta-endorphin is important because it has an opiate

effect on the nervous system: in fact, the substance met-
e'Dlccphalin. which is present in many areas of the brain,
is itscll aTragment of the beta-cndorphin molecule. Some
persons believe that the pituitary gland can secrete
small amounts of this and other hormones into the
hypothalamic tissues as well as into the circulating
blood.

The functions of i}ela-lipolropin are yet unknown, but
It has been suggested that it stimulates aldosterone
secretion in the same way that ACTH stimulates cortisol

secretion by the adrenal cortex.

Melanocyte-Stimulating Hormone. Mclanocy te-

slimulating hormone (MSli) occurs in two forms, an
alpha and a beta form. The alpha form has exactly the
same chemical structure as the tirst 1:1 ammo acids of
tiie umiiiu acid i ii polypeptid^hain.
Man ^uscs the mc/a/iocvTgiTwhrch ~are located m

abundance between the dermis and the epidermis of the
skin, to form the pigment meiamn ana to disperse this
in the cells of the epidermis. Injection of melanocyte-
stimolaiing liormone mloa^rson over a period ofeight
to ten days can cause intense darkening of the skin.
However, the effect is much greater in pf<rsnns who havp
gencticajlyjlark-skinsHhan m light-skinned persons.

In some lower animals, an intermediate “lobe” of the
pituitary gland, called the pars intermedia, is highly
develop^, lying between the anterior and the poslenor
pituitary lobes. This lobe secretes an especially large
amount of mclanocytc-slimulatmg hormone. Further-
more, this secretion is independently controlled by the
hypothalamus in response to the amount of light to

which the animal is exposed or m response to other
environmental factors. For instance, some arctic animals
develop darkened fur in the summer and yet Tia7e
entirely wnite lur in mo winter.

Aunt, because oi its similarly to MSH, has about
one thirticfh as much melanocyte-stimulating effect as
MSH yurthcnnorc7b^cause the quantities ofpure AISH
Mcreled in the human being are extremely small
whereas those ofACTH arc large, it is likely that ACTH
IS considerably more important than MSH m determin-
ing the amount of melanin m the skin

THE ADRENAL ANDROGENS

Several moderately active male sex hormones called

adrenal a/icfrogens (the most important of which is

figure 71-1. A typical pattern of cortisol seoetion during the
24 hour day. Note the oscJlIations In seaetion as well as a dally
secretary surge an hour or so after awaking in the morning.

r
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dehydrvepiandrosterone) are continually secreted by tht

adrenal'eortex, "especially so during fetal life as will be

discussed more fully m Chapter b2 Also, progesterone

and estrogens, which are female sex hormones, art

secreteJm very minute quantities

In normal physiology of the human being, the adrenal

androgens have almost insignificant effects However, it

is possible that part ot the early development of thq

male sex organs results from childhood secretion of

adrenal androgens. The adrenal androgens also exert

mild effects m the female, not only before puberty but
also throughout lifeTIuch of Ihe growth ol the pubic

and axillary hair in the female probably results from

the action of these hormones Some of the adrenal

androgens are converted to testosterone, the major male
sex hormone, in the extra-adrenal tissues, which prob-

ably accounts for much of their androgenic activity The
physiological effects of androgens will be discussed m
Chapter 80 in relation to male sexual function

ABNORMALITIES Of
ADRENOCORTICAL SECRETION

HYPOADRINAUSM—ADDISONS DISEASS

Addison's disease results from failure of the adrenal

cortices to produce adrenaeortical hormones, and this m
turn 13 moat frequently caused by primary atrophy of
the adrenal cortices, probably resulting irom a^im>

munity against the cortices, but also frequently caused

by lUDcrcuious acstniction of the adrenal glands or
invasion o( the adrenal cortices by cancer. Basically, th*

disturbances in Addison’s disease are

Mlneralocortlcoid Deficiency. Lack of aldosterone

secretion^greativ decreases sodium reabsffTption and
consequently allows sodium ions, chloride ions, and
water to be lost into~_urine in ^e'at'profusiw. The net
result is a greatly decreased extracellular nmd volume
Furthermore, the cerson develops h^rkalemia and
mild acidosis because of failure of potassium and hydro-

gen ions 10 be secreted m exchange for sodium reabsorp.

lion

As the extracellular fluid becomes depleted, the
plasma volume falls , the red blood cell concentration
rises markedly.'TIie cardiac output decreases, and the
pa^tient aies in shock, de^ usually occurring in the
untreated patient four days to two weeks after complete
cessation of mineraioconicoid secretion

Glucocorticoid Deficiency, loss of cortisol secretion

makes it impossible for the person with Addison's di«.

ease to maintain normal blood glucose concentration
between meals because he Mnnot synthesize aignincanl
quantities ol glucose bv gluconeogenesis Furthermore,
lack of cortisol reduces the mobilization of both proteins
and fats from the*lissiXes,th6f6by^epres8ing many othgr

ener^ mobiiiiatidn when cortisol is not available is one
of the mqjor detrimental effects of glucocorticoid lack.

However, even when excess quantities of glucose and
other nutrients are available, the person's muscles are
still weak, indicating that glucocorticoids are also
needed to maintain other metabolic functions of the
tissues besides simply energy metabolism.
Lack of adequate glucocorticoid secretion also inak«s

the person with Addison's disease highly susceptible Ia
the deteriorating effects of different types of stress, and
m g mild reapiratorv intection can someCrniea catm

Melanin Pigmentation. Another characteristic c

most persons with Addison’s disease is melanin pigmen

tationof the mucous membranes and skin . This melanli

is not always deposited evenly but~wcBsiona!ly I

blotc^ics and especially in the thin skin area s, such a

Che mucous membrane ol the lips and the thin skin t

the nipples.
~ ~

The cause of the melanin deposition is believed to b

the following When cortisol secretion is depressed, lb

normal negative feedback to the hypothaliunus an

antenor pituitary is also depressed, now allowing tn

mendous rates of ACTH secretion as well aS simult;

neous secretion of increased amounts ot melanociu

stimulating hormone (MSH) Probably the tremendot

amounts of ACTH cause most of the pigmenting effei

because these can stimulate formation of melanin b

the melanocytes in the same way that MSbl does Eve

though MSH has 30 times as niuch mclanocyte-stuci

lating etfect as ^CTtl^ the amounts secretM by Hi

human being are extremely small.

Diagnosfs of Acfifison's Disease. A person with thu

disease has almost no urinary secretion of steroids

derived from the adrenals Also, immunoassay of the

plasma aldosterone and competitive binding assay fsee

Chapter 741 of cortisol show either very low or untnea-

eurable values In full-blown Addison’s disease, less ihan

one tenth of the normal amount of tT-bydroxysteroidi .

which are denve^almost entirely trom cortisol secret^

by the adrenals, is excreted in the urine in a 24-hour

period However, to be certain that the person hu
Addison’s disease, ACTH is infused into the patient over

a period of 8 hours or more, and the plasma cortisol

level again measured H the Addison’s disease is taused

by total destruction of the adrenal cortices
,
Uiera^ll

1^ no increase li. on the 6thgrhand. ih'e"Addison's

disease is caused by failure of the anterior pituitary to

stimulate the adrenal cd'fiices. ad^inistrati'oh cTAti^
e^l<eraTday3 in U rCTVWfTI "cause the adrenal glands

ireaiment of Persons wllTTAtliltSDn's Disease.
The untreated person with total adrenal destruction dies

within a few days to a few weeks because of consuming
weakness and eventual circulatoty shock. Yet such a

person can usually live lor years li small quantities of

nimeralocorticoids and glucocorticoids are administered
daily—about 0 1 milligram of fludrocortisone and^S*^

inilligrams oi cortisot.

The Addisonian Crisis, As noted earlier in the

chapter, great quantities of glucocorticoids are occasion-

ally secreted in response to different types of physical

or mental stress In the person with Addison's disease,

the output of glucocorticoids does not increase dunng
stress Yet whenever different types of trauma, disease,

or other stresses such as surgical operations supervene,

» person is likely to develop an acute need for excessive

amounts of glucocorticoids, and must be given as much
as ten or more times the normal quantities of glucocor-

ticoids in order to prevent death
Hus critical need for extra glucocorticoids and the

associated severe debility m times of stress is called an

addisonian crisis

HYPIRADRINAUSM^
CUSH/HG’S SYNDROME

Hypersecretion of enrtisol by the aHrpnnl cnrtpx.causcs

a complex of hormonal effects called Cushing's direose.

and this results from either a cortisol-aecrcting tumor
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of one adrenal cortex or general hyperplasia of both

adrenai corticesi The hyperplasia in turn is usually

causcii by increased secretion of ACTH bv the anterior

pituitary oivby
‘'

ectopic^cretion" of ACTH bv a tumor
elsewhere in the body, such as an abdominal carcinoma .

Most abnonnaJiUes of Cushing’s synHroineare'asCTTBa-

ble to abnormal amounts of cortisol, but secretion of

androgens is also of significance.

ular causes severe weakness. The loss of protein synthe-
sis in the lymphoid tlss^es^ead3 to a suppressed im-

mumty system, so that many of these patients die of
mfections . i:.vea the collagen fibers in the subcutaneous
tissue arc diminished so that the subcutaneous tissues

tear easily,"resuinhg in development of large purplish
striae where the subcutaneous tissues have torn apart.

In addition, lack ofprotein depositionm the bones causes
A special characteristic of Cushing’s disease is mobi-

lization of fat from the lower part of the body, with
concomicanr extra deposition ot tat in the thor^ic and
upper abdominal regions, giving rise to a so-called

“bufialo ' torso, l ne excess secretion of steroids also leads

osteoporosis with consequent weakness of the bones .

Diagnosis and Treatment of Cushing's Disease.
Diagnosis of Cushing’s disease is most frequently made
on the basis of such typical findings as the buffalo torso,

puffiness ofthe face, mild masculinizing effects, elevated
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primary aldosteronism are occasional periods of tnu^

cular paralysis caused by the hypokalemia The
y’sisTs caused by a'flepresaani elicct of'K^kalcmia on
actlaa potential transmission bv the nerve hbers^aswaf
explained m Chapter 10

One of the diagnostic criteria of primary aldosteron-

ism 13 a dccieascd plasma remn concentration This

results from Iccdback suppression of renin secretion
caused by the excess aldosterone or by the excess extra-

cellular fluid volume and artenal pressure resulting

from the aldosteronism

Treatment of primary aldosteronism is usually sur-

gical removal of the tumor or of most of the adrenal

tissue when hyperplasia is the cause In about 30 per

cent of the treated patients, the arterial pressure fails

to return to nonnal even though plasma aldosterone

concentrations do become nonnal; this presumably re-

sults from some long-term damage to the kidneys.

ADRtNOCINTT^t SymJtOMl

An occasional adrenocortical tumor secretes excessive

quantities of androgens that cause intense masculmu-
ing effects throughout the body. If this o^urs in a
female, she develops vinle charactenstica

, including
growth of a board , a muen deeper voiceroccasionally
baldness ii sne also has tne genetic inhentance for

baldness, masculine distribution of hair on the body and

ngore 77-9. Adrenosenltal syndrome In a 4 year old boy
(Courtesy of Dr. Leonard Posey

)

on the pubis, growth of the clitoris to resemble aper
and deposition of proteins irT the skin and especially

the muscles to give typical masculine characteristics

In'tfie prepubertairnale a virilizing^drenal tun

causes the same characteristics as m the female, p
rapid development of the male sexual organs and cr

tion of male sexual desires. Typical development ofl

male sexual organs in a 4 year old boy with the adr

ogenital syndrome is shown in Figure 77-9.

In the adult male, the virilizing characteristics of the
,

adrenogenital syndrome are usually completely ob-

scured by the normal virilizing charactenstics of th(

testosterone secreted by the testes. Therefore, it is often

diflicult to make a diagnosis of adrenogenital syndrome

in the male adult.

In the adrenogenital syndrome, the excretion of 17-

ketosteroids (which are derived from androgens) inlhe

"

urmc may be as much os 10 to 15 times normal
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Insulin, Glucagon,
and Diabetes
Meliitus

The pancreas, in addition to its digestive func-

tions, secretes two important hormones, insulin

and glucagon. The purpose of this chapter is to

discuss the functions of these hormones m regu-

lating glucose, lipid, and protein metabolism, as
well as to dlscusi^riefly the IWo diseases—diabetes

meliitus and hvperinsuhnism—caused, respec-

tively, by hyposecretion of insulin and excess se-

cretion of insulin.

Physiologic Anatomy of the Pancreas. The pan-
Q'eas is composed oftwo major types of tissues , as shoivn

in Figure 78-1: the^tcini. which secrete digestive
juices into the duodenum, and (2) the isieu of Longer-
bans, which do not have any means for emptying their

secretions externally but instead secrete msuhn and
glucagon directly into the blood The digestive secretions

of the pancreas were discussed in Chapter 64
The pancreas of the human being has almost a million

islets of Langerhans, each only a hundred or so microns
in diameter and organued around small capillaries into

which its cells secrete their hormones. The islets contain

three major types of cells, the alpha, beta, and delta

cells, which are distinguished from one another by their

morphology and staimng characteristics The beta cells,

constituting about^O per cent of ail the cells, secrete

Insulin

tijure 7S— I. Physlologtc anatony of the pancreas.

insulin The alpha cells, about 25 per cent of the total,

secrete glucagon. And the delta cells, about 10 per cent
of the total, secrete a more recently discovered hormone,
somaiostaltn In addition, at least one other type of cell,

called PP cells, is present m small numbers m the islets

and secreies a hormone of doubtful function called pon-
creattc notvoeplide .

The close interrelationships among these different cel!

types in the islets of Langerhans allow direct control of
secretion ofsome of the hormones by the other hormones
For instance, insulin inhibits glucagon secretion , and
somatostatin inTiiBits the secretion oi potn insulin and
glucagon.

INSULIN AND ITS METABOLIC
EffECTS

Insulin was first isolated from the pancreas in

1922 by Banting and Best, and almost overnight

the outlook tor the severely diabetic patient

changed from one of rapid decline and death to

that of a nearly normal person.

Historically, insulin has been associated with
“blood sugar,” and, true enough, insulin does have
profound effects on carbohydrate metabolism. Yet,

it is mainly abnormalities of fat metabolism, caus-

ing such conditions as acidosis and arteriosclerosis,

that are the usual causes of death o7^a diabetic

patient. And, in patients with prolong^ diabetes,

the inability to synthesize proteins leads to wast-

ing of the tissues as well ^ many cellular lunc-

tional disordersTrherefore. it is clear that insulin

affects fat and protein metabolism almost as much
as it does carbohydrate metabolism.
Chemistry of Insulin. Insulin is a small protein with

a molecular weight of 5808 for human insulin. It is

composed of two amino acid chai ns, illustrated in Figure

78-2, connected to each otiier by disuMde linkages.

When the two amino acid chains are spiit~apart, the

functional activity of the insulin molecule is lost.

Insulin is s>'nthcsizcd in the beta ceils by the usual

cell machinery for protein synthesis as explained in

Chapter 3, beginning with translation of the insulin

RNA by nbosomes attached to the endoplasmic reticu-

923

c
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ir Scr lieu C> Vrt<

NHi

u r>r (•<> I Cl [ihi Alf l»> < >

I cu \4>C>hi Ab Iculyr leu

7&-t> tltv (uKTun Inu^ mot^cu'c

lum to form an init//m prypro/iorwionf TIiiA initial

preprohormone has u inolfcuIarwpfEhl of about 11,500,

but it is then clc-a\cd in the cndaplasmic n-ticulum to

form a protr^itlm vijth a molecular weight of about

9000 . mo^ of this is fiirthir cleaved m the fJolgi Appa-

ratus to form insulin before bein;' packnt'ed m the

secretory (^nules Ilo»e\cr. aliout one sixth of the final

secreted product is slill in the form of promsuhn Un-
fortunately. the proinsulin has no msul^ activity

NVhen msulm is secreted into the blood, it circulalen

almost entirely in an unbound form , it has a plasma
half-tifQ averaging onK almut (i minutes so that it is

mainly cleared frum the 7i7c~ulalion wilhin JO to 15

mmute.s Except for that portion of the m«utiii th.at

combines with rcceptora in^Twt^et c( IN. iltc rtmain-

der Is mainly dcBTudt^ in the li\erand toa le«*er extent

m the kidneys This rapid removal from the plniina i»

important because at times it is equally as important to

rapidly turn off as to turn on the control functions of

inauhn
To initiate its effects in target cells, insulin first binds

\Mth a membrane riKoplor protein having a molecular
iveight ofabout 300,000 This activates the nceptor that

initiates the insulin elTects, but from here the cellular

molecular mechanisma are vague The activated rccep

tors do mildly activate (he cyclic AMP s)stem of the

cell, which is believed then to act os a secvnd messenger
to promote some of the insulin effects However, most
insulin effects occur in the absence of increasesl cythe
AMP. thus suggesting other intermedioo" processes

trncT or insulin on carbohydrati
MITABOUSM

Immediately after a high carbohydrate meal.

Ci\c gi\icosc tAaC IS adsarieu? mctj fi\e AiWi' causes,

rapid secretion of invuim, which we shall discuss

m detail later in the chapter The insulin in (urn

causes rapid uptake, storage, and use of glucose

by almost all tissues of the body, but especially by
the liver, mu&clcs, and adipose tissue. Therefore,

let us discuss each of these

Iffect of Infudn on Promoting liver

UptAkc, StorAge, And Use of Glucose

One of the most important of all the cffecls of

insulin IS to cause most of the glucose absorbed

alter a meal to be stored almost immediately m
the iiver in the form of glycogen. Tlien, between
meals, when food is not available ond the blood

glucose concentration begins to fall, the liver gly-

cogen is spilt back into glucose, which is rcleas^
back into the blood to keep the blood glucose

concentration from falling too low.

The mechanism by which insulin causes glucose

uptake and storage in the liver includes several)

aioiost Bimultani-oiis step*i'

(y Insulin iiihihit-f n/iiKu/nirv/ove. the eniynic
that causes liver glycogen to yplit into gIuco«<..

This obviously prfvTTrUsWeakdown of the glycogen
that IS already in the liver adl.s

Insulin causes enhanced uptake of glt/coy..

from the bloo<l by the liver ceils it do<-s this lij"

inrrrosmg the ocliiify of ihe rncvmc g/ucotinos^

which IS the enzyme that causes the initial pho^.

phorjlalion of gluco*c after it diffuses into the

liver cell* Once phosphoryhited. the glucose jg

trapped inside (he liver c^fT because phosphoryj.

atwl glucose cannot tliHuse back through the ceji

m^brnne
(d) Insulin oIm) increases the nclivuies of the

enzymes that promote glycogen »ynth (>st8, includ-

ing pho'iphr>fnicToiut(isf {hat 'cau«cs the second
stage in tiie ptiosjihoryi.'ition of the glucosi* mo!?-
cuU* and giyi-ogca \vnthptate that is irsponsible for

poIymt‘ru,iiiuii oi th^nionosucchandc units tp

form the glycogen molecules
Tlie net effi'ct of all thew actions is to incrM^e

the amount of glycogen m the Uver, Tlve glycogen
can increase to n total of about R to C per cent of

the liver miivs. which is equivalent to almost lOo

grainsjvf stored glycogen
rtefense of Olycogen from the Liver Hetweeh

Meals. After llie meal i^over.md Uie blood gluctt«e

level liegins to fall to a low* level, .sevorul evcnt4
now transpire that cause the liver to release glu.

eose iKiek into the circulating blood;

ffie rffcrensing bfood gfucose causes tfie pan.

creas to decrease it.s insulin secretion
The laciTot itisuiin then t\»verye«~aU the effect^

listed above for glycogen storage, essentially stop-

ping further Hynlhcsis_pr glycogen in the hver’

This also prevent.^ I'urTher uptake of glucos^^'
the liver from the blood

^The lack of insulin (along with increase of

glucagon, which will be discus.sed later) activates

the enzyme phospharylase which cau.sfS the split',

ting of ply cogon into g/wmse phoaryfinte.

,3—The enzyme g/tirri^ iiboHphnfpsg causes the

phosphate rndicario split away fi^ the glucose,

and this allows the free gluca^e to diffuse back

into the blood.

Thus, the liver remove.s gluco.se from the blood

when it is present in excess after n meal and

returns it to the blood when it is needed between

meals. Ordinarily, n^ul_f>D per cent of the glucose

in the meal is stored in~thi3 wav in the liver ^d
then rciurnwnntef!
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Other Effects of Insulin on Carbohydrate
Metabolism In the Liver. Insulin also promotes

the con version of excess liver glucose into fatty

acids, anti these tatty acids arc subseguenliy Irahs-

port^ to the adipose tissue and deposited as fat.

Insulin also inhioits gluconcogcne’n.'i. It does this

mainly by deci^asiiitj the quantities and activities

of the liver enzymes required for gluconeogenesis.

However, part of the elTect is caused by an action

of insulin to decrease the release of amino acids

from mu-^cle and other cxtrahcpatic tissues, thus

decreasing the availability of the necessary pre-

cursors required for gluconeogenesis This will be

discussed further in relation to the effect of insulin

on protein metabolism.

Itfect of Insulin In Promotins Glucose

Metabolism In Muscle

During most of the day. muscle tissue depends

not on glucose for its energy but instead on fatty

acids. The principal reason for this is that the

normal resting muscle membrane is almost im -

pemie^lc to glucose except wtien tlie muscle liner

IS stimulated by insulin And, between meals, the

amount bt insulin tnai Is secreted is too small to

promote significant amounts of glucose' entryTnto

the muscle cells

However, under two conditions the muscles do

utilize large amounts oi glucose. One of these is

during periods of heavy exorcise . This usage of

glucose does not require large amounts of insulin

because exercising muscle dbers, for reasons not

understood, become highly permeable to glucose

even in the ab^tence"^ol Tnsuiin because ot The
contraction process itse lf.

ihe^^eowsi condtuon Car muiicle usage of large

amounts of glucose is during the few hours after a
meal. At this time the blood glucose concentration

is high; also, the pancreas is secreting large quan-

tities of insulin, and the extra jnsulin causes rapid

transport of glucose into tkn^uscle cells. This
causes the muscle cell durin^^hUjicriod of time
to utilize carbohydrates preferentially over fatty

acids.

Storage of Glycogen in Muscle. If the muscles
are not exercising during the period following a
meal and yet glucose is transported into the muscle
cells in abundance, then most of the glucose is

stored in the form of muscle glycogen instead of
being used for energy. However, the concentration
of muscle glycogen rarely rises much above I to 2
per cent rather than the possible 5 to 6 per cent
in liver cells. The glycogen can later be used for
energy by the muscle. This glycogen is especially
useful to provide extreme spurts of anaerobic en-
ergy for a few minutes at a time by glycolytic
breakdown of the glycogen to lactic acid, whi^
cooccur in the absence of oxygen.
yMuscle glycogen is different from liver glycogen
in that it cannot be reconverted into free glucose
and released back into the blood because there is

(mg /lOO ml

)

n^uic 7S-3. Ltleci o( In&uUn In enh&ncing the concentcAdon

of shicose Inside muscle cells. Note that m the absence of Insulin

(contrd) (he intracellular glucose concentration remained near

zero despiie vciy high extracellular glucose concenttaiions ol

glucose (from Tark. Morgan. Ka)l. and Smith, in tisenstein [ed j

The Biochemical Aspects of Hormone Action Little. Brown and

Co)

no glucose phosphatase in muscle cells, in contrast

to the liver cells.

Insulin Facilitation of Glucose Transport
Through the Muscle Cell Membrane. Insulin

promotes glucose transport into muscle cells quite

dilTcrcntly from the way it promotes transport into

liver cells. The transport into liver results mainly
from a trapping mechanism caused by phosphoryl-

ation of the glucose under the influence of gluco-

kinase. However, this is only a minor factor in the
insulin effect on glucose transport into muscle
cells. Of more importance, the insulin has a direct

eflcct on the muscle cell membrane to facilitate

glucose transport. This is illustrated by the exper-

imental results depicted in Figure 78-3. This ex-

periment was performed in muscle cells at a tem-
petature of 4* C, a temperature at vihleh glucose,

upon entering the cell, cannot be phosphorylated.
The lower curve labeled “control” shows the con-

centration of free glucose measured Inside the cell,

illustrating that the glucose concentration re-

mained almost exactly zero despite increases in

extracellular glucose concentration up to as high
as 750 mg/dl. In contrast, the curve labeled “in-

sulin" illustrates that the intracellular glucose
concentration rose to as high as 400 mg when
insulin was added. Thus, it is clear that insulin

candnerease the rate of transport of glucose into
the resting)muscle cell by at least 15- to 20-fold.

As^jointed out in the discussion ofglucose trans-
port Ihrbugh the cell membrane in Chapter 9,

glucose cannot pass through the usual membrane
pores but instead must be transported by a specific

“carrier” protein. Figure 78-4 depicts the gener-
ally accepted method by which this is achieved,
showing that when the carrier is activated by
insulin, glucose combines with the carrier and
diffuses in association with the carrier to the inside

,

of the membrane. Then the glucose is released to;

the interior of the cell. The carrier is used again;
and again, to transport additional qv

glucose. This process is called facilitated d'f'
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njure 78-4. Ut«ct of Iruunn In Increasing glucose transport In

either direcdon through the cell membrane

and it can occur in eiMcr direction as shown by
the reversible arrow^in the diagram
The manner in which insulin enhances facili-

tated dilTuston of glucose is still largely unknown
All that IS knoum is that the insulin combines
with a

“
receptor" protein in the cell membrane

—

a protein having a molecular weight of about
300.000 This may be the glucose carrier itself, or

If may be merely the first step in a chain of events

that leads to activation oflho carrier system. The
insulin increases the glucose transport within sec-

onds, suggesting cither a rapid direct action m the

cell membrane itself or some other equally rapid

mechanism

lACk of Effect of Insulin on Glucose Uptake and
Usjtge by the Bnln

The brain is quite diiTerent from most other

tissues of the body in that insulin has either little

or no elTect on uptake or use of glucose. Instead,

the bratn cells are permeable to glucose without the

inlermedtation of insulin.

me bram cells normally use only glucose for

energy Therefore, it is essential that the blood
glucose 1 evcl be maintained always above a critical

level, whicn is one ot me impotent functions of

the biood glucose control system. When the blood

glucose docs fall too low, into the range of 20 to

50 mg'dl ,
symptoms ofhypoglycemic shock develop!

characterized by progres.sivc imtabilitv that lea^
to fainting ,

convulsions, and even coma .

ElTect of Insulin on OitbohydrMe
MetAbolIsm In Other Cells

Insulin increases glucose transport into and glu-

cose usage by most other cells of the body (with
the exception of the liver and brain cells, as noted)

•he same woy that it ofTects glucose transport

through the muscle cell membrane. The transport

of glucose into adipose cells is essential for depo-

sition of fat in these cells, as will be discuss^
next.

ErncToriNSULis on fatmetabousm

Though not quite as dramatic as the acute effects

of insulin on carbohydrate metabolism, insulin

also affects fat metabolism in ways that, in the

long run, are perhaps equally as important. Espe-

cially dramatic is the long-term effect of insulin

lack m causing extreme atherosclerosis
, often lea'3'-

ing to heart attacks
, cerebral strokes, and other

vascular accidents. But, first, let us discuss the
acute etlects of insulin on fat metabolism.

Effect of Insulin Excess on Fat Synthesis

and Storage

Insulin has several different effects that lead to

fat Btorage m adipose tissue One is the simple

fa« that insulin increases the utilization ofglucose
by most of the body's tissues, which automatically
decreases the utilization of fat , thus functioning

as a "fat sparer ” However, insulin also promotes
fatty «id synthesis. Most of this synthesis occurs
in the liver cells, and the fatty aiids axe then
Iranspon^ adino^cell^ to be siored. How-
ever, asmall part of the synthesis occurs In the
fat cells themselves. The different factors that lead

to increased fatty acid synthesis in the liver in-

clude*

1. Insulin increases the transport of glucose into

the liver cells After the liver glycogen concentra-
tion increases to 5 to 6 per cent, this in itself

inhibits further glycogen synthesis. Then, all the

additional _gIuco5e entering the liver cells becomes
a\-3ilable to form fat . The glucose is hrst suiii to

pyruva^ in the glycolytic pathway, and the pyru-

vate subsequently is converted to acetyl-CoA, the

substrate from which fatty acids are synthesized.

An excess of citrate and isocitrate ions is

formed by the cifnc~acid cyHi~wHen excess

amounts of glucose a7-p~heing used for energy.
Thew ions then have a direct effect in activating

acetyl-CoA cerfeory/ose. the enzyme required to

iftiti^ the first stage of fatty acid synthesis.

3. Fatty acids are then transported in the blood

from the li%*er to the adipose cells where they are

stored.

4 Large portions of the fatty acids arc also

utilized within the liver itself to synthesize tn
-~

glycerides, the usual lorm ot storage lat. MoiT of

these are then released irom the liver ceils to the

blood in the Iip^roteins. Insulin activates lipopro-

tein lipase fn the adipose tissue, which splits the

triglycerides again into fatty acids, a requirement

for them to be absorbed into the adipose cells where
they are again converted to triglycerides and
stored.

Storage of Fat In the Adipose Cells. Insulin
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has very much the same effect in adipose cells as
in the liver in causing synthesis of fatty acids.

However, only about one tenth as much glucose is

transported into the fat cells of the human being
as into the liver, so that the amount of fatty acidis

synthesized in adipose cells is rather small com*
pared with the amount formed in the liver.

Yet, insulin has two other essential effects that

are required for fat storage in adipose cells:

L Insulin inhibits the action ofhormane-sensitive
lipase. Since this is the enzyme that causes fay-

dmlvsis of the triglycerides in fat cells, the release

of fatty acids into the circulating blood is therefore

inhibited.

2. Insulin promotes glucose transport into the fat

cells in exactly the same way that it promotes
glucose transport into muscle cells. Some of this

glucose is then utilized to synthesize fatty acids,

as noted earlier, but, more important, it also forms
another substance that is essential to the storage

of fat. During the glycolytic breakdown of glucose,

large quantities of the substance a-elvcerophos -

phaie IS lormed. ^I'his substance supplies the g7yc-

Snt that binds^ith fatty aci^ to form the tn v̂c-

6nd6a that are the storage form of fat in adipose
c^. iheretore. when insulin is not available to

^raftiote glucose entry into the fat cells, fat storage
iTalinost totally blocT^

IncrcAsed MetuboUc Use of Fet Caused by
Insulin LAck

All aspects of fat metabolism are greatly en -

hanced in the absence of insulin . This occurs even

normally between meals when secretion of insulin

is minimal, but it becomes extreme in diabetes

when secretion of insulin is almost zero, me' re-

sulting ellects are;

Lipolysis of Storage Fat and Release of Free
Fatty Acids During Insulin Lack. In the absence

of insulin, all the effects of insulin noted above

causing storage of fat are reversed. The most

important effect is that the enzyme hormone-sen^

silive lipase in the fat cells becomes strongly acti-

vated. This causes hydrolysis of the stored triglyc-

erides, releasing large quantities of fatty acids and
glycerol into the circulating blood. Consequently,

the plasma concentration of free fatty acids rises

within minutes to hours. This free fatty acid then

becomes the mam energy substrate used by essen-

tially all tissues of the body besides the brain.

^Figure 78-5 illustrates the effect of insulin Jack

on the plasma concentrations of free fatty acids,

glucose, and acetoacetic acid. Note that immedi-

ately after removal of the pancreas the free fatty

acid concentration in the plasma begins to rise,

rising considerably more rapidly even than the

concentration of glucose.

Effect of Insulin Lack on Causing a Fatly
Liver. Strange as it may seem, though insulin

lack causes dissolution of the fat stores in adipose

Days

figure 78-S. Effect oF removing the paoaeas on the concen-
trations of blood glucose, plasma tree tatty aads. and acecoacetic

"roa

tissue, it causes a great increase in the amount of

stored triglycerides m the liver, leading to a very
fatty liver. The reason is the following* The excess
of free fatty acids in the blood causes rapid diffu-

sion of fatty acids into the liver cells. Also, the
glycerol released from the adipose cells is trans-
ported at the same time into the liver. The liver

cells, unlike the adipose cells, have appropriate
enzymes for converting glycerol into a-glycero-

phosphate, and this causes rapid binding of the
fatty acids to form triglycerides. Thus, insulin lack

causes fatty acids and glycerol to leave the adipose
cells, but the liver captures a large share of the
released fatty acids and glycerol and reconverts
these to triglycerides that are mainly stored in the
liver. In this manner, the liver can store fat in
amounts equal to 30 per cent or more of its weight.

Effect of Insulin Lack on Plasma Lipid Con-
centrations. The excess of fatty acids in the liver
also promotes conversion of some of the fatty acids
into phospholipids and cholestgro i. twnnftf^^aikr
products oi lat metabolism. These two substances,
along with some of the triglycerides formed in the
liver, are then discharged into the blood in the
lipoproteins. Occasionally, the plasma lipoproteins
increase as much as threefold m the absence of
insulin, giving a total concentration of plasma
lipids of several per cent rather than the normal
06 per cent . This high lipid concentration—espe-
cially t^ high cancellation of cholesterol—leads
to rapid development ot athero^^clerosTsTirpersQns
with serious diabetes.

Kctogenic and Afcidotic Effects of Insulin
Lack. Insulin lack also causes excessive amounts
o( acetoacetic acid to be formed in the liver cells.
This results from the following effect: In the ab-
sence of insulin but in the presence of excess fatty
acids in the liver cells, the carnitine transport
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mechanism for transporting fatty acids Into the

mitochondria becomes increasingly activated. In

the mitochondria, beta oxidation of the fatty acids

then proceeds exceedingly rapidly, releasing ex-

treme amounts of acetyl-CoA. A part of this acetyl-

CoA can be utilized in the liver itself for energy,

but the excess is condensed to form acetoacetic

acid, which, in turn, is released into the circulatii^

blood. Most of this passes to the peripheral cells

where it is again converted into acetyl-CoA and
used for energy in the usual manner.
However, in the absence of insulin, the utiliza-

tion of acetoacetic acid in the peripheral tissues is

depres^d, wniie at the same time so much aceto-

'acetic acid is released from the liver that it cannot
all be metabolized by the tissues. Therefore, as
illustrated in Figure 78-5, its concentration rises

during the days following cessation of insulin se-

cretion, sometimes reaching a concentration as
high as 10 or more miiliequivalents per liter. As
was ex^latned in Chapter 68, some of the aceto-

acetic acid IS also converted into p-hydroxybulyric
acid and acetone These two substances, alongwilh
the acetoacetic acid, are called ketone bodies, and
their presence in large quantities in the body fluids

IS called ketosis We shall see later that the ace-

loacetlc acTd" and the p-hydroxybutync acid can
cause severe acidosis and coma in patients with
severe diabetes, which oflenTeads to death
Effect of Excess Plasma Fatty Acids on In-

hibiting Glucose Utilization by Cells, it is al-

ready clear that lack of insulin decreases glucose

uptake by most cells of the body and in this way
greatly depresses glucose utilization by the cells

when insulin is not available However, still an-
other effect occurs that further depresses glucose

utilization The increased fatty acids in the plasma
caused by insulin lack have an additional direct

effect on the cells themselves to depress glucose

utilization This results from the following mech-
anisms

Yitst, Vne iaWy anihs CTiter Vhe ce\W, they
are immediately split to form acetyl-CoA This
then enters the citric acid cycle and provides the

energy required by the cell.

Second, two of the important products of this

energj’ system are citrate ion and ATP. both of

which have a strong inhibitory effect on the en-
zyme p/iosplio/ructofcinasc, v«hich is a ralc-limitmg
enzyme for promoting glucose use m the cell

Therefore, use of glucose for energy almost ceases

Third, since glucose cannot be utilized by the
cell for energy, the mass law effect cau.ses glucose

uptake into the cell also to be greatly depressed.

This total process is called the glucose-fatty acid

O'c/e. Its net effect is approximately to double the
depressive action of insulin lack on cellular uptake
and utilization of glucose. This obviously is impor-
tant to prevent utilization of glucose by the cells

of the body besides those of the brain when glucose
is in short supply.

ErncT or insuun on protein metabolism
AND GROWTH

Effect of Insulin on Protein Synthesis aitd

Storage. During the few hours following a meal
when excess quantities of nutrients are available

in the circulating blood, not only carbohydrates
and fats but proteins as well are stored in the
tissues; insulin is required for this to occur. The
manner in which insulin causes protein storage is

not as well understood as the mechanisms for both
glucose and fat storage. Some of the facts known
are

1 Insulin causes active transport of many of the
ammo acids irifo the cells. Among the ammo aciils

mosi suongiy transported are leucine. ist>'

leucine, ^rosme, and phenyfalmnne. TTrasTinsUTTn
sTianS with growth hormone the capability of in-

creasing the uptake of ammo acids into cells.

However, the amino acids affected are not neces-

sarily the same ones.

2 Insulin has a direct effect on the ribosomes to

increase the translation of messenger RNA, thijs

forming ncw'prbtcms In som^unexplained wa>'.

insulin “turns on" the ribosomal machinery. In the

absence of insulin the ribosomes simply stop work-
ing. almost as if msulm operates an "on-off” mech-
anism
3 Over a longer period of time insulin also

increases the rate of transcription ofDNA in the
cell nuclei, thus fCVmihg'ihaeaited quantities bf

RNA Eventually, it also increases the rate <>f

formation of new pN

A

and thus promotes repr(>-

duction 01 cells. All these effects promote still mors
protein synthesis.

4. Insulin also inhibits the cataboUim ofproteinSt
thus decreasing the rale oi amino acid release from
the cells, especially from the muscle cells. Presum-
ably this results from some ability of the insulih

to dimmish the normal degradation of proteins by
the cellular lysosomes.

?» \ti Yhe liver, insuVm depresses the rate c^

Eiuconeonenesis. It does this by decreasing the

activity of the 'enzymes that promote gluconeogen*
esis. Since the substrates most used for synthesis

of glucose by the process of gluconeogenesis are

the plasma amino acids, this suppression of glu-

coneogenesis conserves the amino acids in the

protein stores of the body.
In summary, insulin promotes protein formation

and also prevents the degradation of proteins-

However, we still know very little about the basic

chemical mechanisms employed by insulin to

achieve these ends.

Protein Depletion and Increased Plasma
Amino Acids Caused bs' Insulin Lack. All pro-

tein storage comes to a complete halt when insuliP

is not available The catabolism of proteins ia-

creases, protein synthesT^stops, and large quan-

tities of aniino acid are dump^ into tne plasma-

'ihc"plasma ammo acid conceniraiion rises conoid'
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Figure 78-6. Effect of (a) growth hormone, (b) insutn, and (c)

growth hormone plus insulin on growth In a depancreatized and
hypophysectomized rat

erably, and most of the excess amino acids are
either used directly for energy or as substrates for

gluconeogenesis. This degradation of the amino
acids also leads to enhanced urea excretion in the
urine. The resulting protein wasting is one prihe
moirserious ot all the ei'i'ects of severe diabetes

mellltus. It can lead to extreme weakness as
as to many deranged functions ot the organs
Effect of Insulin on Growth^Its Synergistic

Effect with Growth Hormone . Because insulin

is^required tor the 8y^th^is~of proteins , it is

equally as essential for growth^tan animal as is

growth hormone This is illustrated in Figure
78-6, which shows that a depancreatized hypophy-

sectomized rat without therapy nardly ^ows at

all. Furthermore, administration of either growth
hormone or insulin one at a time causes almost no
growth . Yet a combination ot both these hormones
liues cause dramatic growth, 'inus it appears that

^ne iwo hormones function synergistically to pro-

mote growth, each performing its specific function

that is separate from the other. Perhaps part of

this necessity for both hormones results from the

fact that each promotes cellular uptake of a differ-

ent selection of ammo acids, all of which are

required if growth is to be achieved.

CONTROL OF INSULIN StCRETION

Formerly, it was believed that insulin secretion

is controlled almost entirely by the blood glucose

concentration. However, as more has been learned

about the metabolic functions of insulin for protein

and fat metabolism, it has been learned that blood

amino acids and other factors also play important
roles in controlling insulin secretion.

Stimulation of Insulin Secretion by Blood

J

Glucose. At the normal fasting level of blood

glucose of 80 to 90 mg/dl
,
the rate of insulin

secretion is minimal—in the order of 25 ng/min/kg

(buO TiUmts/min/kg) of body weight. 11 the biooa

glucose concentration is suddenly increased to a
level two to three times normal and is kept at this

high level thereafter, insulin secretion increases

markedly in two stages, as shown in Figure 78-7:

Flsure 78-7. Increase In plasma Insulin concentration following

a sudden Increase In blood glucose to two to three times the
normal range Note an Initial rapid surge In irtsulin concentration
and then a delayed but higher and continuing inuease In con-
centration beginning 1 5 to 20 minutes later.

1. Insulin secretion increases almost tenfold

within 3 to 5 minutes after acute elevation ot'THe
blood glucose ; this results Irom immediate dump-
ing ol preformed insulin from the beta cells of the
islets of Langerhans. However, this initial high
rate of secretion is not maintained; instead, it

decreases about halfway back toward normal in

another 5 to 10 minutes.

2. After about islninutes, msuHn secretion rises

a second time, reaching a new plateau in 2 to 3
hours, this time usually at a race bfsecretion even
gre^r than that in the initial phase. This secre-

tion results both from additional release of pre-

formed insulin and from activation ofsome enzyme
system that synthesizes and releases new insulin

from the cells.

Relationship Between Blood Glucose Con-
centration and Insulin Secretion Rate. As the
concentration of blood glucose rises above 100
mg/dl of blood, the rate of insulin secretion rises

rapidly, reaching a peak some 10 to 30 times the

basal level at blood glucose concentrations between
400 and 600 mg/dl, as illustrated in Figure 78-8.

Thus, the increase m insulin secretion under a
glucose stimulus is dramatic both in its rapidity

and in the tremendous level of secretion achieved.

(mg/foa ml)

nguic 78-8. Approximate Inacase In Insulin secretion at
diRncnt plasma glucose levels.
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Furthermore, the tum-ofT of insulin secretion is

almost equally as rapid, occurring within minutes
after reduction in blood glucose concentration back
to the fasting level.

This response of insulin secretion to an elevated

blood glucose concentration provides an extremely

important feedback mechanism for regulating

blood glucose concentration. That is, the rise in

blood glucose increases insulin secretion, and the

insulin in turn causes transport of glucose into the

liver, muscle, and other cells, thereby reducing the

blood glucose concentration toward the normal
value.

Other fAciors Tbut StimuMe
InfuUn Secretion

Amino Acid s. In addition to excess glucose stimulat*

ing insulin section, many of the amino acids have a
similar eftect. The most potent of these are a/gmtneand
Ivstne However, this effect differs from glucose siimu'
lailon of insulin secretion in the following way; Ammo
acida administered in the absence of a rise m blood
glucose cause only a small increase in insulin sccretlon-

However, when administered at the same time that the
blood glucose concentration is elevated, the glucose*

induced accretion oFinsulin may be as much as doubted

in the presence of the excess amino acids. Thus, the
ammo ocids very strongly potentiate the glucose alim*

ulus for insulin secretion

The stimulation of insulin secretion by ammo acida

seems to be a purposeful response because the Insulin

in turn promotes transport of the ammo acids mto the
tissue cells and also promotes intracellular formation of
protein That is, the insulin is important for proper
utilization of excess amino acids in the same way that
It is important for the utilization of carbohydrates
gastrointestinal Hormones. A mixture of several

important gastrointestinal Hormones—pastrin, secretin ,

cholccystokinin, and gastric inhibitory pcphde jwnich
seems to be the most potent oi mem ail)—wTll cause a
moderate increase in insulin secretion These hormones
ore released in the gastrointestinal tract after a person
cats a meal They then cause an “anticipatory” increase

m blood insulin in preparation for the glucose and ammo
acids to be absorbed from the meal These gastrointes-

tinal hormones almost double the rate of m&ulin secre-

tion following an average meal
Other Hormones and the Autonomic Nervous

System. Other hormones that either directly Increase

insulin secretion or potentiate the glucose stimulus for

insulin secretion include glucagon, growth hormone,
mrtisol , and to a lesser exten t and w/reyen.

The importance of the sttmulatoiy effects of the»' Iwr-

mones is that prolonged secretion of any one of them in
large quantities can occasionally lead to exhaustion of
the beta cells of the islets of Langerhans and therein
cau^e diabetes Indeed, diabetes often occurs in persons
maintained on high pharmacological doses of some of
these hormones It is particularly common m giants or
acromegalic persons with growth honnone^secreting tu-

mors or in persons who already have a diabetic tenden^
to whom glucocorticoids arc administered in high con-
centration.

Under some conditions, stimulation of either the
parasympathetic or the sympathetic nerves to the pan-

can also increase insulin secretion. However, it is

doubtful that either of these effects is of physiological

significance for regulating insulin secretion.

HOLE OF INSULIN IN “SWITCHING-
BETWEEN CARBOHYDRATE AND
LIPID Ai£r/40OI/5M

From the preceding discussions it should already

be clear that insulin promotes the utilization of

carbohydrates for energy, while it depresses the

utilization of fats. Conversely, lack of insuhn
causes fat utilization mainly to the exclusion of

glucose utilization, except by brain tissue. Fur-

thermore, the signal that controls this switching

mechanism is principally the blood glucose concen-

tration. When the glucose concentration is low,

insulin secretion is suppressed and fat is utilized

almost exclusively for energy everywhere except

in the brain; when the glucose concentration is

high, insulin secretion is stimulated, and carbo-

hydrate is utilized instead of fat until the excess

blood glucose is stored in the form of liver glycogen

or muscle glycogen. Therefore, one of the most
important functional roles of insulin in the body
is to control which of these two foods from moment
to moment will be utilized by the cells for energy-

At least four other known hormones also play

important roles in this switching mechanism:
growth hormone from the anterior pituitary gland,

cortisol from the adrenal cortex, epinephrine from
the adrenal medulla, and gfucogon from the alpha

cells of the islets of Langerhans in the pancreas.

Glucagon will be discussed in the following section

of this chapter. Both growth hormone and cortisol

are secreted in response to hypoglycemia, and both

inhibit cellular utilization of glucose while pro-

moting fat utilization; however, the effects ofMh
these hormones develop very slowly, requiring 30

minutes to several hours to become maximal.
Epinephnne is especially important in increas-

ing plasitla glucose concentration durmf-oeriods

oV sVTesa when the aympathetit nervovis system.ts

excited. ' However, epinephrine acts diffw^lly
IronTtEe other hormones in that it increases the

plasma fatty acid concentration at the same time.

The reasons for these effects are: (1) Epinephnne

has the very potent eflect ofcausing glycogenolysU

in the liver, tnua releasing lar^ quantities oi

glucose into the blood, and (2 ) it also has a direct

li*t»Iyuc eliecl on the adipose cells bemuse it dc-

tiyates a tissue tinase. thus greatly enhancing the

b/ood concentratio^of fatty adds as well .
Quanti-

tatively, the enhancement of fatty acids is far

greater than the enhancement of blood glucose.

Therefore, epinephrine especially enhances the

utilization of fat in such stressful states as exejl

else, circulatory shoclr. anxiety, and so forth .

GLUCAGON AND ITS FUNCnONS

Glucagon, a hormone secreted by the alpha cells

ofthe islets of Langerhans when the blood glucose
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concentration has several functions that are

diametrically opposed to those of insulin . Most
important of these is to mcreaso the blooH'Rlucose

concentration, an effect which is exactly opposite

to that of insulin.

Like insulin, glucagon is a largo polypeptide. It

has a molecular weight o f 3485 and is composed of

a chain of 29 amino acids. Un injection of purified

glucagon into an aninial, a profound hyperglycemic

eifect occurs. One microgram per kilogram of glu-

approximately liU mg/dl ol blood in about 20 min-

utes. For this reason, glucagon is also called hy-

perkhccmic factor,

micrs ON CLUCosi metabolism

The two major effects of glucagon on glucose

metabolism are (I) breakdown of liver glycogen

(g/jeogeno/ysisj and (2) increased f’luconeogencsis

in the liver. Both these ellects greaUy^nhance lb”e

availability of glucose to the other organs of the

body.

Clycogcnolysta and Increased Blood Glu*

cose Loncentration Caused by Glucagoni The
mbai uramauc effect oi glucagon is iis ability to

cause glycogenolysis in the hver. which in turn

inweases the blood glucose concentration within

minutes.

It docs this by the following complex cascade of

events:

1. Glucagon activates adenyl cyclase in the he-

patic cell membrane,
2. Which causes the formation of cb'clic AMP,

3. Which activates protein kinase regulator pro-

tein,
'

4. Which activates protein kinase,
5. Which activates phospfibrylase b kinase.

6. Which converts pKosphorylase b into phospko-
rylase a,

7. Which promotes the d^adation of glycogen
into glucQse-l-phosphatc.
S. Which then is dephosphorylated and the glu-

cose released from the Hver cells.

This sequence ofevents is exceedingly important
for several reasons. First, it is one of the most

thoroughly studied of all the second messenger

functions of cyclic AMP. Second, it illustrates a

cascading system m which each succeedina product
is produced in greater quantity than the preceding
Induct. 'i'faeretoTe, it represents a potent omph-

A mechanism. This explains how only i |i^g
ul glucagon can have the extreme effect of causing

hyperglycemia.
Infusion of glucagon for about four hours can

cause such intensive liver glycogenolysis that all

the liver stores of glycogen become totally de-

pleted.

Gluconeogenesis Caused by Glucagon. Even
after all the glycogen in the liver has been ex-

hausted under the influence ofglucagon, continued

infusion of this hormone still causes continued

hyperglycemia. This results from an effect of glu-
cagon in increasing the rate of gluconeogenesis in

the liver cells. Unfortunately, the precise mecha-
nism of the stimulatory effect on gluconeogenesis
is unknown, but it is believed to be activation of
the enzyme system for converting pyruvate to

phosphoenolpyruvate, a rate-Iimiting'step in glu-

raneogenests. Also, glucagon increases the extrac-

tion of amino acids from the blood by the liver

cells, thus making a greater quantity of these
available to be converted into glucose.

Other Effects of CluCAgon

Most other effects of glucagon occur only when its

concentration rises well above that normally m the
blood Perhaps the most important effect is that gluca-
gon mildly activates adipose cell lipase, making m-
creased quantities of fatty acids available to the energy
systems of the body It also inhibits the storage of

triglyccndes in the liver, which prevents the hver from
removing fatty acids from the blood; this also helps
make additional amounts of fatty acids available for the
other tissues of the body.

Glucagon m very large concentrations also (a) en-

hances the strength of the heart, (b) enhances SlTe^

Secretion, and (c) mnipiis gasinc acid sdcreuon. How-
ever. all ihese chan^t^S tite probably unimpoirant in the
normal function of the body.

REGULATION Of GLUCAGON SECRETION

Effect of Blood Glucose Concentration. The
blood glucose concentration is by far the most
potent factor controlling glucagon secretion. Note
specifically, however, that the effect of blood glu-

cose concentration on glucagon secretion is in ex-

actly the opposite direction from the effect of glu-

cose on insulin secretion. This is illustrated in

Figure 78-9, showing that a decrease in the blood
glucose concentration from its normal fasting level

of about 90 mg/dl of blood down to hypoglycemic
levels can increase glucagon secretion as well as
its plasma concentration severalfold. On the other

hand, increasing the blood glucose to hypergly-

cemic levels decreases plasma glucagon. Thus, in

hypoglycemia, glucagon is secreted in large

n^ure 78-9. Approximate plasma slucagon concentration at
different blood glucose levels



P3Z B Indocrinotosy tUid Reproduction

amounts; it then mobilizes glucose from the liver

and thereby helps correct the hypoglycemia.

Effect ofAmino Acids. High concentrations of

amino acids, as occur in fhe blood after a protein

meal (especially the amino acids alanine and or-.

gimne), stimulate the secretion of gluca^n. This
IS tne~same effect that amino acids have in stim-

ulating insulin secretion. Thus, in this instance

the glucagon and insulin responses are not oppo-

site to each other.

The importance of amino acid stimulation of

glucagon secretion is believed to be the following:

After a meal, amino acids stimulate insulin secre-

tion, and the msulm in turn causes deposition of

amino acids in cells throughout the body. However,
the insulin also tends to cause hypoglycemia at

the same time. This is partly or totally offset by
the simultaneous increase in glucagon secretion

caused by the blood amino acids because the glu-

cagon mobilizes glucose from the liver This glu-

cose also provides additional cellular energy,

which is another requirement for synthesis of pro-

teins in the tissues.

Effect of Exercise. In exhaustive exercise the

blood concentration of glucagon often increases as

much as four* to fivefold However, what causes
this IS not understood because the blood glucose
concentration does not necessarily fall. Neverthe-
less, a beneficial effect of the glucagon is that it

prevents a decrease m blood glucose. One of the
factors that might increase glucagon secretion in

exercise U increased circulating amino acids. How-
ever, other factors, such as nervous stimulation of

the islets of Langerhans, could also play a role.

SOMATOSTATIN^ITS EFFECT ON
INHIBITION OF GLUCAGON AND
INSULIN SECRETION

The riftla celU of the isleta of Langerhans secrete the
hormoni; somaloslalin , « hich is a polypeptide containing

only 14 ammo acids that has the extremely short half-

Iife in the circulating blood ofonly two minutes. Almost

somatostatin secretion These included) increased blood
pluco^, (2) increased ammo acids, (3) incroaseti lattv

acids, and (4j increased conccntratioas of several of the

gastrointestinal hormones released from the upper gas-

trointcsunal tract itTrcanonse tn lood intake .

In turn, somatostatin has multiple inhibitory cfTecta

ns follows.

d) Somatostatin acts locally wthin the islets of Lan-
gerhans Ihemseives to depress the secretion of both
insulin and glucagon.

(21 Somatostatin decreases the motility ofthe stomach,
the duodenum, and Uw: gaubtauucr

13) Somatostatin decreasw both secretion and abrorp-
tion in the pastr«)inu"'iinal imrt-

rutung all this information together, it has been
suggested that the prinapat role of somatostetin is to
cause slowing of the assimilation of food from the gut
That is, following ingestion of a meal multiple factors

somatostatm secretion: the somatostatin then

extends the period of time over which the food nutrients

are assimilated into the blood. At the same time, the

effect of somatostatin to depress insulin and glucagon

secretion decreases the utilization of the absorbed nu-

trients by the tissues, thus preventing rapid exhaustion

of the food and therefore making it available over a

longer period of time

It should also be recalled that somatostatin is the
same chemical substance as growth hormone inhibitory

hormone that is secreted in the hypothalamus and is

transported to the anterior pituitary gland to suppress
growth hormone secretion

PANCREATIC POLYPEPTIDE

The islets of Langerhans also secrete a fourth hor-
mone. pancreatic polypeptide, secreted by the PP cells.

Unfortunately, the functions of this hormone are mainly
unknown, though recent experiments suggest that it

might play a role \n controlling certain gastromtcstmal
functions Pancreatic polypeptide is mentioned here
merely to emphasize that many fimctions of the islets

of Langerhans are yet to be discovered.

SUMMARY or BLOOD GLUCOSE
REGULATION

In the normal person the blood glucose concen*
tration is very narrowly controlled, usually in a
range between 80 and 9P mg/dl of blood in the
fasting person each mominc before arealctaat. -i his

concentration increases to 120 to 140 mg/dl during
the first hour or so following'^, meaI7 but the
feedback sysiernTTor control orbTo'bd'glucose re-

turn the glucose concentration very rapidly back
to the control level, usually within two hours after
the last absorption of carbohy^ratcsrConversely,
m starvation the gluconeogenesis function of the
l iver provides the glucoselhat is required to_majn-
tain the fasting blood glucose level.

‘ffi^me^anisms for achievTn^tfils high degree
of control have been presented in this chapter. Let
us summarize these briefly:

1. The liver functions as a very important blood
glucose-buffer system That is, when the blood
glucose rises to a very high concentration following

a meal and the rate of insulin secretion also in-

creases, as much as two thirds of the glucose

obsorbed from the gut is almost immediately
stored in the liver in the form of glycogen Then,
during the succeeding hours, when both the blood
glucose concentration and the rale of insulin se-

cretion fall, the liver releases the glucose back into

the blood. In this way, the liver decreases the
variations in blood glucose concentration by about
threefold. In fact, in patients with severe liver

disease, it becomes almost impossible to maintain
a narrow range of blood glucose concentration.

2. It is very clear that ^th insulin and glucagon
function as important and separate feedback con-

trol systems for maintaining a normal blood glu-

cose concentration. VfTien the concentration rises
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to a level too high, insulin is secreted; the insulin

in turn causes the blood glucose concentration to

decrease toward normal. Conversely, a decrease in

blood glucose stimulates glucagon secretion; the
glucagon then functions in the opposite direction

to increase the glucose up toward normal. Under
roost normal conditions, the insulin feedback
mechanism is much more important than the glu-

cagon mechanism, but in instances of diminished
^ucose intake or excessive utilization of glucose

glucagon mechanism is very valuably
3. Also, in hypoglycemia, a direct effect of low

blood glucose on the hypothaljimus sumulatgSTlie
Sym^thetic nei^’ous sys^m^In turn, the epineph -

rine secreted b^^the adrenal glands caus^ still

iurther release of glucose from the liver This. too.

helps protect against severe hypoglycemia
4. And, finally, over a period of hours and days,

both growth hormone and cortisol are secret^ m
response to prolonged hypoglycemia, and they hoth
det:rgasc~lh6 fate of glu^c utilization by most

cells of the body. This, too. helps return the blood

glucose concentration toward normal.
Importance of Blood Glucose Regulation.

One might ask the question- Why is it so important
to maintain a constant blood glucose concentra-
tion, particularly since most tissues can shift to

utilization of fats and proteins for energy in the

absence of glucose? The answer is that glucose is

the only nutrient that normally can be utilized by
the brain, retina, and germinal epithelium of the

gonads in sufficient quantities to supply them with
their required energy. Therefore, it is important
to maintain the blood glucose concentration at a
sufficiently high level to provide this necessary

nutrition.

Most of the glucose formed by gluconeogenesis

during the fnterdrgestive period is used far metab-
olism in the brain. Indeed, it is important that the

pancreas not secrete any insulin during this time,

for otherwise the scant supplies of glucose that are

available would all go into the muscles and other

peripheral tissues, leaving the brain without a
nutritive source.
On the other hand, it is also important that the

blood glucose concentration not rise too high for

three reasons: First, glucose exerts a large amount
of osmotic pressure in the extracellular fluid, and,

if the glucose concentration rises to excessive val-

ues, this can cause considerable cellular dehydra-
tion. Second, an excessively high level of blood

glucose concentration causes loss of glucose in the

urine. And third, this causes osmotic diuresis ^
the kidneys, which can deplete the body of its

fluids and electrolytes.

diabetes MELLITUS

Etiology. Diabetes mellitus is caused in almost all

instances by diminished rates of secretion of insulin by

the beta cells of the islets of Langerhans. It is usually
divided into two different types: juvenile diabetes that
usually, but not always, begins m early life, and matu-
nty-onset diabetes that usually, but not always, begins
in later life and mainly in obese persons.

Heredity plays an important role m the development
of both these types of diabetes. The juvenile type is

usually rapid in onset and seems to result From heredi-
tary predisposition to (a) development of antihodres
against the beta cells, thus causing autoimmune de-
structioiTof iKese, to> po^ibie destruction ofTHc~bgta
ceils by viral disease, or (c) possible simple degeneration
brfhese cells.

^

The matunty-onset type of diabetes seems to result
from degeneration or suppression of the beta cells as a
result of more rapid aging in susceptible persons than
m others. Obesity predisposes to this type of diahstea.

probably for two dillerent reasons: (1) Thou^ the cause
is not understood, in obesity the beta cells of the islets

of Langerhans become less responsive to stimulation by
increased blood glucose. Therefore, the surge of insulin
secretion following a meal is less marked m obese
persons. (2) Obesity also greatly decreases the number
ofinsulin receptors in the insulin target cells Uiroughout

the Dody i-or these reasons, increased Quantitms of

insulin are required to have the same metabolic effects

in obese persons as in nonobese persons. Therefore, in

most persons who have the obesity type of dia^tes, the
condition can often be treated simply by dietary control

of the obesity itself.

PATHOLOGICAL PHYSIOLOGY OF
DIABETES MELLITUS

Most of the pathology of diabetes mellitus can be
attributed to one of the following three major effects of
insulin lack. (1) decreased utilization of glucose by the
body cells, with a resultant increase in blood glucose
concentration to as high as 300 to 1200 rng/dl; (2)

markedly increased mobilization of fata from the fat

storage areas, causing abnormal fat metabolism as well
as deposition of lipids m vascular walls to cause athe-
rosclerosis; and (3) depfetion of protein in the tissues of
the body.

However, in addition, some special pathological phys-
iological problems occur in diabetes mellitus that are
not so readily apparent These are

Loss of Glucose in the Urine of the Diabetic
Person. Whenever the quantity of glucose entenng the
kidney tubules in the glomerular filtrate nses above
approximately 225 rog per minute, a significant propor-
tion of the excess glucose then cannot be reabsorbed and
instead spills into the unne. This normally occurs when
the blood glucose level nses over 180 mg/dl, which is

called the blood 'threshold” for the appearance ofglucose
in the urine. When the blood glucose level rises to 300
to SOO mg/dl—common values m persons with severe
untreated diabetes—a hundred or more grams ofglucose
can be lost into the unne each day.

Dehydrating Effect of Elevated Blood Glucose
Levels in Diabetes. Blood glucose levels as high as
1200 mg/dl, 12 times normal, can occur under certain
conditions in extreme diabetes. Yet the only significant
effect of the elevated glucose is dehydration of the tissue
cells, for glucose does not diffuse easily through the
pores of the cell membrane, and the increased osmotic
presure in the extracellular fluids ca

fer of water out of the cells.
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In addition to the direct dehydrating efTect ofexcessive

glucose, the loss of glucose in the unne causes osmotic

diuresis because the osmotic effect of glucose in the

tubules prevents tubular reabsorption of fluid. The over-

all effect is dehydration of the extracellular fluid, which
then causes compensatory dehydration of the intracel-

lular fluid for reasons discuss^ in Chapter 33. Thus,

one of the important features of diabetes is a tendency

for both extracellular and intracellular dehydration to

develop, and these arc also often associated with cireu-

lalorv shock. '

Acidosis in Diabetes. The shill from carbohydrate

to fat metabolism in diabetes has already been discussed.

\Mien the body depends almost entirely on fat for energy,

the level of ocetoacetic acid and p-hydroxybutync acid

in the body fluids may rise from 1 fnT\q/liter to as high
as lO^mEo/liter. This, obviously, is likely to result in

acidosis.

A second effect, which is usually even more important
in causing acidosis than is the direct increase in keto

acids, IS a decrease in sodium concentration caused by
the following effect: Keto acids have a low threshold for

excretion by the kidneys, thcretore, when the^to acid

level rises in uiaoetea, as much as lOQ to 200 grama of

keto acids can be excreted jn the unne each day Because
these are strong acids, having a pK averaging 4 0 or

less, very little of them can ^ exCTeted in the acidjc

form but instead is excreted combined' with ^luro
dirive? from the extracellular fluid As a result, the
sodium concentr^on in tlie extracellular fluid usually

decreases, and the sodium Is replaced by increased
quanlitiea of hydrogen ions, thus adding greatly to the

^dos is

Obviously, all the usual reactions that occur in met-
abolic acidos is take place in diabetic acidosis. TR^e
include ramd and deep breathing called “Kussnuiul

reapiralion , v.mctnau8e3Txce8aive expiration ofearhon
dioxide, and marked decrease in bicorbonote eonlent^
the extracellulSF iimas Likewise, hirge guon'/iTtcs' of
chloride ion arv excreled ffv the kidneys aa^an additional

compensatory mechanism i'or correction of the acidosis

Though these extreme effects occur only in the most
severe instances of uncontrolled diabetes, they can lead

to acidotic coma and death within hours when they do
occur The overall changes m the electrolytes of the

Wood as a resuW ol severe diabetic acidosis are illus-

trated in Figure 78-10.

Relationship of Other Diabetic Symptoms to the
Pathological Physiology of Insulin Lack, Pohuria
(excessive elimination of urinel, polydipsia ^excessive

drinking of water), polyphagia (excessive eating), loss of
weight, onA aathenia ( lack of energy) are the earliest

sym^oms of diabetes As explained, the polyuria is due
to the osmotic diuretic e ffect of glucose In the kt^y
tubules In turn, the polydipsiajsJuejQjicliySratBn
resulting from polyuria^ The failure of glucose (and

pTBtefn) utillration by the body causes loss of weight

and a tendency idw'ard^poly^ngia The asthenia appar-
cntly also is caused mainly by loss ofbody oroteiiu

‘

PHYStOlOCY Of DMCV05/S

The usual methods for diagnosing diabetes are based

on various chemical tests of the unne and the Mood.
Urinary Sugar. Simple office tests or more compli-

cated quantitative laboratory tests may be used for

.Ing the quantity of glucose lost m the unne In

nguic 7g-IO. Changes In blood constituents In diabetic com;
showing normal values (light bars) and diabetic values (dark bars]

general, the normal person loses undetectable amount!
of glucose, whereas the diabetic loses glucose in small

to large amounts, m proportion to the severity ofdisease

and the intake of carbohydrates (However, a condition

known as renal glycosuria someUmes occurs even vr

persons without diabetes mellitus This condition results

from a low tubular maximum for glucose, as explained
in Chapter 38, so that even though the blood glucose

level IS perfectly normal, a large quantity of glucose

may stil) be lost ip the unne )

The Fasting Blood Glucose Level. The fasting blood

sugar level m the early morning, at least eight hours

after any previous meal, is normally 80 to 90mg/dl. and
no mg/d) IS generally considered to be the upper limit

of normal A fasting blood sugar level above this value

often indicates diabetes mellitus or, less commonly,
either pituitary diabetes or adrenal diabetes
The Glucose Tolerance Test. As illustrated by the

bottom curve m Figure 78-11, when a normal, fasting

person ingests 1 gram of glucose per kilogram of body

weight, the blood glucose level rises from approximately

90 rog/d! to 120 to 140 mg/dl and falls back to below

normal within about two hours
Though an occasional diabetic person has a normal

fasting blood glucose concentration, it is usually above

110 mgi/dl and the glucose tolerance test is almost always

abnormal On ingestion of glucose, these persons exhibit

a much greater than normal nse m blood glucose level,

as illustrated by the upper curve in Figure 78-11: the

glucose level falls back to the control value only after

some four to six hours, and it fails to fall below the

control level This slow fall of the curve and its failure

to fall below the control level illustrates that the normal
increase in insulin secretion following glucose ingestion

does not occur in the diabetic person, and a diagnosis of

diabetes mellitus can usually be definitely established

on the basis of such a curve
Acetone Breath. As pointed out in Chapter 66. small

quantities of acetoacctic acid, which irereasc greatly m
severe diabetes, can be converted to acetone, which is

volatile and is vaporized into the expired air. Conse-

quently, one frequently can make a diagnosis ofdiabetes

mellitus simply by smelling acetone on the breath of a

patient Also, keto acids can be detected by chemical
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means in ihe urine, and their quantitation aids m
determining the sc% enty of the diabetes

TREATMENT OF DIABETES

The theory of treatment of diabetes incllilus is to

administer enough insulin so that the patient will have

as nearly normal carbohydrate, fat. and protein roctab-

oliim as possible. Optimal therapy can prevent most

acute clTects of diabetes and greatly delay the chronic

effects os well.

Insulin is available in several different forms “Reg-

ular" insulin has a duration of action lasting from 3 to

8 hours, whereas other forms of insulin (precipitated

with zinc or with various protein dcnvaiiiesi are ab-

sorbed slowly from the injectate site and therefore have

effects that last as long as 10 to 48 hours Ordinarily.

Ihe severely diabetic patient is given a singic dose of

one of the longer-acting insulins each day: this increases

overall carlwhydratc metabolism throughout the day

Then additional quantities of regular insulin arc given

at those times of the day when the blood glucose level

tends to rise too high, such as at meal times Thus, each

patient is established on an individualized pattern of

treatment.

Diet of the Diabetic. The insulin requirements of a

diabetic are established with the patient on a standard

diet containing norma!, well-controlled amounts of car-

bohydrates, and any change in the quantity of carbo-

hydrate intake changes the requirements for insulin In

the normal person, the pancreas has the ability to adjust

the quantity of insulin produced to the intake of carb^

hydrate; but in the completely diabetic person, this

control function is totally lost.

In the obesity matunty-onset type of diabet^, the

disease can often be controlled by weight reduction

alone. The decreased fat reduces the insulin require-

ments, and the pancreas can now supply the need.

Control of the Diabetic Patient in Fever and
Exercise. Any abnormal state of metabolism ijjthc

diabetic patient alters the insulin requirement Thus,

fever, severe infection, and so forth frequently increase

the requirement for insulin immensely, and failure to

give the extra insulin can cause diabetic coma.

On the other hand, exercise frequently has ex^tly

the opposite effect on insulin requirement, often rcmc-
ing the requirement below that usually needed. The
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peculiar reason for this is that increased muscle activity

increases the transport of glucose into the muscle cells

even in the absence of insulin. Thus, exercise acttiallv

has an insultn-hke effect. It is often remarked that

children with severe diabetes require less insulin to

control It if they live a very active life than if they lead

an ovcrprotectcd lii'c-l -

Itelationship of Treatment to Arteriosclerosis. Di-

abetic patients, mainly because of their high levels of

circulating cholesterol and other lipids, develop athero-

sclerosis, arteriosclerosis, severe coronary heart disease,

and multiple microcirculatorv lesions tar more easily

than do normal persons. Indeed, those who have rela-

tively poorly controlled diabetes throughout childhood

arc likely to die of heart disease in their twenties.

In the early days of treating diabetes it was the

tendency to reduce severely the carbohydrates in the

diet so that the insulin requirements would be mini-

mized This procedure kept the blood sugar level down
to normal values and prevented loss of glucose in the

unne. but it did not prevent the abnormalities of fat

metallism. Consequently, there is a tendency at pres-

ent to allow the patient an almost normal carbohydrate

diet and then to give simultaneously large quantities of

insulin lo metabolize the carbohydrates This depresses

the rate of fat metabolism and also depresses the high

level of blood cholesterol

Because the complications of diabctes^such as athe-

rosclerosis, greatly increased susceptibility to infection,

diabetic retinopathy, cataracts, hypertension, and
chronic renal disease—are more closely associated with

the level of the blood lipids than with the level of blood

glucose, It 18 the object of many clinics treating diabetes

to administer sufficient glucose and Insulin so that the

quantity of blood lipids becomes normal.

DIABETIC COMA

If diabetes is not controlled satisfactorily, severe de-

hydration and acidosis may result, and sometimes, even

when the person is receiving treatment, sporadic

changes in metabolic rates of the cells, such as might

occur during bouts of fever, can also precipitate dehy-

dration and acidosis

If the pH of the body fluids falls below approximately

7.0, the diabetic person is likely to develop coma Also,

in addition to the acidosis, dehydration is believed to

exacerbate the coma Once the diabetic person reaches

this stage, the outcome is usually fatal unless immediate

treatment is provided.

Physiological Basis of Treating Diabetic Coma.

The patient with diabetic coma is extremely refractory

to insulin because acidic plasma has an insulin antgg-

omst. an^lpha globulin,

"

that opposes the action of the

insulin. Also, the very high free fatty acid and aceto-

acetic acid levels in the blood inhibit cellular usage of

glucose, as was discussed earlier. Therefore, instead of

the usual 60 to 80 units of insulin per day, which is the

dosage usually necessary for control of severe diabetes,

several times this much insulin must often be given the

first day of treatment of coma
Administration of insulin alone is not likely to be

sufficient to reverse the abnormal physiology and to

effect a cure. In addition, it is usually necessary to

correct both the dehydration and acidosis immediately.

The dehydration is ordinarily corrected rapidly by ad-

ministering large quantities ofsodium chloride solution,
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and the acidosis is often corrected by administering

sodium bicarbonate or sodium lactate solution.

HYPERINSULINISM

Though much rarer than diabetes, increased insulin

production, which is known as hyperinsulinism. does

occasionally occur. This usually results from an ade-

noma of an islet of Langerhans. About 10 to 15 per cent

of these adenomas are malignant, and occasionally me-
tastases from the islets of Langerhans spread through-

out the body, causing tremendous production of insulin

by both the primary and the metastatic cancers Indeed,

m order to prevent hypogljcemia, in some of these

patients more than 1000 grams of glucose have had to

be administered each 24 hours.

Diagnosis of hypennsulinism is made with assurance

by measuring very high levels of plasma insulin using

the radioimmunoassay procedure—especially when the

insulin remains high constantly throughout the day and
without rising significantly with increased carbohydrate

intake

Insulin Shock and Hypoglycemia. As already em-
phasized, the central nervous system derives essentially

all its energy from glucose metabolism, and insulin is

not necessary for this uso of glucose. However, if insulin

causes the level of blood glucose to fall to low values,

the metabolism of the central nervous system becomes
depressed Consequently, in patients with hypennsulm-
ism. or in diabetic patients who administer too much
insulin to themselves, the syndrome called 'insulin

shock" may occur as follows

As the blood sugar level falls into the range of 50 to

70 mg/dl, the central nervous system usually becomes
quite excitable, for this degree of hypoglycemia seems
to facilitate neuronal activity Sometimes various forms
of hallueinacions result, but mare often the patient

simply experiences extreme nervousness, trembles all

over, and breaks out in a sweat As the blood glucose

level falls to 20 to 50 mg/dl, clonic convulsions and loss

of consciousness are likely to occur. As the glucose Ictcl

falls still lower, the convulsions cease, and only a state

of coma remains Indeed, at times it is difficult to

distinguish between diabetic coma as a result of insulin

lack and coma due to hypoglycemia caused by excess

insulin However, the acetone breath and the rapid,

deep breathing of diabetic coma arc not present in

hypoglycemic coma
Obviously, proper treatment for a patient who has

hypoglycemic shock or coma is immediate intravenous
administration of large quantities of glucose This usu-
ally brings the patient out of shock within a minute or
more Also, administration of glucagon (or, less effec-

tively, epinephnne) can cause glycogenolysism the liver

and thereby increase the blood glucose level extremely
rapidly.

If treatment is not effected immediately, permanent
damage to the neuronal cells of the central nervous
system occurs, this happens especially in prolonged
hypennsulinism due to pancreatic tumors.
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Parathyroid
Hormone^ Calcitonin,

Calcium and
Phosphate
Metabolism, Vitamin

D, Bone, and Teeth

The physiology of parathyroid hormone and of
the hormone calcitonin is closely related to calcium
and phosphate metabolism, the function ofvitamin

I

D, and the formation of bone and teeth. Therefore,
these are discussed together in the present chapter.

CALCIUM AND PHOSPHATL IN THE
EXTRACELLULAR FLUID AND
PLASMA--FUNCTION OF VITAMIN D

ABSORPTIOS AND EXCRETION OF
CALaUM AND PHOSPHATE

Intestinal Absorption of Calcium and Phosphate.
Calcium is poorly absorbed form the intestinal tract

because of the relative insolubility of many of its com-
pounds and also becaxise bivalent cations are poorly
absorbed through the intestinal mucosa anyway. On the
other hand, phosphate is absorbed exceedingly well most
of the time except when excess calcium is in the diet,

the calcium tends to form almost insoluble caldiun
phosphate compounds that fail to be absorbed but in-

stead pass on through the bowels to be excreted in the
feces.

ExcreUon of Calcium in Feces and Urine; Net
Rate of Absorption. Above five sixths of the daily
intake of calcium is excreted in the feces, and the
remaining sixth in the urine. The approximate daily
tumo\ er rates for calcium in the adult are the following:

Intake 800 tag
Intestinal absorption 350 mg.
Secretion in gastrointestinal juices 190 mg.
Net absorption over secretion 170 mg.
Loss in the feces 630 mg.
Excretion m the urine 170 rog.

Excretion of calcium in the urine conforms to much
the same principles as sodium excretion. All but a few

per cent of the calcium in the glomerular filtrate is

reabsorbed in the proximal tubules and ascending limbs

of the loops of Henle. Then in the distal tubules and
collecting ducts, further reabsorption of the remaining

calcium IS very selective, depending upon the calcium

ion concentration m the blood ^Vhen low, this reabsorp-

tion is very great so that almost no calcium is lost in

the unne On the other hand, even a minute increase

in calcium ion concentration above normal increases

calcium excretion markedly We shall see later m the

chapter that one of the most important factors control-

ling reabsorption of calcium in the distal portions of the

nephron, and therefore controlling the rate of calcium

excretion, is parathyroid hormone
Intestinal and Urinary Excretion of Phosphate.

Except for the portion of phosphate that is excreted in

the feces in combination with calcium, almost all the

dietary phosphate is absorbed into the blood from the

gut and later excreted in the unne
Phosphate is a threshold substance, that is, when its

concentration in the plasma is below the critical value
of approximately I millimole/Iiter, no phosphate at all

is lost into the unne; but, above this cntical concentra-

tion, the rate of phosphate loss is directly proportional

to the additional increase. Thus, the kidney regulates

the phosphate concentration in the extracellular fluid

by altering the rate ofphosphate excretion in accordance
with the plasma phosphate concentration.

Howe\er, as discussed later in the chapter, phosphate
excretion by the kidneys is greatly increased by para-
thyroid hormone, thereby playing an important rote in

the control of plasma phosphate concentration.

VITAMIN D AND ITS ROU IN CALCIUM
AND PHOSPHATEABSORPTION

Vitamin D has a potent effect on increasing

calcium absorption from the intestinal tract; it

also has important effects on both bone deposition

937
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and bone reabsorption, as will be discussed later

in the chapter. However, vitamin D itself is not

the active substance that actually causes these

effects. Instead, the -vitamin D must first be con-

verted through a succession of reactions in the

liver and the kidney to the final active product,

1^5-dihydroxycholecaiciferol (also called 1,25-

(0H)2-D3). Figure 79-1 illustrates the succession

of steps that leads to the formation of this aub-

stance from vitamin D. Let us discuss these steps.

The Vitamin D Compounds. Several different

compounds derived from sterols belong to the vi-

tamin D family, and all these perform more or less

the same functions. The most important of these,

called vitamin Dj, is cholecalciferol. Most of this

substance is formed m the skin as a result of

irradiation of T-dehydrockolesierol by ultraviolet

rays from the sun. Consequently, appropriate ex-

posure to the sun prevents vitamin D deficiency.

The vitamin D compounds in the food are identical

to cholecalciferol except for the substitution of one
or more atoms that do not affect their function.

Conversion of Cholecalciferol to 25-Hy-
droxycholccalclfcrol in the liver and Its Feed-
back Control. The first step in the activation of

cholecalciferol is to convert it to 25-hydroxychoIc-

calciferol; this occurs in .the liver. The process,

however, is itself a limited one because the 25-

hydroxycholecalciferol has a feedback inhibitory

effect on the conversion reactions. This feedback

effect is extremely important for two reasons:

First, the feedback mechanism regulates very
precisely the concentration of 25-hydroxycholecaI-

ciferol in the plasma, an effect that is illustrated

Cholecalciferol (Vitomm D3)

1
UVER

25 -Hydroxyeholecalcirerol —

KIONCr

Activation

1

PARATHYROID
HORMONE

1,25-

Calcium. Colcium- Alkolma
binding stimulolad phosphatas*
ptoltw ftTPast

j

Intestinal obsorptlan af calcium

Ptoema toleium left toftteniTalloB--

ngure 79-1 . Activatton of vitamin D, (O form IJS-dllydmiy.
ehelecilcIferoL and the n^e of vitamin D In controHing the piasina

calcium concerittatlon.

figure 79-2. Effect of Increasing vitamin 0, Intake on th

plasma concentration of 25.hydroxycholecalciferol This figun

shows that nemendous changes In vitamin D Intake have I>r]<

eifeci on Ihe Anal quantity of activated vitamin D that d formed

in Figure 79-2. Note that the intake of vitamii

Dj can change manyfold, and yet the coneentratior

of 25>hydroxycholccalcifero] still remains within t:

few per cent of its normal mean value. Obviously
this high degree of feedback control prevents ex
cessive action of vitamin D when it is present ir

too great a quantity.

Second, this controlled conversion of vitamin 0;
to 25-hydroxycholecalciferol conserves the vitamlr

D for future use, because once it is converted, il

persists in the body for only 2 to 6 days thereafter,

whereas in the vrtomin D form il can be stored ir

the liver for as long as several months.
Formation of 1,25-DihydroxychoIccaIciferol

in the Kidncya and Its Control by Parathyroid
Hormone. Figure 79-1 also illustrates the con-

version in the kidneys of 25-hydroxycholecalciferoI
to 1,25-dihydroxycholecalcirerol. This latter sub-

stance is by far the most active form ofvitamin D,

for the previous products in the scheme of Figure
79-1 have relatively little vitamin D effect. There-
fore, in the absence of the kidneys vitamin D loses

much of its effectiveness.

Note also in Figure 79-1 that the converison of

25-hydroxycholec8Jciferol to 1,25-dihydroxychole-

calcirerol requires parathyroid hormone. In the

absence of this hormone, either none or almost
none of the 1,25-dihydroxycholecalciferol is

formed. Therefore, parathyroid hormone exerts a

potent effect in determining the functional effects

of vitamin D in the body, specifically its effects on
calcium absorption in the intestines and its effects

on bone.

Effect ofCalcium Ion Concentration on Con-
trol of the Formation of 1,25-Dihydroxychole-
calciferol. Figure 79-3 illustrates that the plasma
concentration of 1,25-dihydroxycholecalciferol is

inversely affected by the concentration of calcium
in the plasma. There are two reasons for this.

First, the calcium ion itself has a slight effect m
prevention of the onversion of 25-hydroxychole-
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Hture 79>3. Ufect of pLunu Ulcium concentr4tk>n on the

plastniconcenu^oonoT (^S'dihydroitychoIecAlcifetof ThisAsufe
shows th4t « very sVsht decieave In uiclum coneenuiuon bcfow
nomul uuses muked locnutlon of «cs^4led vlumln D which m
turn k^s to steaily Inaeised Absorpnon of uldum front the
intaSne.

calciferol to l,25>dih>‘droxhcholccalcirorol Second,
and even more important, os uc shall sec later in

the chapter, the rate of secretion of parathyroid
hormone is greatly suppressed v.hcn the plasma
calcium ion concentration rises above 10 mgMl.
Parathyroid hormone promotes the conversion of

25*hydroxycholecalciferol to l,25*<lihy<lroxychole-

calciferol in the kidney; however, when parathy-
roid hormone is suppressed, the ^-hydroxychole-
calciferol is converted to a slightly different

compound—24,25-dih>droxycholecalciferol— that
has very little vitamin D eficct.

Therefore, when the plasma calcium concentra-
tion is already too high, the formation of 1,25-

difiydroxycholccarcifcrol is greatiy depressed. Lack
of this in turn decreases the absorption of calcium
from the intestines, from the bones, and from the

renal tubules, thus causing the calcjum ion con-

centration to fall back toward its normal level.

“Hormonal” Effect of 1,25-DlhydroxycboIe-
colciferol on the Intestinal Epithelium in Pro-
moting Calcium Absorption. 1,25-Dihydroxy-

cholecalciferol itself functions as a “hormone” to

promote intestinal absorption of calcium. The most
important mechanism of this effect is that this

hormone causes formation of a calcium-binding
protein in the intestinal epithelial cells. This pro-

tein functions in the brush border of these cells to

transport calcium into the cell cytoplasm, and the

calcium then moves through the basolatcral mem-
brane of the cell, probably by facilitated diffusion.

The rate ofcalcium absorption seems to be directly

proportional to the quantity of this calcium-bind-

ing protein. Furthermore, this protein remains in

the cells for several weeks after the 1,25-djhy-

droxycholecalciferol has been removed from the
body, thus causing a prolonged effect on calcium
absorption.

Other effects of this “hormone,” 1,25-dihydroxy-
cholccaJciferol, that might play a role in promoting
calcium absorption are (1) it causes the formation
of a calcium-stimulated ATPase in the brush bor-
der of the epithelial cells; and (2) it causes the
formation of an alkaline phosphatase in the epi-

thelial cells. Unfortunately, the precise details of
calcium absorption are still unknown.
Effect of Vitamin D on Phosphate Absorp-

tion. Much less is knowm about the effect of vita-

min D on phosphate absorption than on calcium
absorption. Also, this is much less important be-

cause phosphate is usually absorbed relatively

easily anyway. Howev’er, phosphate flux through
the gastrointestinal epithelium is enhanced by
vitamin D. It is believed that this results from a
direct effect of 1.25-dthydroxycholccalciferoI, but
it is possible that it results secondarily from this

hormone's action on calcium absorption, the cal-

cium in turn acting as a transport mediator for

the phosphate.

THt CALCIUM IN THl PLASMA
AND INTlRSmiAL FLUID

The concentration of calcium in the plasma av-

erages opproximately 9.4 mg/dl, normally varying
between 9.0 and lO.O mg/dl. This is equivalent to

approximately 2.4 millimoles per liter. It is appar-

ent that the calcium level in the plasma is regu-
lated within very narrow limils—and mainly by
parathyroid hormone, as discussed later in the
chapter.

The calcium in the plasma is present in three

different forms, as shown in Figure 79-J. (1) Ap-
proximately 40 per cent (I.O mhl/liter) of the cal-

cium is combined with the plasma proteins and
consequently is nondiffusible through the capillary

membrane. (2) Approximately 10 per cent of the

rigure 79—4. OlstribuHon of Ionic calcium (Ca**). diffusible but
iBi-lonUed CAlclum {Ca AT), and calcium proteinate (Ca Proi) In

blood i^asma.
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calcium (0.2 mM/liter) is diffusible through the
capillary membrane but is combined with other

substances of the plasma and interstitial fluids

(citrate and phosphate, for instancel in such a
manner that it is not ionized. (3) The remaining

50 per cent of the calcium in the plasma is both
diffusible through the capillary membrane and
ionized. Thus, the plasma and interstitial fluids

have a normal calcium ion concentration of op-
proxxmately 1 2 mMlliter, a level only one half the

total plasma calcium concentration. This ionic cal-

cium is important for most functions ofcalcium in

the body, including the effect of calcium on the

heart, on the nervous system, and on bone forma-

tion

THE INORGANIC PHOSPHATE
IN THE EXTRACELLULAR FLUIDS

Inorganic phosphate in the plasma is mainly in

two forms- HPO«~" AND H*PO<“. The concentra-

tion ofHP04
"

is approximately 1.05 mM/liter and
the concentration of HjPO<“ approximately 0.26

mM/liter. When the total quantity of phosphate m
the extracellular fluid rises, so does the quantity

of each of these two types of phosphate ions. Fur-

thermore, when the pH of the extracellular fluid

becomes more acid, there is a relative increase m
HjP04- and decrease in the HPO/' whereas the

opposite occurs when the extracellular fluid be-

comes alkaline. These relationships -were pre-

sented in the discussion of acid-base balance in

Chapter 37.

Because it is diiflcult to determine chemically

the exact quantities ofHPO/ ' and HjPOi" in the

blood, ordinarily the total quantity of phosphate

15 often expressed in terms of milligrams ofpAos-

pAorus per dl of blood The average total quantity

of inorganic phosphorus represented by both phos-

phate ions is about 4 mg/dl varying between nor-

mal limits of 3 to 4 mg/dl in adults and 4 to 5
mg/dl in children

EFFECTS OF ALTERED CALCIUM AND
PHOSPHATE CONCENTRATIONS
IN THE BODY FLUIDS

Changing the level of phosphate in the extracel-

lular fluid from far below normal to as high as

three to four times normal does not cause signifi-

cant immediate effects on the body.

On the other hand, elevation or depletion of

calcium ion in the extracellular fluid causes ex-

treme immediate effects Both chronic hypocal-

cemia and hypophosphatemia greatly decrease

bone mineralization, as explained later in the
chapter
Tetany Hcsullin^ from Hypocalcemia. When

the extracellular fluid concentration of calcium
ions falls below normal, the nervous system be-
comes progressively more and more excitable be-

cause this causes increased neuronal membrane
permeability to sodium ions The peripheral nerve
fibers especially become so excitable that they

begin to discharge spontaneously, initiating trains

of nerve impulses that pass to the peripheral skel-

etal muscles and elicit tetanic muscle contraction.

Consequently, hypocalcemia causes tetany. But it

also occasionally causes convulsions because of its

central action of increasing excitability.

Figure 79-5 illustrates tetany in the hand,
which usually occurs before tetany develops in

most other parts of the body. This is called “car-

popedal spasm "

Tetany ordinarily occurs when the blood concen-

tration ofcalcium falls from its normal level of 9 4

mg to approximately 6 mg/dl which is only 35 per
cent below the normal calcium concentration, and
it 13 usually lethal at about 4 mg/dl

In experimental animals, in which the level of

calcium can be reduced beyond the normal lethal

stage, extreme hypocalcemia can cause marked
dilatation of the heart, changes in cellular enzyme
activities, increased cell membrane permeability
in other cells m addition to nerve cells, and im-

paired blood clotting.

Hypercalcemia. When the level of calcium in

the l^y fluids rises above normal, the nervous
system is depressed, and reflex activities of the
central nervous system become sluggish. Also, in-

creased calcium ion concentration decreases the

QT interval of the heart, and it causes constipation
and lack of appetite, probably because of depressed
contractility of the muscle walls of the gastroin-

testinal tract

The depressive effects of increased calcium level

begin to appear when the blood level of calcium
rises above approximately 12 mg/dl, and they can
become mark^ as the calcium level rises above
15 mg/dl. When the level of calcium rises above
approximately 17 mg/dl in the body fluids, calcium
phosphate is likely to precipitate throughout the

body, this condition is discussed shortly in connec-

tion wth parathyroid poisoning

n^ttre 79-S. Hypocalcemk teiany In the hand, called "carpo-

pedal spasm “(Courtesy of Dr Herbert Ungford

)
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S BONE AND ITS RELATIONSHIPS TO
{

EXTRACELLUUR CALCIUM AND
I

PHOSPHATES

Bone is composed of a tough orfiamc matrix that

1 is greatly strengthened by deposits of calcium

I
salts. Average conii>act bone contains by weight

i

approximately 30 per cent matrix and 70 per cent

i salts. However, neicly formed bone may have a
considerably higher percentage of matrix in rela-

tion to salts.

The Organic Matrix of Bone. The organic

:

matrix of bone is 90 to 95 per cent collagen fibers,

and the remainder is a homogeneous medium
' called groundsubstance. Tliocollagen fibersextend

primarily along the lines of tensional force. These
fibers give bone its powerful tensile strength.

The ground substance is composed of extracel-

lular fluid plus proteoglycans, especially chondro-
.

ifin sulfate and hyaluronic acid The precise func-

tion of these is not known, though perhaps they
help to control the deposition of calcium salts.

The Done Salts. The crystalline salts deposited

in the organic matrix of bone nro composed prin-

cipally of calcium and phosphate, and the formula
for the major crystalline salts, known as hydroxy-

ajyatites, is the following.

I

Cu‘*,o-x(HiO u-<PO,U(OH

Each crystal—about 400 A long, 10 to 30 A thick,

and 100 A wide—is shaped like a long. Hat plate.

The relative ratio of calcium to phosphorus can
vary markedly under different nutritional condi-

tions, the Ca/P ratio on a weight basis varying

between 1.3 and 2.0.

Afognesiu/n, sodium, potassium, and carbonate
iona are also present among the bone salts, though
x-ray dilTraction studies fail to show definite crys-

tals formed by these Therefore, they are believed

to be conjugated to the hydroxyapatite crystals

rather than organized into distinct crystals of their

own. This ability of many different types of ions

to conjugate to bone crystals extends to many ions
normally foreign to bone, such as strontium, ura-
nium, plutonium, the other /ronsuranic elements,
lead, gold, other heavy metals, and at least 9 of 14
ofthe major radioactive products released by explo-

sion of the hydrogen bomb. Deposition of radioac-
tive substances in the bone can cause prolonged
irradiation of the bone tissues, and, if a sufficient

amount is deposited, an osteogenic sarcoma (bone
cancer) almost invariably eventually develops.

Tensile and Compressional Strength of
Bone. Each collagen fiber of compact bone is com-
posed of repeating periodic segments every 640 A
along its length; hydroxyapatite crystals lie adja-
cent to each segment of the fiber, bound tightly to
it. This intimate bonding prevents “shear” in the
bone; that is, it prevents the crystals and collagen
fibers from slipping out of place, which is essenUal

in providing strength to the bone. In addition, the
segments of adjacent collagen fibers overlap each
other, also causing hydroxyapatite crystals to be
overlapped like bricks keyed to each other in a
brick wall.

The collagen fibers of bone, like those of tendons,

have great tensile strength, while the calcium
salts, which are similar in physical properties to

marble, have great compressional stren^h. These
combined properties, plus the degree of bondage
between tlie collagen fibers and the cj7stals, pro-

vide a bony structure that has both extreme tensile

and compressional strength. Thus, bones are con-

structed in exactly the same way that reinforced

concrete is constructed. The steel of reinforced

concrete provides the tensile strength, while the
cement, sand, and rock provide the compressional
strength. Indeed, the compressional strength of

bone is greater than that of even the best rein-

forced concrete, and the tensile strength ap-
proaches that of reinforced concrete.

rjt£aP/TATJOl4 AMD ABSORPTION OF
CALCIUM AND PHOSPHATF IN BONE—
ZQWLIBRJUM WITH THE EXTRACELLULAR
FLUIDS

Supersaturated Slate of Calcium and Phos-
phate Ions in the Extracellular Fluids with
Respect to Hydroxyapatite. The concentrations
ofcalcium and phosphate ions in extracellular fluid

are considerably greater than those required to

cause precipitation of hydroxyapatite. However,
inhibitors are present in most tissues of the body,
os well as in plasma, to prevent such precipitation;

one such inhibitor is pyrophosphate. Therefore,
hydroxyapatite crystals fail to precipitate in nor-

mal tissues except m bone despite the state of
supersaturation of the ions.

Mechanism of Bone Caicifleation. The initial

stage in bone production is the secretion ofcollagen

molecules (called collagen monomers) and ground
substance by osteoblasts. The collagen monomers
polymerize rapidly to form collagen fibers, and the

resultant tissue becomes osteoid, a cartilage-like

material but differing from cartilage in that cal-

cium salts precipitate m it. As the osteoid is

formed, some of the osteoblasts become entrapped
in the osteoid and then are called osCeocytes.

Within a few days after the osteoid is formed,
calcium salts begin to precipitate on the surfaces

of the collagen fibers. The precipitates appear at

periodic intervals along each collagen fiber, form-

ing minute nidi that rapidly multiply and grow
over a period of days and weeks into the finished

product, hydroxyapatite crystals.

The Initial calcium salts to be deposited probably

are not hydroxyapatite crystals but, instead, amor-
phous compounds (noncrystalhne), a probable

mixture of such salts as CaHP0 <- 2H20 ,

CaAPO^li'SHsO, and others. Then by a process of
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substitution and addition of atoms, or reabsorption

and reprecipitation, these salts are converted into

the hydroxyapatite crystals over a period of weeks

or months. Yet. as much as 20 to 30 per cent may
remain permanently in the amorphous form. This

is important, because these salts can be absorbed

rapidly when there is need for extra calcium in

the extracellular fluid

It is still not kno^^'n what causes calcium salts

to be deposited in osteoid. One theory holds that

at the time of formation the collagen fibers are

specially constituted in advance for causing precip-

itation of calcium salts. One variant of this theory

suggests that the osteoblasts secrete a substance

into the osteoid to neutralise an inhibitor iperhaps
p)auphosphale) that normally prevents hydroxy-

apatite crystalUiation. Once the pyrophosphate
has been neutralized, then the natural offinity of

the collagen fibers for calcium salts supposedly

causes the precipitation. In support of this theory

is the fact that properly prepared collagen fibers

from other tissues of the body besides bone will

also cause precipitation of hydroxyapatite crystals

from plasma.
Precipitation of Caicium /n Pfonosscous Tis-

sues Under Abnormal Conditions. Though cal-

cium salts almost never precipitate m normal
tissues besides bone, under abnormal conditions

they do precipitate. For instance, they precipitate

m arterial walls in the condition called arterio-

sclerosis and cause the arteries to become bonelike
tubes. Likewise, calcium salts frequently deposit

in degenerating tissues or m old blood clots. Pre-
sumably, in these instances, the inhibitor factors

that normally prevent deposition of calcium salts

disappear from the tissues, thereby allowing pre-

cipitation.

£XCH.4NC£48l£ CAICUM

If soluble calcium salts are injected intrave-

nously, the calcium ion concentration can he made
to increase immediately to very high levels. How-
ever, within a half hour to an hour or more, the
calcium ion concentration returns to normal. Like-
wise, if large quantities of calcium ions are re-

moved from the circulating body fluids, the calcium
ion concentration again returns to normal within
a half hour to an hour or so. These efiects result

partly from the fact that the body contains a tjrpe

of exchangeable calcium that is always in equilib-

rium with the calcium ions in the extracellular

fluids. A small portion of this exchangeable cal-

cium is that calcium found in all tissue cells,

especially in highly permeable types of cells such
as those ofthe liver and the gastrointestinal tract.

However, most of the exchangeable calcium, as
shown By studies using radioactively tagged cal-

cium, is in the bone, and it normally amounts to

about 0.4 to 1.0 per cent of the total bone calcium.
Most of this calcium is probably deposited in the

bones in the form of readily mobilizable salts such

as CaHP04 and the other amorphous salts.

The importance of exchangeable calcium to the

body is that it provides a rapid buffering mecha-

nism to keep the calcium ion concentration in the

extracellular fluids from rising to excessive levels

or falling to very low levels under transient con-

ditions of excess or hypoavailability of calcium.

ofrosmow and absorphon or
DONE—RXMODIUNC Of BONE

Deposition of Bone by the Osteoblasts. Bone is

continually being deposited by osteoblasts, and it is

continually being absorbed where osteoclasts are active.

Osteobiasts are found on the outer surfaces of the Ixines

and m the bone cavities A small amount of osteoblastic
activi^ occurs continually m all living bones (on shout

4 per cent of ail surfaces at any given time, as shoim in

Figure 79-6> so that at least some new bone is l>eing

formed constantly

Absorption of Bone—Function of the Osteoclasts.

Bone IS also being continually absorbed in the presence

of osteoclasts, large multmucleatcd cells that are nor-

mally active at any one time on less than I per cent of

the bone surfaces Later m the chapter we will sec
parathyroid hormone controls the bone absorptive activ-

ity of osteoclasts

Histologically, bone absorption occurs immedi#ioly
adjacent to the osteoclasts, as illustrated in Figure 79-

6 The mechanism of this absorption is believed to be

the following The osteoclasts send out villus-like pro*

jections toward the bone and from these “villi” secwta
two types ofsubstances’ (1) proteolytic enzymes, released

from the lysosomes of the osteoclasts, and (2) several

acids, including citnc acid and lactic acid. The enzymes
presumably digest or dissolve the organic matrix w the

bone, while the acids cause solution of the bone salts.
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Also, ^^holc fragments of bone salts and collagen are

literally gobbled up (phagocytosed) by the “viUi” and
( then digested uithin the osteoclasts.

J Equilibrium Between Bone Deposition and Ab*

,
sorption. Normally, except in growing bones, the rates

of ^ne deposition and absorption arc equal to each
other so that the total mass of bone remains constant.

^ Usually, osteoclasts exist in small but concentrated
' masses, and once a mass of osteoclasts begins to develop,

it usually cats away at the bone for about three weeks,
eating out a tunnel that may be as large as I mm in

diameter and several millimeters in length At the end
of this time the osteoclasts disappear and the tunnel ts

,
invaded by osteoblasts instead; then new bone begins to

, develop. Bone deposition then continues for several

J months, the new bone being laid down in successive

1 layers of concentric circles on the inner surfaces of the
cavity until the tunnel is filled. Deposition of new bone
ceases when the bone begins to encroach on the blood

vessels supplying the area. The canal through which
these vessels run, called the hat'ersian canal, therefore,

is all that remains of the original cavity Each new area

of bone deposited in this way is called an osteon, as

shown in Figure 79-7.
Value of Continual Kcmodcling ofDone. The con-

tinual deposition and absorption of bone has a number
of physiologically important functions First, bone ordi-

narily adjusts its strength in proportion to the degree of

bone stress. Consequently, bones thicken when subjected

to heavy loads. Second, even the shape of the bone can
be rearranged for proper support of mechanical forces

by deposition and absorption of bono in accordance with
stress patterns. Third, since old bone becomes relatively

weak and brittle, new organic matrix is needed as the
old organic matnx degenerates In this manner the

normal toughness of twne is maintained Indeed, the

bones of children, m whom the rates of deposition and
absorption are rapid, show little brittleness m compar-
ison with the bones of old age, at which time the rates

of deposition and absorption are slow.

risure 79-7. The stnjctufe of bone.

Control of the Rate of Bone Deposition by Bone
‘‘Stress.” Bone is deposited in proportion to the com-
prcssional load that the bone must cany. For instance,

the bones of athletes become considerably heavier than
those of nonathictes. Also, if a person has one leg in a
cast but continues to walk on the opposite leg, the bone
of the leg in the cast becomes thin and as much as 30
per cent decatciSed within a few weeks, while the
opposite bone remains thick and normally calcified.

Therefore, continual physical stress stimulates calcifi-

cation and osteoblastic deposition of bone.

Bone stress also determines the shape ofbones under
certain circumstances. For instance, if a long bone of

the teg breaks in its center and then heals at an angle,

the compression stress on the inside of the angle causes

increased deposition of bone, while increased absorption

occurs on the outer side of the angle where the bone is

not compressed. After many years of increased deposi-

tion on the inner side of the angulated bone and absorp-

tion on the outer side, the bone can become almost

straight, especially in children because of the rapid

rem<^cling of bone at younger ages.

The deposition of ^ne at points of compressional

stress has been suggested to be caused by a piezoelectric

effect, as follows: Compression of bone causes a negative

potential in the compressed areas and a positive poten-

tial elsewhere in the bone. It has been shown that

minute quantities of current Bowing in bone cause

osteoblastic activity at the negative end of the current

flow, which could explain the increased bone deposition

at compression sites On the other hand, usual osteo*

clastic activity could account for reabsorptaon of bona at

sites of tension

Repolr of a Fracture. A fracture of a bone in some
w'ay nmimally activates all the periosteal and intraos-

seous osteoblasts involved in the break. Also, immense
numbers of new osteoblasts are formed almost immedi-
ately from so-called osteoprogenilor cells, which are bone

stem cells. Therefore, within a short time a large bulge

of osteoblastic tissue and new organic bone matnx,
followed shortly by the deposition of calcium salts,

develops between the two broken ends of the bone. This

is called a callus.

Many bone surgeons utilize the phenomenon of bone

stress to accelerate the rate of fracture healing. This is

done by use of special mechanical fixation apparatuses

for holding the ends of the broken bone together so that

the patient can use the bone immediately. This obviously

causes stress on the opposed ends of the broken bones,

which accelerates osteoblastic activity at the break and
often shortens convalescence.

Blood Alkaline Phosphatase as an Indication of
the Rate of Bone Deposition. The osteoblasts secrete

large quantities of alkaline phosphatase when they are
actively depositing bone matrix. This phosphatase is

believed either to increase the local concentration of

inorganic phosphate or to activate the collagen fibers in

such a way that they cause the deposition of calcium
salts. Since some alkaline phosphatase diffuses into the
blood, the blood level of alkaline phosphatase is usually

a good indicator of the rate of bone formation.

PARATHYROID HORMONE

For many years it has been known that in-
creased activity of the parathyroid gland causes
rapid absorption of calcium salts from the bones
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with resultant hypercalcemia in the extracellular

fluid, conversely, hypofunction of the parathyroid

glands causes hypocalcemia, often with resultant

tetany. Also, parathyroid hormone is Important in

phosphate metabolism as well as in calcium me-
tabolism

Physiologic Anatomy of the Parathyroid

Glands. Normally there are four parathyroid

glands in the human being; these are located

immediately behind the thyroid gland—one behind
each of the upper and each of the lower poles of

the thyroid Each parathyroid gland is approxi-

mately 6 mm long, 3 mm wide, and 2 mm thick

and has a macroscopic appearance of dark brown
fat, therefore, the parathyroid glands are difficult

to locate during thyroid operations. For this rea-

son, before the importance of these glands was
generally recognized, total or subtotal thyroidec-

tomy frequently resulted in total removal of the

parathyroid glands as well

Removal of half the parathyroid glands usually

causes little physiological abnormality. However,
removal of three of four normal glands usually

causes transient hypoparathyroidism. But even a
small quantity of remaining parathyroid tissue is

usually capable of hypertrophying satisfactorily to

perform the function of all the glands.

The parathyroid gland of the adult human being,

illustrated in Figure 79-S, contains mamly chief

cells and oxyphil cells, but oxyphil cells are absent

in many animals and in young human beings. The
chief cells secrete most of the parathyroid hor-

mone. The function of the oxyphil cells is not

certain; they are perhaps modified chief cells that

still secrete some hormone.
Chemistry of Parathyroid Hormone. Parathyroid

hormone has been isolated in a pure form. It is first

synthesized on the nbosomes in the form of s prepro*

hormone, a polypeptide chain of 115 amino acids Ihis

IS cleaved first to a prohonnone and finally to the

hormone itself by the endoplasmic reticulum and Golgi

apparatus, and then packaged in secretory granules in

the cytoplasm of the cells The final hormone has a
molecular weight ofapproximately 9500 and is composed
of 84 amino acids Smaller compounds have also been
isolated from the parathyroid glands that exhibit para-

thyroid hormone activity, but the activity is always

ngure ^9~9. Histokis’ca] sinjcture of » paratliyrald

figure 79-9. Approximate changes In calcium and phosphate

concentrations during the first live hours of parathyroid hormone
Infusion ar a moderate rate

slightly to much less than that of the larger protein

molecule These are breakdown products of the norma!

parathyroid hormone

£fKCT or rARATHyUO/D HOmONE
ON CALCIUM AND PHOSPHATE
COWCfWTRAnOVS IN THE
EXTRACELLULAR FLUID

Figure 79-9 illustrates the effect on the blood

calcium and phosphate concentrations caused by

suddenly beginning to infuse parathyroid hormone
info an animal and continuing this for an indefi-

nite period of time Note that at the onset of

infusion the calcium ion concentration begins to

nse and reaches a plateau level in about 4 hours.

On the other hand, the phosphate concentration

falls more rapidly and also reaches a depressed

plateau level within an hour or two. The rise in

calcium concentration is caused principally by two
eflects (1) an effect of parathyroid hormone in

causing calcium and phosphate absorption from
the bone, and (2) a rapid effect of parathyroid
hormone in decreasing the excretion of calcium by
the kidneys. The decline in phosphate concentra-

tion, on the other hand, is caused by a very strong

effect of parathyroid hormone on the kidney in

causing excessive renal phosphate excretion, an
effect that is usually great enough to override

increased phosphate absorption from the bone.

Otlclum and Phosphate Absorption from
the Done Caused by Parathyroid Hormone

Parathyroid hormone seems to have two sepa-

rate effects on bone in causing absorption of cal-

cium and phosphate. One is a very rapid phase

that takes place in minutes and probably results

from activation of the already existing bone cells

to promote calcium and phosphate absorption. The
second phase is a much slower one, requiring

several days or even weeks to become fully devel-

oped, and it results from proliferation of the osteo-

clasts. followed by greatly increased osteoclastic

reabsorption of the bone itself, not merely' absorp-

tion ofthe calcium phosphate salts from the bone
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The Rapid Phase of Calcium and Phosphate
fibsorption—Osteolysis. When large quantities

)f parathyroid hormone are injected, the calcium

on concentration in the blood begins to rise within

mnutes, long before any new bone cells can be
JeveJoped. Histological studies have shown that

he parathyroid hormone causes removal of bone
jalts from the bone matrix in the vicinity of the

jsteocytes lying within the bone itself and also in

he vicinity of the osteoblasts along the bone sur-

Face, Yet, strangely enough, one does not usually

think of either osteoblasts or osteocytes function-

ing to cause bone salt absorption, because both

these types of cells are osteoblastic in nature and
are normally associated with bone deposition and
its calcification. However, recent studies have
shown that the osteoblasts and osteocytes form a
system of interconnected cells that spreads over
all the bone surfaces except the small surface areas

that are adjacent to the osteoclasts. Also, long

filmy processes extend from ostcocyte to osteocyte

throughout the bone structure, and these processes

also connect with the surface osteocytes and osteo-

blasts. This extensive system is called the osteo-

cj he membrane system, and it is believed to provide
a membrane that separates the bone itself from
the extracellular fluid. Between the osteocytic

membrane and the bone is a small amount of fluid

called simply bone fluid. Indirect experiments in-

dicate that the osteocytic membrane pumps cal-

cium ions from the bone fluid into the extracellular
fluid, creating a calcium ion concentration in the
bone fluid only one third of that in the extracel-
lular fluid. \Vhen the osteocytic pump becomes
excessively activated, the bone fluid calcium con-
centration falls even lower, and calcium phosphate
salts are then absorbed from the bone. This effect
is called osteolysis, and it occurs without absorp-
tion of the bone matrix. When the pump is inacti-

vated, the bone fluid calcium concentration rises
to a higher level, and calcium phosphate salts are
then redeposited in the matrix.
But, where does parathyroid hormone fit into

this picture? It seems that parathyroid hormone
can activate the calcium pump strongly, thereby
causing rapid removal of calcium phosphate salts
from the amorphous bone crystals that lie near
the bone surfaces and adjacent to the bone fluid.

The parathyroid hormone is believed to stimulate
this pump by increasing the calcium permeability
of the bone fluid side of the osteocytic membrane,
thus allowing calcium ions to diffuse into the
membrane cells from the bone fluid. Then the
calcium pump on the other side of the cell mem-
brane transfers the calcium ions the rest of the
Way into the extracellular fluid.

The Stow Phase of Bone Absorption and
Calcium Phosphate Release—Activation of
the Osteoclasts. A much better-known effect of
parathyroid hormone, and one for which the evi-

dence is also much clearer, is its ability to activate

the osteoclasts. These in turn set about their usual
task of gobbling up the bone.

Activation of the osteoclastic system occurs in
two stages: (1) immediate activation of the osteo-
clasts that are already formed, and (2) formation
of new osteoclasts from osteoprogenitor cells. Usu-
ally several days of excess parathyroid hormone
cause the osteoclastic system to become well de-
veloped, but it can continue to grow for literally

months under the influence of very strong para-
thyroid hormone stimulation.

Parathyroid hormone also transiently depresses
osteoblastic activity However, after a few days to

a few weeks the osteoclastic resorption of bone
leads to weakened bones and secondary stimula-

tion of the osteoblasts Therefore, the late eiTect is

actually to enhance both osteoblastic and osteo-

clastic activity. Still, even in the late stages, there

is more bone absorption than bone deposition.

Bone contains such great amounts of calcium m
comparison with the total amount in all the extra-

cellular fluids (about 1000 times as much) that

even when parathyroid hormone causes a great

rise m calcium concentration in the fluids, it is

impossible to discern any immediate effect on the

bones Yet prolonged administration or secretion

of parathyroid hormone—over a period of many
months, or even years—finally results in evident

absorption in all the bones with development of

large cavities filled with very large, multinucle-

ated osteoclasts.

Effect of PA/Mhyrold Hormone on
Phosphate and Caldutn Excretion

by the Kidneys

Administration of parathyroid hormone causes

immediate and rapid loss ofphosphate in the urine.

This effect is caused by diminished proximal tu-

bular reabsorption of phosphate ions.

Parathyroid hormone also increases the reab-

sorption ofcalcium at the same time that it dimin-

ishes phosphate reabsorption. Moreover, it also

increases the rate of reabsorption of magnesium

ions and hydrogen ions, while it decreases the

reabsorption ofsodium, potassium, and ammo acid

ions in much the same way that it affects phos-

phate. However, the increased calcium absorption

occurs in the distal tubules and collecting ducts

instead of the proximal tubules.

Were it not for the effect ofparathyroid hormone
on the kidneys to increase calcium reabsorption,

continual loss of calcium into the unne would

eventually deplete the bones of this mineral.

Effect of Parathyroid Honnone on
Intestinal Absorption of CaJdum
and Phosphate

At this point we should be reminded again that

parathyroid hormone greatly enhances both cal-
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cium and phosphate absorption from the Intestines

by incrensInR the formation of liSS-tlibydroxycho-

lecnicifcrol from vitamin D, ns was discus'sed ear-

lier in the chapter.

Ufect of VltAfnln D on Bone anrf Its

ReMion to rArathyrold Hormone ActMty

Vitamin I) playn important roles m both bone
obsnrption and lione deposition Administration of
extreme quantities nf vitamin D eaufcs absorption

ofbone in much the same way that adminu'lratmn

of pamthyroid hormone does. Also, In the nbscnce

of vitamin D. the effect of p.irathyroid hormont* In

causinR bone absorption is greatly rcducwl or even
prevented. The mechanism of tins action of vita-

min D is not knonn, hut it is behoved to mult
from the effect of l,2u-dihydroxyehoIecaIcift'mt

(the principal active product of satamin D) in

mcreasing calcium transport through rellubsr

membrnnes.
Vitamin D in much smaller quantities promotes

bone calcification Obviously, one of the ways in

which it does this is to increase cntcium nnd
phosphate absorption from the intcsliriM How-
ever, even In the absence of such incronse, it stiH

cnhfliice.s the mincrahialion oflionc Here again,

the mechanism of the effect is unknown, but it

probably also results from the nbihiy of l,2S-

dihjdroxycholecalciferol to cause tnin»porl of cal-

cium Iona through cell membranes—but perhop*

in the opposite direction through the osteoblastic

or osiooc^ic cell mcmhramii.
Uole of Cyclic AMI* ns a Medtatnr of l'«mth>-mld

Stimulation. A large share of the rifi'Ct of parathyroid

hormone on lU target organ* i» almost certainly me-
diated by the cyclic AMI* sevimd mr*i<eg<r mechanKm
Within a few minutea nflcr parathyroid hormone admin-
istmtion, the concenlmtlan of od'c AMP inrreate* in

the estroclasts nnd other target cell* Thu eyellc AMP.
in turn, I* probably mporuible for »ueh function* r«
osteoclastic secretion ofcruymes nnd acid* tn raav hone
TcabvjTption, formation of t,25-dih>drax>choircalciferoi

in the kidneys, and so forth However, iihcly there are
other diriTt effects of parnthyroid hormone Uiat function

independently of the second messenger mechanism

COtmOL OF PARATHYROIO SlCRETtOS
BY THE CAiaUM lOS CONCINTRAHOS

Even the filightest decrease m ciitcium ion con-
centration m the extracellular fluid causes the
parathyroid ghind-s to increase their rate of secre-
tion within minutes, and if the decreased cnlclum
concentration persists, the glands will hypertrophy
sometimes ns much ns five-fold or more. For in-

stance, the parathjTOid glands become greatly en-

larged in rickets, in which the level of calcium is

usually depressed only a few per cent; also they
become greatly enlarged in pregnancy, even
though the decrease in calcium ion concentration
m the mother’s extracellular fluid is hardly meas-
urable; and, they nro greatly enlarged during lac-

I because calcium is u.sed for milk formation.

’i

02sc«nrxH«
Pt.Jtt.UACAt.OUVt ("J/tOOtMl

tlyarr Tft-’iO f*'Vl cf fiturtt (otcxre torsm-

M#Pc« iwv ifi^ fAiv-u terernej/soov c* pjrx-fy*o«J >v»"ier*
txtjorvi f<e*f n{>r<u9y jf-ji ir<^ thiorw tTuftjmi w
tutvn ttn n * it)0 pri cn-*

«h«ny.* In tssr-nore toocr-^i.'W (o* s Ir*

tret tr, (jtojm

On ih<- Other h-iml. any condition that incrtaw*

the calcium ion concrnlratlon cau»e* tJeerrJ»s«l

Activity and reduciHl r ire of Uic parathyroid glands.

Such nmditirias intludt 'li cxctsa quantities

calcium in tlie dirt. <2i »ncriras«-<l ntamln t) in the

diet, and f.li bone ebvorpiion caused by factor*

other than p.truthyroid hormone (for example
bone obvorplion caus'd by disuv of the Ixmesii

Figure 79-10 illustrates qu.nntiwiivety the ap-

proxjm.ite rvlaiiyp^sfiip betw«n pliuma calcium

concentr.ation nnd plasma p:irAihyroid hormone
conci'ntRition The snlid red curve chow** the nfule

relationship when the calcium concrntratiori 1*

changed over a iktuhI of n few hours This shows
that n dpcre.nse m calcium cnncentration from 9 *

to 8 4 mg dl doubles or triples the plasma parathy*

raid honnone On the other hand, the chronic

rclotionship that one finds when the calcium ion

conci-ntraiion change* over n period of many
weeks, thus Allowing time for the glands to hyper-

trophy. is illustnited by the d.ished red line; thw

illuHtmtes that ns little ns a 0 1 mg dl deervasr* »n

plasma calcium concentrotion can double p.irathy

R)id hormone secretion. To etate this still onothef

way, the chronic rvlntlonship between plasma cal-

cium and plasma p.irath)TOtd hormone shows that

approximately a I per cent decrease in ralcium

can give ns much its n 100 per cent lncrca.»c in

parathyroid hormone Obviously, this is the bO-sis

of the body’s extremely potent fe^back system for

control of plasma calcium ion concentration

CALCITONIN

About 25 years ago. a new hormone that has

effects on blood calcium opposite to those of para-

thyroid hormone was discovered. This hormone,
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named calcitonin because it reduces the blood cal*

cium ion concentration, is secreted in the human
being not by the parathyroid glands but instead

by the thyroid gland. In fish, amphibia, reptiles,

and birds calcitonin is secreted by the ultimo-

branchial glands; it plays an especially important
role in helping control the blood calcium ion con-
centration when these animals change their habi-

tat from fresh water to sea water, where there are
great excesses ofcalcium. Furthermore, its concen-
tration in these ultimobranchial glands is ex-

tremely great. In the human being, ultimobran-
chial glands do not exist as such but have become
incorporated into the thjToid gland. The so-called

parafollicular cells, or C cells, in the interstitial

tissue between the follicles of the human thyroid

gland are remnants of the ultimobranchial glands
of lower animals, and it is these cells that secrete

the calcitonin.

Calcitonin is a large polypeptide with a molec-
ular weight of approximately 3-100 and a chain of
32 amino acids.

Effect of Calcitonin in Decreasing Plasma
Calcium Concentration. In young animals, cal-

citonin decreases blood calcium ion concentration
very rapidly, beginning within minutes after in-

jection of the calcitonin. Thus, the cITcct of calci-

tonin on blood calcium ion concentration is exactly

opposite that ofparathyroid hormone, and it occurs
several times as rapidly.

Calcitonin reduces plasma calcium concentra-

tion in three separate ways:
1. The immediate effect is to decrease the osteo-

lytic cflect ofthe osteocytic membrane throughout
the bone, thus shilling the balance in favor of
deposition of calcium in the rapidly exchangeable
pool of bone calcium salts. This effect is especially

significant in young animals because of the rapid

interchange of absorbed and deposited calcium.

2. The second effect, which can be seen within
about an hour, is an increase m osteoblastic activ-

ity. However, this is a transient effect, lasting not

more than a few days.
3. The third and most prolonged effect of calci-

tonin is to decrease the formation of new osteo-

clasts from the ostcoprogenitor cells. Al^, since

osteoclastic resorption of bone leads secondarily to

osteoblastic activity, the depressed numbers of

osteoclasts are followed by depressed numbers of

osteoblasts as well. Therefore, over a long penod
of time the net result is simply greatly reduced

osteoclastic and osteoblastic activity; therefore,

there is not a significant prolonged effect on
plasma calcium ion concentration. That is, the
effect on plasma calcium is mainly a transient one,

lasting for a few hours to a few days at most.

However, there is a prolonged effect of decreasing
the rate of bone remodeling as well as of increasing
the amount of calcium salts deposited in bone,

under some conditions.

Calcitonin also has minor effects on calcium
handling in the kidney tubules and intestinal

tract. Again, the effects are opposite those of para-
thyroid hormone, but quantitatively they appear
to be of such little import that they are rarely

considered.

Importance of the Calcitonin Effect on
Plasma Calcium Concentration. Calcitonin has
only a very weak effect on plasma calcium concen-
tration in the adult human being. The reason for

this is twofold. First, any initial reduction of the
calcium ion concentration caused by calcitonin

leads within hours to a powerful stimulation of
parathyroid hormone secretion, which almost com-
pletely overrides the calcitonin effect. Second, in

the adult, the daily rates of absorption and depo-
sition of calcium are very small, and even after

the rate of absorption is slowed and deposition

increased by calcitonin asmuch as three to fivefold,

this still has only a small effect on plasma calcium
ion concentration. On the other hand, the effect in

children is much more marked because bone re-

modeling occurs rapidly in children, with absorp-

tion and deposition of calcium as great as 5 or

more grams per day—equal to five to ten times
the total calcium in all the extracellular fluid.

Also, in certain bone diseases such as Paget’s

disease in which osteoclastic activity is greatly
accelerated, calcitonin then has a potent effect of
reducing the calcium absorption.

Ufect of PtAsmA C^ldum ConcentrAtlon on
the Secretion of CjiJdtonln

An increase in plasma calcium concentration of

about 10 per cent causes an immediate three- to

sixfold increase in the rate of secretion of calci-

tonin, which is illustrated by the dot-dash line of

Figure 79-10. This provides a second hormonal
fe^back mechanism for controlling the plasma
calcium ion concentration, but one that works
exactly opposite to the parathyroid hormone sys-

tem.
However, there are two major differences be-

tween the calcitonin and the parathyroid feedback
systems. First, the calcitonin mechanism operates
more rapidly, reaching peak activity in less than
an hour, in contrast to the 3 to 4 hours required

for peak activity to be attained following the onset
of parathyroid secretion.

The second difference is that the calcitonin

mechanism acts mainly as a short-term regulator
of calcium ion concentration because it is very
rapidly overriden by the much more powerful para-
thyroid control mechanism. Therefore, over a pro-
longed period of time it is almost entirely the
parathyroid system that sets the long-term level

of calcium ions in. the extracellular fluid. Yet, for

short periods, such as for an hour or so after a
high calcium meal, calcitonin does seem to play a
significant role in decreasing the rise in the cal-

cium ion concentration that otherwise would occur.
When the thyroid gland is removed and calci-

tonin is no longer secreted, the long-term blood



948 tndoalnotogy juid Reproduction

calcium ion concentration is not measurably al-

tered, but the amount of bone salts may become
slightly decreased—again demonstrating the

overriding effect of the parathyroid hormonal sys-

tem.

OVERALL CONTROL OF CALCIUM
ION CONCENTRATION

At times the amount of calcium absorbed into

or lost from the body fluids is as much as 0.3 gram
in an hour. For instance, in cases of diarrhea,

several grams of calcium can be secreted in the
intestinal juices, passed into the intestinal tract,

and lost into the feces each day. Conversely, after

ingestion of large quantities of calcium, particu-

larly when there is also an excess of vitamin D
activity, a person may absorb as much as 0.3 gram
in an hour. This figure compares with a total

quantity ofcalcium in all the extracellular fluid of
about 1 gram. The addition or subtraction of 0 3

gram to or from such a small amount of calcium

in the extracellular fluid would obviously cause

serious hyper* or hypocalcemia. However, there is

a first line of defense to prevent this from occurring

even before the parathyroid and calcitonin hor-

mone feedback systems have a chance to act Hus
IS the following mechanism:
Buffer Function of the Exchangeable Cal-

cium in the Bones. The exchangeable calcium
salts in the bones, which were discussed earlier in

this chapter, are amorphous calcium phosphate
compounds, probably mainly CaHPO, or some sim-

ilar compound loosely bound in the bone and in

reversible equilibrium with the calcium and phos-
phate ions in the extracellular fluid. The quantity
of these salts that is available for exchange is

about 0.5 to 1 per cent of the total calcium salts of
the bone, a total of 5 to 10 grams of calcium
Because of the ease ofdeposition of these exchange-
able salts and their ease of resolubiVily, an increase

in the concentrations of extracellular fluid calcium
and phosphate ions above normal causes immedi-
ate deposition of exchangeable salt. Conversely, a
decrease in these concentrations causes immediate
absorption of exchangeable salt This reaction is

so rapid that a single passage through a bone of
blood containing a high concentration of calcium
will remove almost all the excess calcium. This
rapid effect results from the fact that the amor-
phous bone crystals are extremely small, and their

total surface area exposed to the fluids ofthe bone
IS perhaps an acre or more. Also, about 5 per cent
of all the blood flows through the bones each
minute—that is, about 1 per cent of all the extra-

cellular fluid each minute. Therefore, about half
of any c.xcc&s calcium that appears in the extra-

cellular fluid is removed by this buffer function of
the bones in approximately 70 minutes

In addition to the buffer function of the bones,
^mitochondria of many of the tissues of the

body, especially of the liver and intestine, also

contain a reasonable amount of exchangeable cal-

cium that provides an additional buffer system for

helping maintain constancy of the extracellular

fluid calcium ion concentration.

Hormonal Control of Calcium Ion Concen-
tration, the Second Line of Defense. At the

same time that the exchangeable calcium mecha-

nism in the bones is “buftering” the calcium in the

extracellular fluid, both the parathyroid and cal-

citonin hormonal systems are also beginning to

act Within 3 to 5 minutes after an acute increase

m the calcium ion concentration, the rate of para-

thyroid hormone secretion has already decreased.

As already explained, this sets into play multiple

mechanisms for reducing the calcium ion concen-

tration back toward normal. However, this is fl

slow mechanism. On the other hand, at the same
time that parathyroid hormone decreases, calci-

tonin increases. In young animals, and presumably
in young children as well (but probably very little

in adults), the calcitonin causes rapid deposition

of calcium m the bones, and perhaps also in some
cells of other tissues. Therefore, in very young
animals, excess calcitonin can cause a high cal-

cium ion concentration to return to normal prob-

ably two to three times as rapidly as can be

achieved by the exchangeable calcium-buiTerlDg
mechanism alone

In prolonged calcium excess or prolonged cal-

cium deficiency, only the parathyroid honnonal
mechanism seems to be really important in main-
taining a normal plasma calcium ion concentra-

tion \^en a person has a continuing deficiency of

calcium in the diet, parathyroid hormone often can

stimulate enough calcium absorption from the

bones to maintain a normal plasma calcium ion

concentration for a year or more; but eventually

even the bones will run out of calcium. Thus, in

efTect, the bones are a large buffer-reservoir of

calcium that can be manipulated by parathyroid

hormone, but the ultimate very long-term control

ofcalcium ion concentration resides in the roles of

parathjTOid hormone and vitamin D in controlling

calcium absorption from the gut and calcium ex-

cretion in the urine

PHYSIOLOGY OF PARATHYROID
AND BONE DISEASES

HYPOPARATHYROIDISM

\Vhen the parathyroid glands do not secrete sufficient

paTathyroui hormone, the osteoclasts of the bone becoine

almost totally inactive As a result, bone reabsorption

IS so depressed that the level of calcium in the body

fluids decreases. Osteoblastic activity is concomitantly

decreased, but because calcium and phosphates are not

being absorbed from the bone, the bone usually remains

strong.

^Vhen the parathyroid glands are suddenly removed,

the calcium level in the blood falls from the normal of
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9.4 to 6 to 7 mg/dl within two to three days When this

level is reached, the usual signs of tetany develop.

Among the muscles of the body especially sensitive to

tetanic spasm are the lary ngeal muscles. Spasm of these

obstructs respiration, which is the usual cause of death

m tetany unless appropriate treatment is applied.

If all four parathyroid glands are removed from an
animal and the animal is prevented from dying of
respiratory spasm by appropriate supportive measures,
the total lack of parathyroid hormone secretion normally
causes the blood level of calcium to fall to as low as
approximately 4 to 5 mg dl while at the same time the
level of phosphates increases from the normal of about
4 mg.dl to approximately 12 mg dl because of decreased
renal phosphate excretion.

Treatment of Hypoparathyroidism, i’aral/iiyo/d

Hormone (Parathormone). Parathyroid hormone is

occasionally used for treating hypoparathy roidism
However, ^causc of the expense of this hormone, be-
cause its effect lasts a few hours at most, and because
the tendency of the body to develop immune bodies
against it makes it progressively less and less active in

the body, treatment of hypoparathyroidism with para-
thyroid hormone U rare m present-day therapy
Vitamin D and Calcium Therapy. In most patients,

administration of extremely large quantities of vitamin
D, to as high as 100,000 units per day, along with the

administration of 1 to 2 grams of calcium, will suflice to

keep the calcium ion concentration m a normal range
At times it might be necessary to administer 1.^-
dihydroxycholccalcifcrai instead of the nonactivatcd
form of vitamin 0 because of its much more potent and
much more rapid action, but this can also cause un-
wonted effects, b^use it is sometimes diHicuU to pre-

vent overactivity by this activated form of vitamin D

hypirparathyroidism

Tho cause of hyperparathyroidism ordinarily is a

tumor of one of the parathyroid glands: such tumors
occur much more frequently in women than in men or

children, probably because pregnancy, lactation, and
perhaps other causes of prolonged low calcium levels,

all of which stimulate the parathyroid gland, may pre-

dispose to the development of such a Cumar.
In hyperparathyroidism extreme osteoclastic activity

occurs in the bones, and this elevates the calcium ion

concentration in the extracellular fluid while usually
(but not always) depressing the concentration of phos-
phate tons because of increased renal excretion of phos-
phate.

Bone Disease in Hyperparathyroidism. Though m
mild hyperparathyroidism new bone can be deposited
rapidly enough to compensate for the increased osteo-

clastic reabsorplion of bone, in severe hyperparathyroid-
ism the osteoclastic absorption soon far outstnps osteo-

blastic deposition, and the bone may be eaten away
almost entirely. Indeed, the reason a hyperparathyroid
person comes to the doctor is often a broken bone.
Radiographs of the bone show extensive decalcihcation
and occasionally large punched-out cystic areas of the
bone that are filled with osteoclasts in the form of so-

called giant cell "tumors.” Obviously, multiple fractures
of the weakened bones can result from only slight

trauma, especially where cysts develop. The cystic bone
disease of hyperparathyroidism is called o$teUis (ibrom
cystica.

Osteoblastic activity in the bones also increases

greatly in an attempt to form new bone as the old bone
is absorbed by tho osteoclastic activity As explained

earlier m the chapter, when the osteoblasts become
active they secrete large quantities of alkaline phospha-
tase Therefore, one of the important diagnostic findings

m hyperparathyroidism is a very high level of plasma
alkaline phosphatase.

Effects of Hypercalcemia in Hyperparathyroid-
ism. Hyperparathyroidism can at times cause the

plasma calcium level to nsc to as high as 12 to 15 mg/dl

and rarely even higher. The effects of such elevated

calcium levels, as detailed earlier in the chapter, are
depression of the central and peripheral nerv’ous sys-

tems, muscular w cakness, constipation, abdominal pain,

peptic ulcer, lack of appetite, and depressed relaxation

of the heart dunng diastole

Parathyroid Poisoning' and Metastatic Ca/cifiea-

lion. When, on rare occasions, extreme quantities of

parathyroid hormones are secreted, the level of calcium

in the body fluids rises rapidly to very high values Even
the extracellular fluid phosphate concentration also

often rises markedly instead of falling as is usually the
case, probably because the kidneys cannot excrete rap-

idly enough all the phosphate being absorbed from the
bone Therefore, the calcium and phosphate in the body
fluids become greatly supersaturated even for the dep-

osition of calcium phosphate iCaHPO.) crystals There-

fore, these crystals begin to deposit in the alveoli of the
lungs, m the tubules of the kidneys, m the thyroid

gland, m the acid-producmg area of the stomach mucosa,
and m the walls of the arteries throughout tho body
This extensive metaslalic deposition of calcium phos-

phate can develop within a few days
Ordinarily, the level of calcium in the blood must rise

above 17 mg/dl before there is danger of parathyroid

poisoning, but once such elevation develops along with

some concurrent elevation of phosphate, death can occur

m only a few days
Formation of Kidney Stones in Hyperparal/iy'-

roidism. Most patients with mtid hyperparathyroidism

show few signs of bone disease and few general abnor-

malities as a result ofelevated calcium, but nevertheless

do have an extreme tendency to form kidney stones The
reason for this is that all the excess calcium and phos-

phate absorbed from the intestines or mobilized from

the bones in hyperparathyroidism is excreted by the

kidneys, causing proportionate increase in the concen-

trations of these substances in the unne. As a result,

crystals of calcium phosphate tend to precipitate m the

kidney, forming calcium phosphate stones Also, calcium

oxalate stones develop as a result of the high level of

calcium in the urine in association with normal levels

of oxalate Because the solubility of most renal stones

IS slight in alkaline media, the tendency for formation

of renal calculi is considerably greater m alkaline urine

than in acid urine. For this reason, acidotic diets and
acidic drugs are frequently used for treating renal cal-

culi

Secondary Hyperparathyroidism. Because a low

level ofcalcium ions m the body fluids directly increases

the secretion of parathyroid hormone, any factor that

causes a low level of calcium initiates the condition

known as secondary hyperparathyroidism. This may
result from low calcium diet, pregnancy, lactation, rick-

ets, or osteomalacia. The hyperplasia of the parathyroid

glands IS a corrective measure for maintaining the level

ofc^cium in the extracellular fluids at a nearly normal
value.
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RICKETS

Rickets occurs mainly in children as a result of cal-

cium or phosphate deficiency in the extracellular fluid

Ordinarily, rickets is due to lack of vitamin D rather

than to lack of calcium or phosphate in the diet. If the

child is properly exposed to sunlight, the 7-dehydn)cho-

lesterol in the skin becomes activated by the ultraviolet

rays and forms vitamin D^, which prevents rickets by
promoting calcium and phosphate absorption from the

intestines, as discussed earlier in the chapter.

Children who remain indoors through the winter in

general do not receive adequate quantities of vitamin D
without some supplementary therapy in the diet. Rickets

tends to occur especially in the spring months because
vitamin D formed during the preening summer is stored

in the liver and is still available for use during the early

winter months. Also, calcium and phosphate absorption

(Vom the bones must take place for several months before

clinical signs of rickets become apparent.

Calcium and Phosphate in the Blood of Patients
with Rickets. Ordinarily, the level of calcium in the
blood in rickets is only slightly depressed, but the level

of phosphate is greatly depressed. This is because the

parathyroid glands present the calcium level from fall-

ing by promoting bone absorption every time the calcium
level begins to fall On the other hand, there is not a
good regulatory system for preventing a falling level of
phosphate, and the increased parethyreid activity ac-

tually increases the excretion of phosphates m the unne.
Effect of Rickets on the Bones. During prolonged

deflciency of talciura and phosphate in the b^y fluids,

a resulting very marked increase in parathyroid hor-

mone secretion protects the body against hypocalcemia

by causing osteoclastic absorption of the bone; this in

turn causes the bone to become progressively weaker
and imposes marked physical stress on the bone, result-

ing in rapid osteoblastic activity The osteoblasts lay
down Urge quantities of osteoid which does not become
calcified because of insuilicient calcium and phosphate
ions. Consequently, the newly formed, uncnlafled. and
very weak osteoid gradually takes the place of other
bone that is being reabsorbed
Tetany in Rickets. In the early stages of rickets,

tetany almost never occurs because the paralhjToid
glands continually stimulate osteoclastic absorption of
bone and therefore maintain an almost normal level of

calcium m the extracellular fluid However, when the
bones become exhausted of calcium, the level of calcium
may fall rapidly As the blood level of calaum falls

below 7 mg/dl the usual signs of tetany develop, and the
child may die of tetanic respiratory spasm unless intra-

venous calcium IS administered, which relieves the
tetany immediately
Treatment. The treatment of rickets, obviously, de-

pends on supplying adequate calcium and phosphate in

the diet and also on administering adequate amounts of
vitamin D. If vitamin D is not administered along with
the calcium, little calcium and phosphate are al^rbed
from the gut.

OsteontA/AciA

Osteomalacia is nckets in adults and is frequently
called “adult rickets."

Normal adults rarely have serioiis dietary defiaency
of vitamin D or calcium because large quantities of
^eium are not needed for bone growth as in children.

However, serious deficiency of vitamin D and calcium

occasionally occurs as a result of steatorrhea (failure to

gb^b fatl, for vitamin D is fat soluble, and calcium

tends to form insoluble soaps with fat; consequently, jn

steatorrhea ^th vitamin D and calcium tend to pass

into the feces. Under these conditions an adult occasion-

ally has such poor calcium and phosphate absorption

that adult rickets can occur, though this almost never

proceeds to the stage of tetany—but very often is a cause

of severe bone disability.

Osteomalacia and Rickets Caused by Renal Dis-

ease. "Renal nckets" is a type of osteomalacia resulting

from prolonged kidney damage. The cause of this con-

dition is mainly failure of the damaged kidneys to form

1,25-dihydroxycholecalciferol. the active form ofvitamin

D In patients whose kidneys have been completely

removed or destroyed and who are being treated by

hemodialysis, the problem of renal rickets is often a

very severe one.

Another type of renal disease that leads to nckets and
osteomalacia is congenital hypophosphatemia resulting

from oingenitally r^uced reabsorption ofphosphates by

the renal tubules This type of rickets must be treat^

with phosphate compounds instead of calcium and vi-

tamin D, and it !s called vitamin D~resistant nckets.

OSTEOPOROSIS

Osteoporosis, the most common of all bone diseases in

adults and especially in old age, is a difterent disease

from osteomalacia and rickets, for it results from dimin-
ished organic matrix rather than abnormal bone calci-

fication Usually, in osteoporosis the osteoblastic activity

in the bone Is less than normal, and consequently the
rate of bone deposition is depressed. But occasionally,

as in hyperparathyroidism, the cause of the diminish^
bone IS excess osteoclastic activity

The many common causes of osteoporosis are (1) lack

of physical stress on the bones because of inactivity; (21

malnutntion to the extent that suiftcient protein mat^
cannot be formed; (3) lack of vitamin C, which is nec-

essary for the secretion of intercellular substances by
all cells, including the osteoblasts, (4) postmenopausal
lack of estrogen secretion, for estrogens have an osteo-

blast-stimulating activity; (5) old age, in which many of

the protein anal»lic functions are poor anyway so that

bone matnx cannot be deposited satisfactorily; (6) Cuxh-
ing's disease, because massive quantities of glucocorti-

coids cause decreased deposition of protein throughout
the body, cause increased catabolism of protein, and also

have the specific effect of depressing osteoblastic activ-

ity, and (7) acromegaly, possibly because of lack of Sex

hormones, excess of adrenocortical hormones, and often

lack of insulin because of the diabetogenic elTect of

growth hormone. Thus, many different diseases of pro-

tein metabolism can cause osteoporosis.

PHYSIOLOGY OF THE TEETH

The teeth cut, grind, and mix the food eaten To
peribnn these functions the jaws have powerful muscles
capable of providing an occlusive force between the front

teeth of as much as 50 to 100 pounds and as much as

150 to 200 pounds for the Jaw teeth Also, the upper and
lower teeth are provided with projections and facets

which mterdigitate so that each set of teeth fits with
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the ether. This fitting is called occlusion, and it allows

c\en small particles of food to be caught and ground
between the tooUi surfaces.

rusaios or wi DinuiiNT parts
or TUETUTH

Figure 79-11 illustrates a sagittal section of a tooth,

showing its major functional parts the enamel, dentine,

cementum, and pulp. The tooth can also be divided into

the c/oun, which is the portion that protrudes out of

the gum into the mouth, und the root, which is the

portion that protrudes into the bony socket of the jaw.

The collar between the crown and the root where the

tooth is surrounded by the gum is called the neck

Dentine. The main body of the tooth is composed of

dentine, which has a strong, bony structure Dentine is

made up principally of hydroxyapatite crystals similar

to those in the bone, but much more dense These arc

embedded in a strong meshwork of collagen fibers In

other words, the principal constituents of dentine arc

'ery much the same as those of bone The major differ-

ence is its histological organization, for dentine docs not

contain any osteoblasts, ostcocjtes, osteoclasts, or spaces

for blood vessels or ner\cs Instead, it is deposited and
nourished by a layer of celts called odantoilasls. which
line its inner surface along the wall of the pulp cavity

The calcium salts in dentine make it extremely re-

sistant to comprcssionul forces, while the collagen fibers

make it tough and resistant to tensional forces that

might result when the teeth arc struck by solid objects

Enamel. The outer surface of the tooth is covered by
a layer of enamel that is formed pnor to eruption of the

tooth by special epithelial cells called amebblasu Once
the tooth has erupted, no more enamel is formed En-
amel is composed of sery large and very dense crystals

of hydroxyapatite with adsorbed carbonate, magnesium,
sodium, potassium, and other ions embedded m a line

meshwork of strong and almost completely insoluble

protein fibers that are similar in physical characteristics

tbut not chemically identical) to the keratin of havr The

crystalline structure of the salts makes the enamel

extremely hard, much harder than the dentine. Also,
the special protein fiber meshwork, though comprising
only about 1 per cent of the enamel mass, nevertheless
makes enamel very resistant to acids, enzymes, and
other corrosive agents because this protein is one of the
most insoluble and resistant proteins known.
Cementum. Cementum is a bony substance secreted

by cells of the periodontal membrane, which lines the
tooth socket Many collagen fibers pass directly from the
bone of the jaw*, through the pcnodontal membrane, and
then into the cementum. These collagen fibers and the
cementum hold the tooth in place \^cn the teeth are
exposed to excessive strain, the layer of cementum
becomes thicker and stronger. Also, it increases m
thickness and strength with age, causing the teeth to

become progressively more firmly seated in the jaws as

one reaches adulthood and older

Pulp. The inside of each tooth is filled with pulp,

which in turn is composed of connective tissue with an
abundant supply of nerve fibers, blood vessels, and
lymphatics The cells lining the surface of the pulp

cavity are the odontoblasts, which, during the formative

years of the tooth, lay down the dentine but at the same
time encroach more and more on the pulp cavity, making
It smaller. In later life the dentine stops growing and
the pulp cavity remains essentially constant in size.

However, the odontoblasts are still viable and send

projections into small dentinal tubules that penetrate

all the way through the dentine; these ore of importance

for providing nutrition and probably for exchange of

calcium, phosphate, and other minerals.

DEmmoN
Each human being and most other mammals develop

two sets of teeth during a lifetime. The first teeth are

called the deciduous teeth, or milk teeth, and they num-
ber 20 in the human being. These erupt between the

seventh month and second year of life, and they last

until the sixth to the thirteenth year. After each decid-

uous tooth is lost, a permanent tooth replaces it, and an
additional 8 to 12 molars appear postenorly in the jaw,

making the total number of permanent teeth 28 to 32,

depending on whether the four wisdom teeth finally

appear, which does not occur in everyone.

Formation of the Teeth. Figure 79-12 illustrates

the formation and eruption of teeth. Figure 79-12A
shows invagination of the oral epithelium into the dental

lamina: this is followed by the development of a tooth-

producing organ. The epithelial cells above form ame-
ioblasts, which form the enamel on the outside of the

tooth. Tlie epithelial cells below invaginate upward to

form a pulp cavity and also to form the odontoblasts

that secrete dentine. Thus, enamel is formed on the

outside of the tooth, and dentine is formed on the inside,

giving rise to an early tooth as illustrated in 79-12B.
Eruption of Teeth. During early childhood, the teeth

begin to protrude upward from the jaw bone through

the oral epithelium into the mouth. The cause of “erup-

tion" is unknown, though several theories have been
offered in an attempt to explain this phenomenon. The
most likely theory is that growth of the tooth root as

well as of the bone underneath the tooth progressively

shoves the tooth forward.

Development of the Permanent Teeth. During em-
bryonic life, a tooth-forming organ also develops in the
dental lamina for each permanent tooth that will be
needed after the deciduous teeth are gone. These tooth-
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Figure 79—12. A. PrimordlaJ tooth organ B, The

developing tooth C, The erupting tooth

pT5>d\it%'rig pTgtiTi^ sWlj foTffk t«cth

throughout the first C to 20 years of life When each
permanent tooth becomes fully formed, it, like the de-

ciduous tooth, pushes upward through the bone of the

jaw In 80 doing it erodes the root of the deciduous tooth

and eventually causes it to loosen and fall out. Soon
thereafter, the permanent tooth erupts to take the place

of the onginal one
Afetaboffc Faefers in Deyelopment at the Teeth.

The rate of development and the speed of eruption of

teeth can bo accelerated by both thyroid and growth
hormones Also, the dcpositton of salts in the early

forming teeth is affected considerably by various factors

of metabolism, such as the availability of calcium and
phosphate m the diet, the amount of vitamin D present,

and the rate of parathyroid hormone secretion When
all these factors are normal, the dentine and enamel
will be correspondingly healthy, but. when they are
deficient, the calcification of the teeth also may be
defective so that the teeth will be abnormal throughout
life.

MISERAL EXCHANGE IN TUTH

The salts of teeth, like those of bone, are composed
basically of hydroxyapatite with adsorbed carbonates

and various cations bound together in a hard crystalline

substance. Also, new salts are constantly beingdeposited
while old salts are being reabsorbed from the teeth, as
also occurs in bone However, experiments indicate that
deposition and rcabsorption occur mainly m the dentine
and cementum. while very little occurs m the enamel
And most of that which does occur in the enamel occurs
by exchange of minerals with the saliva instead of with
the fluids of the pulp cavity. The rate of absorption and
deposition ofminerals in the cementum is approximately
equal to that in the surrounding bone of the Jaw, while
the rate of deposition and absorption of minerals m the
dentine is only one third that of bone. The cementum
has characteristics almost identical with those of usual
bone, including the presence of osteoblasts and osteo-

clasts, while dentine does not have these characteristics,

as was explained above; this difTcrence undoubtedly
explains the dilTercnt rales of mineral exchange.
The mechanism by which minerals arc deposited and

rcalworbod from the dentine is not clear. It is probable
the email processes of the odontoblasts that pro-

trude mto the tubwVs of the dentip* ere cei^aWe of

absorbing salts and then of providing new salts to take

the place of the old

In summary, rapid mineral exchange occurs in the

dentine and cementum of teeth, though the mechanism
of this exchange m dentine is unclear. On the other

hand, enamel exhibits extremely slow mineral exchange

so that It maintains most of its original mineral comple-

ment throughout life

DENTAL ABNORMALITIES

The two most common dental abnormalities arc cones

and malocclu$ton Caries means erosions of the teeth,

whereas malocclusion means failure of the projections

of the upper and lower teeth to mteriigitate properly.

Caries, and the Role of Fluorine, it is generally

agreed by all research investigators ofdental caries that

canes results from the action of bacteria on the teeth,

the most common ofwhich is Streptococcus mutans The
first event in the development of canes is the deposit of

plaque, a film of precipitated products ofsaliva and food,

on the teeth. Large numbers of bacteria inhabit this

plaque and are readily available to cause caries How-
ever, these bacteria depend to a great extent on carbo-

hydrates for their food When carbohydrates are avail-

able. their metabolic systems are strongly activated and

they also multiply. In addition, they form acids, partic-

ularly lactic acid, and proteolytic enzymes The acids

are the major culprit m the causation of canes, because

the calcium salts of teeth are slowly dissolved m a

highly and medium And once the salts have become
absorbed, the remaining organic matnx is rapidly di-

gested by the proteolytic enzymes.
Enamel is far more resistant to demineralization by

acids than is dentine, primarily because the crystals of

enamel are very dense and also are about 200 times as

large m volume as the dentine crystals. Therefore, the

enamel of the tooth is the primary barrier to the devel-

opment of caries Once the carious process has pene-

trated through the enamel to the dentine, it then pro-

ceeds many times as rapidly because of the high degree

ofsolubiti^ of the dentine salts

Because of the dependence of the canes bactena on

carbohydrates, it has frequently been taught that eating

adiet high in carbohydrate content will lead to excessive

development of caries However, it is not the quantity
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of carbohydrate mgcstc-d but instead the frequency with
Mhich it fa eaten that is important. If eaten in many
snail parcels throughout the day, such aa m the form
of candy, the bactena are supplied with their preferen-

tial metabolic substrate for many hours of the day, and
the development of caries is extreme If eaten in large

amounts only at mealtimes, the extensiveness of the
caries is greatly reduced.

Some teeth arc more resistant to canes than others.

Studies show that teeth formed m children who dnnk
water containing small amounts of fluorine develop
enamel that is more resistant to canes than the enamel
in children who dnnk water not containing fluonne
Fluonnc docs not make the enamel harder than usual,
but instead it displaces hydroxyl ions in the hydroxy-
apatite crystals which, in lum, makes the enamel sev-

eral times less soluble. It is also believed that the
fluonnc IS toxic to the bactena as well Finally, when
bmall pits do develop m the enamel, fluorine is believed
to promote deposition ofcalcium phosphate to “hear the
enamel surface. Regardless of the precise means by
which fluorine protects the teeth, it is known that small
amounts of fluonne deposited in enamel make teeth
about three times as resistant to canes as arc teeth
without fluonne.

Malocclusion. Malocclusion is usually caused by a
hereditary abnormality that causes the teeth of one jaw
to grow to abnormal positions In malocclusion, the teeth
cannot perform their normal grinding or cutting action

adequately. Occasionally malocclusion also rv.sulu m
abnormal dUplawment of the lower jaw in relation to

upper jaw, causing such undesirable effects as pain
in the mandibular joint or deienoraiion of the teeth

The orthodontist can often correct malocclusion by
applying prolonged gentle pressure against the teeth
with appropnaUj braces. The gentle pressure causes
absorption of alveolar jaw bone on the compressed side
of the tooth and deposition of new bone on the tensional

side of the tooth. In this way Uic tooth gradually moves
fo a new position as directed by the applied pressure
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80
Reproductive and
Hormonal Functions
of the Male

The reproductive functions of the male can be
divided into three miyor subdivisions' first, sper-

matogenesis, which means simply the formation

of sperm, second, performance of the male sexual

act; and third, regulation of male reporductive

functions by the various hormones. Associated
with these reproductive functions are the effects

of the male sex hormones on the accessory sexual
organs, on cellular metabolism, on growth, and on
other functions of the body.
Physiologic Anatomy of (he Male Sexual Organs.

Figure 80-1 illustrates the various portions of the male
reproductive system The testis is composed of about 900
colled seminifirous lubuies. each about three quarters
of a meter long, m which the sperm are fanned The
sperm then empty into the epididymis, another coiled

tube approximately 6 meters long The epididymis leads
into the cos deferens, which enlarges into the ampulla
of the fas deferens immediately before the vas enters
ihc body of the prostate gland A senunaf vesieU, one
located on each side of the prostate, empties into the
prostatic end of the ampulla, and the contents from both
the ampulla and the seminal vesicle pass into an e/ac-

ulatory duct leading through the body of the prostate

tland to empty into the intcrnai urethra. ProstoCic ducts

m turn empty from the prostate gland into the ejacula-

tory duct Finally, the urethra is the last connecting link

from the testis to the exterior. The urethra is supplied

with mucus derived from a large number of minule

urethral glands located along its entire extent and even

more so from bilateral bulbourethral glands located near

the origin of the urethra.

SPERMATOGENESIS

Spermatogenesis occurs in all the seminiferous tu

bules during active sexual life, beginning at an averagt

age of 13 years as the result of stimulation by anterioi

pituitary gonadotropic hormones and continuing

throughout the remainder of life.

THEsms or SPERAfATOCENESIS

The seminiferous tubules, a cross-section of one

which is illustrated m Figure 80-'2A, contain large

numbers of germinal epithelial cells called spermato-

gonta, located in two to three layers along the outer

border of the tubular epithelium These continually

Vo iSifi e, of

them dilTerentiate through definite stages of develop-

ment to form sperm, as shown in Figure 80-2B.
In the first stage of spermatogenesis, primitive sper-

matogonia located immediately adjacent to the base-

ment membrane of the germinal epi^ieliutn, called typs

A spermatogo/iia, divide to form slightly more differen-

tiated cells, the type B spermatogonia Then, after sev-

eral additional divisions, these cells eventually give rise

to very large primary spermatocytes, which are the

precursors of the sperm. Over a period of several weeks,

each primary spermatocyte divides to form two secon-

dary spermatocytes, which then divide again to fona

four spermatids Each of these then changes slowly over

the next several weeks into a spermatozoon (a sperm)

by (1) losing some of its cytoplasm, (2) reorganizing the

chromatin material of its nucleus to form a compact

head, and (3) collecting the remaining cytoplasm a™
cell membrane at one end of the cell to form a tail

All the stages of germinal cell division, as well as the

final conversion of the spermatocytes into sperm, occur

in contact with the Sertoli cells, which have specific
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njUK fiO-2. A, Cross-section of a seminilerous wbule A
Sperrrutogenesis. (Modified from Arey Developmental Anatomy

ed. rhiUdelphla,W B Saunders Company. 1974)

^lUctions in nurturing and controlling the spermato*
genesis process. The entire period of spermatogenesis
fntn germuiai cell to sperm takes about 75 days.

Division of the Chromosomes During Sperm For*
matioa—-Melosis. Wien each primary spennatocyte
divides to form two secondary spermatocytes, the cell

division is not of the usual type in which all 23 pairs of

chromosomes are reproduced. Instead, the 23 pairs of

chromosomes are not reproduced; the pairs ordy split

apart, allowing 23 unpaired chromosomes to pass into

each secondary spermatocyte. Then, as each secondary

spermatocyte divides to form two spermatids, each un-

paired chromosome is now reproduced, one new chro-

mosome going to one spermatid and Ae other to the

second spermatid liierefore, each spermatid retains a
complete set of 23 unpaired chromosomes, and thus each
mature sperm also carries only unpaired chromosomes.
This entire process of splitting the chromosomal pairs

^d forming new cells with only unpaired chromosomes
IS called meiosis.
A similar division ofchromosomes occurs m the ovum.

Thus, each parent makes an equal contribution to the
heredity characteristics of the child.

The Sex Chromosomes. In each spermatogonium
one of the 23 pairs of chromosomes carries the genetic

infonnation that determines the sex of the eventual
offspring. This pair is composed of one “X” chromosome,
I'hich is called the female chromosome, and one “Y”
c^mosome, the male chromosome. During meiotic di-

vision the sex-determining chromosomes divide among
the secondary spermatocytes so that half the sperm
become male sperm contaming the Y chromosome and
the other half female sperm contaming the X chromo-
some. The sex of the offspring is determined by which

of these two types of sperm fertilizes the ovum. This
will be discussed further in Chapter 82.
Formation ofSperm. When the spermatids are first

formed, they still have the usual characteristics of epi-
thehoid cells, but soon each spermatid begins to elongate
into a spermatozoon, illustrated in Figure 80-3, com-
posed of a head, and a tail. The head is composed of the
condensed nucleus of the cell with only a very thin
cytoplasmic and cell membrane layeraround its surface.
However, on the outside of the anterior two thirds of
the head is a thick cap called the acrosome that has
been formed from the Golgi apparatus. This contains a
number of enzymes similar to those found in lysosomes
of the typical cell, including kyaluronidase, which can
digest proteoglycan filaments of tissues, and powerful
proteolytic enzymes, which can digest proteins. These
enzymes probably play important roles in allowing the
sperm to fertilize the ovum.
The tail of the sperm has three major components: (1)

a central skeleton constructed of 11 microtubules, col-

lectively called the axoneme—the structure of this is

similar to that of cilia described in Chapter 2; (2) a thin

cell membrane covering the axoneme; and (3) a collec-

tion of mitochondria surrounding the eixoneme in the

proximal portion of the tail (called the body of the tad).

To and fro movement of the tail (flagellar movement)
provides motility for the sperm. This movement is be-

lieved to result from a rhythmic longitudinal sliding

motion between the anterior and posterior tubules that

make up the axoneme The energy for this process is

supplied in the fona of ATP synthesized by the mito-

chondria in the body of the tail. Normal sperm move in

a straight line at a velocity of 1 to 4 nun per minute.

This allows them to move through the female genital

tract m quest of the ovum.

nie Sertoli Cellsi Their Function In

SperniAtosenesIs

Note very carefully the very large cells, called

the Sertoli cells, of the germinal epithelium illus-

njure 50-3. Sinicrure of (he human



Cndocrtnotcsy Keproducthn

Irated in Figure 80-2B. These cells are massive in

size and cKtend all the way from the basement
membrane of the seminiferous epithelium to the

interior of the tubule lumen, and the germinal

cells and developing sperm lie in channels between

the Sertoli cells. The entire process of spermato-

genesis occurs in these channels in direct associa-

tion with the Sertoli cells The specific functions

of the Sertoli cells in spermatogenesis are:

First, the Sertoli cells provide a special environ-

ment m which the germinal cells develop They
secrete a fluid that bathes the germinal cells, and
they even secrete additional fluid into the lumen
of the seminiferous tubule to provide appropriate

nutrients for the developing and newly formed
sperm

Second, the Sertoli cells play a special role in

converting the spermatocytes into sperm, a process

called spcrmiafion During spermiation, the sper-

matocytes appear actually to be attached to the

Sertoli cells, and it is probably digestive enzymes
from the Sertoli cells that remove most of the

cytoplasm from the spermatid Also, the Sertoli

cells perhaps even play a physical role in shaping
the head and tail of the sperm

Third, the Sertoli cells secrete several hormones
that have veiy important functions, as follows: (1)

muUerian inhibitory factor (MlFl, secreted by the
male testes during fetal development to inhibit

the formation offallopian tubes from the mOllerian
ducts m the male fetus, (2) estradiol, the pnncipal
feminizing sex hormone, which seems to be re-

quired as one of the stimulatory factors in sper-

matogenesis; and (3) inhibin, which has a feedback
inhibitory effect on the anterior pituitary gland to

prevent oversecretion of follicle-stimulatmg hor-

mone, an important control function that we shall

discuss in greater detail later

Hormona/ Factors That Stimulate

Spermatogenesis

We shall speak more about the role ofhormones
in spermatogenesis and other sexual functions
later, but at this point we need to note that several

hormones play absolutely essential roles in sper-
matogenesis. Some of these are.

(1) Testosterone, secreted by the Leydig colls

located in the interstitium of the testis, is essential
for one or more essential steps m the division of

the germinal cells to form sperm, probably exciting
especially the mciotic division of the primary sper-

matocytes to form secondary spermatocytes.
(2> Luteinuing hormone (LH), secreted by the

anterior pituitary gland, stimulates the Leydig
cells to secrete testosterone.

(3) Follicle-stimulating hormone (FSH), also se-
creted by the anterior pituitary gland, stimulates
the Sertoli cells, without this stimulation, the
conversion of the spermatids to sperm (the process
•

'ation) will not occur.

(4> Estrogens, formed by the Sertoli cells when

they ore stimulated by FSH, are probably essential

for the spermiation process The Sertoli cells olso

secrete an androgen-binding protein that binds

both testosterone and estrogens and carries these

into the fluid in the seminiferous tubule, perhaps

making both these hormones available to the ma-

tunng sperm.
(5) Growth hormone (as ivol! as most of the other

hormones) is necessary for controlling background

metabolic functions of the teste.s Growth hormone

specifically promotes early division of the sper-

matogonia themselves; m its absence, as m pitui-

tary dwarfs, spermatogenesis is severely deficient

or entirely absent

Maturation ofSperm In the Cpididymis

Following formation in the seminiferous tubules,

the sperm require several days to p.iss through

the 6 meter epididymis Sperm removed from the

seminiferous tubules arc completely nonmotilc.

and they cannot fertilize an ovum. However, after

the sperm have been m the epididymis for sijnie

18 hours to 10 days, they develop the capability of

motility, even though some inhibitory factor ^till

prevents actual motility until after qjaculatjon.

The sperm also become capable of fertilizing the

ovum, a process called maturation It may not be

any special function of the epididymis that changes
the sperm from the nonmotile state into the motile

and fertile state hut, instead, simply an aging
process. However, the Sertoli cells and the epithe-

lium of the epididymis secrete a special nutrient

fluid containing hormones (both testosterone
estrogens!, enzymes, and special nutrients that

may be important or even essential for sperm
maturation.

Storage of Sperm. A small quantity of sperm
can be stored m the epididymis, but most sperm

are stored in the vas deferens and the ampulla of

the vas deferens. They can remain stored, main-

taining their fertility, m the genital ducts for

several months, though it is doubtful that during

normal sexual activity such prolonged storage or-

dinarily occurs Indeed, with excessive sexual ac-

tivity storage may be no longer than a few days

at most.

Physiology of the Mature Sperm. The usual

motile and fertile sperm are capable of flagellated

movement through the fluid media at a rate of

approximately 1 to 4 mm per minute. Further-

more, normal sperm tend to travel in a straight,

rotating line rather than with a circuitous move-

ment. The activity of sperm is greatly enhanced
m neutral and slightly alkaline media as exists m
the ejaculated semen, but it is greatly depressed

In mildly acid media, and strong acid media can

cause rapid death of sperm The activity of sperm
increases greatly with increasing temperature, but

so does the rate of metabolism, causing the life of
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the sperm to be considerably shortened. Though
sperm can live for many weel^ in the genital ducts

of the testes, the life ofsperm in the female genital

tract is only 1 to 2 days.

lUNCTJON or THE SEMINAL VESICLES

From early anatomical studies of the seminal
vesicles it was erroneously believed that sperm
were stored in these, whence came the name "sem-
inal vesicles.” However, these structures are only
secretorj* glands instead of sperm storage areas

Each seminal vesicle is a tortuous, loculat^
tube lined with a secretory epithelium that se-

cretes a mucoid material containing an abundance
offruclose and other nutrient substances, as well

as large quantities of prostaglandins and fibnno
gen. During the process of emissiorv each seminal
vesicle empties its contents into the ejaculatory

duct shortly after the vas deferens empties the

sperm. This adds greatly to the bulk of the ejacu-

lated semen, and the fructose and other substances

in the seminal fluid are of considerable nutrient

value for the ejaculated sperm until one of them
fertilize.s the ovum The prostaglandins are be-

lieved to aid fertilization in two ways- by
reacting with the cervical mucus to make it more
receptive to sperm, and (2) possibly causing reverse

peristaltic contractions m the uterus and fallopian

tubes to move the sperm toward the ovaries ‘a few

si^rm reach the upper end of the fallopian tubes

within 5 minutes)

rUNCnON OF the prostate ClAND

The prostate gland secretes a thin, milky, alka-

line fluid containing citric acid, calcium, acid phos-

phate, a clotting enzyme, and a profibrinolysm

During emission, the capsule of the prostate gland

contracts simultaneously with the contractions of

the vas deferens so that the thin, milky fluid of

the prostate gland adds to the bulk of the semen
The alkaline characteristic of the prostalic fluid

may be quite important for successful fertilization

of the ovum, because the fluid of the vas deferens

is relatively acidic owing to the presence of meta-
bolic end-products of the sperm and, consequently,

inhibits sperm fertility Also, the vaginal secre-

tions of the female are acidic <pH of 3.5 to 4.0).

Sperm do not become optimally motile until the

pH ofthe surrounding fluids rises to approximately

6 to 6.5. Consequently, it is probable that prostatic

fluid neutralizes the acidity of these other fluids

after ejaculation and greatly enhances the motility

and fertility of the sperm.

SEMEN

Semen, which is ejaculated during the male
i-exual act. is composed of the fluids from the vas

deferens, from the seminal vesicles, from the pros-

tate gland, and from the mucous glands, especially

the bulbo-urethral glands. The major bulk of the
semen is seminal ve.sicle fluid (about 60 per cent),

which is the last to be ejaculated and serves to

wash the sperm out of the ejaculatory duct and
urethra. The average pH of the combined .semen
IS approximately 7.5, the alkaline prostatic fluid

having neutralized the mild acidity of the other
portions of the semen. The prostatic fluid gives the
semen a milky appearance, while fluid from the
seminal vesicles and from the mucous glands gives

the semen a mucoid consistency. Also, the clotting

enzyme of the prostatic fluid causes the fibrinogen

of the seminal vesicle fluid to form a weak coa-

gulum, which then dissolutes during the next 15
to 20 minutes because of Jysis by fibrinoJysm

formed from the prostatic profibrinolysin In the
early minutes after ejaculation, the sperm remain
relatively immobile, possibly because of the viscos-

ity of the coagulum However, after the coagulum
dissolutes. the sperm simultaneously become
highly motile

Though sperm can live for many weeks m the

mate genital ducts, once they arc ejaculated m the

semen their maximal life span is only 24 to 48
hours at body temperature. At lowered tempera-
lures, however, semen may bo stored for several

weeks; and when frozen at temperatures below
- 100* C, sperm have been preserved for years
Capacitation. In lower animals, sperm removed

from the male genital ducts arc not capable of

penetrating the layer ofgranulosa cells that covers

the ovum at the lime of ovulation, but they develop

this capability within a few hours after being

deposited in the female genital tract This phenom-
enon is called capacitation It is believed to result

from the following effects The acrosomes of the

sperm contain extremely powerful hydrolytic and
proteolytic enzymes that could literally destroy

the male genital tract if all the sperm should

release these enzymes prematurely Fortunately,

(he fluids in the seminiferous tubutes, in the epi-

didymis. and in the vas deferens all contain minute
floating vesicles filled with large amount-s of cho-

lesterol. Thw cholesterol is continually donated to

the cellular membrane covering the acrosome,

toughening this membrane and presenting release

of the enzymes. After ejaculation, the .-ix-Tm swim
away from the vesicles and gradually los? their

excess cholesterol during the next few hours. In so

doing they become “capacitated” so that the acro-

somes can now release the enzymes that allow a

sperm to enter the ovum.

ABNORMAL SPERMATOGENESIS
AND AtALZ FERmnY

The seminiferous tubular epithelium can be ed

bya number of dilTercnt diM.3<cs Far instance, hilaU-ral

orrhius rtoultinK from mump'* cau^shUnlity in a lar^e

percentage of alTliiU-d males Al^o. many m.jle infant*
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nerves to the sacral regions of the cord. In turn,

signals from the sacral cord further excite the

rh>lhmic contraction of the internal genital organs

and also cause contraction of the ischiocavemosus

and bulbocavemosus muscles that compress the

bases of the penile erectile tissue. These effects

together cause rhythmic, wavelike increases in

pressure in the genital ducts and urethra, which
"ejaculate” the semen from the urethra to the

exterior. This process is called yacuhtton At the

same time, rhythmic contractions of the pelvic

muscles and even of some of the muscles of the

body trunk cause thrusting movements of the pel-

vis and penis, svhich also help propel the semen
into the deepest recesses of the vagina and perhaps
even through the cervix into the uterus.

This entire period of emission and ejaculation is

called the male orgasm. At its termination, the

male sexual excitement disappears almost entirely

withm one to two minutes, and erection ceases.

TESTOSTERONE AND OTHER MALE
SEX HORMONES

SECRETION, METABOLISM, AND
CHEMISTRY OF THE MALI SEX HORMONE

Secretion of Testosterone by the Interstitial

Cells of Leydig in the Testes. The testes secrete

several male sex hormones, which are collectively

called androgens, including testosterone, dihydro-

testosterone, and androstenedtone. However, testos-

terone is so much more abundant than the others
that one can consider it to be the significant tes-

ticular hormone, though as we shall see, much if

not most of the testosterone is converted into the
more active hormone dihydrotesterone in the tar-

get tissues

Testosterone is formed by the interstitial cells of
Leydig, which he in the interstices between the

seminiferous tubules and constitute about 20 per
cent of the mass of the adult testes, as illustrated

in Figure 80-6 Leydig cells are almost nonexistent
in the testes during childhood, when the testes

secrete almost no testosterone, but they ore nu-
merous in the newborn male infant and also m
the adult male anytime after puberty; at both these
times the testes secrete large quantities of testos-

terone. Furthermore, when tumors develop from
the interstitial cells of Leydig, great quantities of
testosterone are secreted Finally, when the ger-

minal epithelium of the testes is destroyed by x-

ray treatment or by excessive heat, the Leydig
ceils, which are less easily destroyed, continue to

produce testosterone.

Secretion of Androgens Elsewhere in the Body.
The term androgen means any steroid hormone thath»
masculinizing efFects, including of course testosterone

itscir, but it airo includes male sex hormones produced
elsewhere in the body besides the testes For in^ance,
the adrenal gland secretes at least five different andro-

fljure 80-d. InientltlAJ cells of Leydig located fn the tniersilces

between the semlnIfeTOus tubules

gens, though the total masculinizing activity ofall these

IS normally so slight that they do not cause significant

tnascuhne charaetcnstics c\en m women, except per-

haps for causing growth of pubic and axillary hair. But
when an adrenal tumor of the androgcn-producmg cells

occurs, the quantity of androgenic hormones may then

become great enough to cause all the usual male sec-

ondary sexual characteristics These effects were de-

scribed m connection with the adrenogenital syndrome
in Chapter 77

Barely, embryonic rest cells jn the ovary can develop

into a tumor that produces excessive quantities of an-

drogens in women, one such tumor is the arrhenobhs-
tomo The normal ovary also produces minute quantities
of androgens, but these are not significant.
Chemistry of the Androgens. All androgens are

steroid compounds, as illustrated by the ibrmulas in

Figure 80-7 for testosterone and dihydrotestostervne
Both in the testes and in the adrenals, the androgens
can be synthesized either from cholesterol or directly

from acetylcoenzymo A
Metabolism of Testosterone. After secretion by the

testes, most of the testosterone becomes loosely bound
with plasma albumin or a ft-globulin called gonadal
stermd-binding globulin and circulates in the blood for

about 15 to 30 minutes By that time it either becomes
fixed to the tissues or degraded into inactive products
that are subsequently excreted

Testosterone OibydrOlestosterone

figure 80-7. Testosterone and dihydtotesterone
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Much of the testosterone that becomes fixed to the

tissues is converted within the cells to dihydrotestoster-

one, and lesser quantities into 5-a-androstanediol, es-

pecially in certain target organs such as the pro^tc
gland m the adult and in the external genitalia of the

fetal male. Some actions of testosterone are dependent

on this conversion, whereas other actions are not. The
intracellular functions will be discussed later in the

:hapter.

Degradation and Excretion of Testosterone. The
testosterone that does not become fixed to the tissues is

rapidly converted, mainly by the liver, into androslerone

and dehydrocpiandrosterone and simultaneously conju-

gated either as glucuronides or sulfates (glucuronides,

particularly). These are excreted either into the gut in

the bile or into the unne.
Production of Estrogen by the Testes. In addition

to testosterone, small amounts of estrogens are formed
in the male (about one-fifth the amount in the nonpreg-
nant female), and a reasonable quantity of these can be
recovered from a man's urine. The functions of estrogens
in the male are unknown.
The exact source of the estrogens in the male is also

still doubtful, but the following are known- (a) The
quantity of estrogens decreases slightly when the ger-

minal epithelium of the seminiferous tubules is de-

stroyed. This indicates that the semiiferous tubules,

probably the Sertoli cells, synthesise estrogens m men
(b) Estrogens are formed from testosterone and andros-
tenedione in other tissues of the body, especially the
hver, probably accounting for as much as 80 per cent of

the total estrogen production

FUNCTIONS OF TESTOSTIRONE

1q general, testosterone is responsible for the

distinguishing characteristics of the masculine
body. The testes are stimulated by chononic gon-

adotropin from the placenta to produce moderate
quantities oftestosterone during fetal development
and for a weeks after birth; thereafter essentially

no testosterone is produced during childhood until

approximately the age of 10 to 13 years. Then
testosterone production increases rapidly under
the stimulus of anterior pituitary gonadotropic

Hgufe 80-5. Approximate fates of testostefone seaenon at
fliHeient ages.

hormones at the onset of puberty and lasts
throughout most of the remainder of life as illus-

trated in Figure 80-8, dwindling rapidly beyond
the age of 50 to become 20 to 50 per cent of the
peak value by the age of 80.

Functions of Testosterone During Fetal

Development

Testosterone begins to be elaborated by the male
at about the seventh week of embryonic life. In-
deed, one of the maj'or functional differences be-
tween the female and the male sex chromosome is

that the male chromosome causes the newly de-
veloping genital ridge to secrete testosterone while
the female chromosome causes this ridge to secrete

estrogens. Injection of large quantities of male sex
hormone into pregnant animals causes develop-
ment of male sexual organs even though the fetus
is female. Also, removal of the testes in a male
fetus causes development of female sexual organs.
Therefore, testosterone secreted first by the genital

ridges and later by the fetal testes is responsible

for the development ofthe male sex characteristics,

including the formation of a penis and a scrotum
rather than the formation of a clitoris and a va-
gina. Also, It causes formation of the prostate

gland, the seminal vesicles, and the male genital

ducts, while at the same time suppressing the
formation of female genital organs.

Effect on the Descent of the Testes. The testes

usually descend into the scrotum dunng the last

two months of gestation when the testes are se-

creting reasonable quantities of testosterone. If a
male child is bom with undescended testes, admin-
istration of testosterone can still cause the testes

to descend m the usual manner if the inguinal

canals are large enough to allow the testes to pass.

Or, administration of gonadotropic hormones,
which stimulate the Leydig cells of the testes to

produce testosterone, also causes the testes to de-

scend. Thus, the stimulus for descent of the testes

is testosterone, indicating again that testosterone

is an important hormone for male sexual develop-

ment during fetal life.

Ufect of Testosterone on Development of

Adult PrimAty and Secondaiy Sexual

Oiaracterfstics

Testosterone secretion after puberty causes the

penis, the scrotum, and the testes all to enlarge

about eightfold until the age of 20 years. In addi-

tion, testosterone causes the “secondary sexual

characteristics” of the male to develop at the same
time, beginning at puberty and ending at matu-

rity. These secondary sexual characteristics, in

addition to the sexual organs themseUes, distin-

guish the male from the female as follows-

Effect on the Distribution of Body Hair.

Testosterone causes growth of hair (1) over the
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pubis, (2) upward along the Imea alba somctlmas

to the umbilicus and above, (3) on the face, (4)

usually on the chest, and (5) loss often on other

regions of the body, such as the back. It also causes

the hair on most other portions of the body to

become more prolific.

Baldness. Testosterone decreases the grou'th of

hair on the top of the head; a man who does not

have functional testes does not become bald. How-
ever, many virile men never become bald, for

baldness is a result of two factors: first, a genetic

background for the development of baldness and.

second, superimposed on this genetic background,

large quantities ofandrogenic hormones. A woman
who has the appropriate genetic background and
who develops a long-sustained androgenic tumor
becomes bald in the same manner as does a man
Effect on the Voice. Testosterone secreted by

the testes or injected into the body causes hyper-

trophy of the laryngeal mucosa and enlargement
ofthe larynx. The effects cause at first a relatively

discordant, "cracking” voice, but this gradually

changes into the typical masculine bass voice

Effect on the Skin, and Development of
Acne. Testo.sterone increases the thickness of the

skin over the entire body and increases the rug-

gedness of the subcutaneous tissues

Testosterone increases the rate of secretion by
some or perhaps all the sebaceous glanda Espe-

cially important is the excessive secretion by the

sebaceous glands of the face, for oversecretion of

these can result in acne. Therefore, acne is one of

the most common features of adolescence when the

male body is first becoming introduced to increased

secretion of testosterone After several years of

testosterone secretion, the skin adapts itself to the

testosterone in some way that allows it to overcome
the acne.

Effect on Protein Formation and Muscular
Development. One of the most important male
characteristics is the development of increasing

musculature following puberty, sometimes almost
doubling the muscle mass This is associated with
increas^ protein in other parts of the body as

well Many of the changes in the skin are also due
to deposition of proteins in the skin, and the
changes in the voice could even result from this

protein anabolic function of testosterone.

Because of the very great effect that testosterone

has on the body musculature, it lor more usually

a synthetic androgen instead) is widely used by
athletes to improve their muscular performance.
This practice is to be severely deprecated because
ofprolonged harmful effects of excess testosterone,

as we shall discuss in Chapter 84 in relation to

sports physiology. Testosterone is also frequently
used in old age as a “youth hormone” to improve
muscle strength and vigor.

Effect on Bone Growth and Calcium Beten-
tion. Following puberty or following prolonged
iruection of testosterone, the bones grow consider-
’

' in thickness and also deposit considerable

’ i

additional calcium ealts. Thus, testosterone in- ;

creases the total quantity of bone matrix, and it

also causes csilcium retention. The increase in bone
|

matrix is believed to result from the general pro-
j

tein anabolic function of testosterone, and the <

deposition ofcalcium salts to result from increased
,

bone matrix. ‘

Finally, testosterone has a specific elTect on the
\

pelvis to (a) narrow the pelvic outlet, (b) lengthen 1

It, fc) cau.se a funnel-like shape instead of the 1

broad ovoid shape of the female pelvis, and (d)
|

greatly increase the strength of the entire pelvis
|

for load-bearing. In the absence of testosterone,
j

the male pelvis develops into one very similar to j

that of the female.
|

Because of the ability of testosterone to increase
j

the sise and strength of bones, testosterone is often
|

used in old age to treat osteoporosis.
I

When great quantities of testosterone (or any
'

other androgen) are secreted in the still-growing
;

child, the rate of bone growth increases markedly,
causing a spurt in total body growth as well.

^

However, the testosterone also causes the epi-
‘

physes of the long bones to unite with the shafts

of the bones at an early age in life. Therefore,
'

despite the rapidity of growth, this early uniting ^

ofthe epiphyses prevents the person from growing
as tall as he would have grown had testosterone

;

not been secreted at all. Even in normal men the

final adult height is slightly leas than that which
would have been oltainod had the person been
castrated prior to puberty.

Effec t on Basal Metabolism. Iryection of large
quantities of testosterone can increase the basal

metabolic role by as much as 15 per cent, and it

IS believed that even the usual quantity of testos-

terone secreted by the testes during active sexual
life increases the rate of metabolism some 5 to tO

per cent above the value that it would be were the

testes not active This increased rate ofmetabolism
IS iwssibly an indirect result of the effect of testos-

terone on protein anabolism, the increased quan-
tity of proteins—the enzymes especially—increas-

ing the activities of all cells.

ElTect on the Red Blood Cells. When normal
quantities of testosterone are iiy'ected into a cas- ,

(rated adult, the number of red blood cells per
cubic millimeter of blood increases approximately
20 per cent Also, the average man has about

700,000 more red blood cells per cubic millimeter
than the average woman. However, this difierence

may be due partly to the increased metabolic rate

following testosterone administration rather than
to a direct effect of testosterone on red blood cell

production.

Effect on Electrolyte and Water Balance. As
pointed out in Chapter 77, many different steroid

hormones can increase the reabsorption ofsodium
m the distal tubules of the kidneys Testosterone
has such an effect but only to a minor degree in

comparison with the adrenal mineralocorticoids.
Nevertheless, following puberty the blood and ex-
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I
tracellular fluid volumes of the male in relation to

‘ bis weight increase a slight extent.

r

\
BASIC INTRACELLULAR MECHANISM OF

5
ACTION OF TESTOSTERONE

Probably all or almost all the effects just listed

‘ result from increased rate of protein formation in
‘ the target cells. This has been studied extensively

in the prostate gland, one of the organs that is

' most affected by testosterone. In this gland, testos-

terone enters the cells within a few minutes after

secretion, is there converted to dihydrotestosterone,
• and binds with a cytoplasmic “receptor protein.”
' This combination then migrates to the nucleus

where it binds with a nuclear protein and induces
the DNA-RNA transcription process. Within 30

< minutes RNA polymerase has become activated

j

and the concentration of RNA begins to increase

I

in the cells; this is followed by progressive increase

I

in cellular protein. After several days the quantity

I

ofDNA in the gland has also increased, and there

I
has been a simultaneous increase in the number
of prostatic cells.

Therefore, it is > assumed that testosterone
greatly stimulates production of proteins in gen*
eral, though increasing more specjflcaJly those
proteins in “target” organs or tissues responsible
for the development of secondary sexual character-
istics.

In some tissues testosterone is converted into still

another androgen, 5 a-androstanediol. This functions in
much the same way as dihydrotestosterone, but it is

coosiderably less potent and therefore is generally con-
sidered to be relatively unimportant.
Some important target tissues do not have appropriate

ciuymes m their cells to convert testosterone into di-

hidrotestosterone. In these tissues, testosterone func-
tions dirertly, though often with less potency, to induce
the formation of cellular proteins. For instance, the
direct effect of testosterone is essential in the male fetus

I

for the development of the epididymis, the vas deferens,
and the seminal vesicles. The direct effect is probably
also responsible for much of the effects of testosterone
on the musculature, the skeleton, and the larynx and
also to promote spermatogenesis.

CONTROL OFMAU SEXUAL FUNCTIONS
BY THE GONADOTROPIC HORMONES—
FSHANDLH

The anterior pituitary gland secretes two mqjor
gonadotropic hormones; (1) follicle-stimulating
hormone (FSH); and (2) luteinizing hormone fLH).
These are glycoprotein hormones that play major
roles in the control of both male and female sexual
function.

Regulation of Testosterone Production by
LU. Testosterone is produced by the interstitial
wlls ofLeydig only when the testes are stimulated
by LH from the pituitary gland, and the quantity
of testosterone secreted increases approximately
in direct proportion to the amount ofLH available.

Injection of purified LH into a child causes fibro-

blasts in the interstitial areas of the testes to
develop into interstitial cells of Leydig, though
mature Leydig cells are not normally found in the
child’s testes until after the age of approximately
10 years. Also, simultaneous administration of
prolactin (another pituitary hormone that is

closely associated with the gonadotropic hormones)
greatly potentiates the effect of LH in promoting
testosterone production.

Effect of Human Chorionic Gonadotropin
on the Fetal Testes. During gestation the pla-

centa secretes large quantities of human chorionic

gonadotropin, a hormone that has almost the same
properties as LH. This hormone stimulates the
formation of Leydig cells in the testes of the fetus

and causes testosterone secretion. As pointed out

earlier in the chapter, the secretion of testosterone

during fetal life is important for promoting for-

mation of the male sexual organs.

Regutition of Pltulury Secretion

of LH and FSH by the HypotbAlamus

The gonadotropins, like corticotropin and thy-

rotropin, are secreted by the anterior pituitary

gland mainly in response to nervous activity In

the hypothalamus. For instance, m the female

rabbit, coitus with a male rabbit elicits nervous

activity in the hypothalamus that in turn stimu-

lates the anterior pituitary to secrete FSH and
LH. These hormones then cause rapid ripening of

follicles m the rabbit’s ovaries, followed a few

hours later by ovulation

Many other types of nervous stimuli are also

known to affect gonadotropin secretion For in-

stance, in sheep, goats, and deer, nervous stimuli

in response to changes in weather and amount of

light in the day increase the quantities of gonado-

tropins during one season of the year, the mating

season, thus allowing birth of the young during an

appropriate period for survival. Also, psychic stim-

uli can affect fertility of the male animal, as

exemplified by the fact that transporting a bull

under uncomfortable conditions can often cause

almost complete temporary stenlity. In the human
being, too, it is known that various psychic stimuli

feeding into the hypothalamus can cause marked
excitatory or inhibitory effects on gonadotropin

secretion, in this way sometimes greatly altering

the degree of fertility.

Luteinizing Hormone Releasing Hormone
(LHRH), the Hypothalamic Hormone That
Slunulates Gonadotropin Secretion. In both the

male and the female the hypothalamus controls

gonadotropin secretion by way of the hyixitha-

lamic-hypophysial portal system, as was discussed

in Chapter 75. Though there are two different

gonadotropic hoimones, luteinizing hormone and
follicle-slimuJating hormone, only one hypotha-
lamic-releasing hormone has been discovered; this

is luteinizing hormone releasing hormone (LHRH).
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Though this hormone has an especially etrong

efiect on inducing luteinizing hormone secretion

by the anterior pituitary gland, it has a potent

effect in causing follicle-stimulating hormone se-

cretion as well. For this reason it is often also

called gonadotropin-releasing hormone.

Luteinizing hormone releasing hormone plays a

similar role in controlling gonadotropin secretion

in the female, where the interrelationships are far

more complex Therefore, its nature and its func-

tions will be discussed in much more detail in the

following chapter.

Reciprocal Inhibition of Hypothalamic-An-
terior Pituitary Secretion of Gonadotropic
Hormones by Testicular Hormones. Feedback
Control of Testosterone Secretion. Iiyection of

testosterone into either a male or a female animal

strongly inhibits the secretion of luteinizing hor-

mone but only slightly inhibits the secretion of the

follicle-stimulating hormone This inhibition de-

pends on normal function of the hypothalamus;
therefore, it is quite clear that the following neg-

ative feedback control system operates continu-

ously to control verj’ precisely the rate of testos-

terone secretion

1 The hypothalamus secretes lutcinutng hor-

mone releasing hormone, which stimulates the an-
terior pituitary gland to secrete luteinuing hor-

mone
2 Luteinizing hormone in turn stimulates hy-

perplasia of the Leydig cells of the testes and also

stimulates production of testosterone by these cells

3 The testosterone in turn feeds back negatively

to the hypothalamus, inhibiting production of lu-

teinizing hormone releasing hormone This ob-
viously limits the rate at which testosterone will

be produced On the other hand, when testosterone

production is too low. lack of inhibition of the
hypothalamus leads to subsequent return of tes-

tosterone secretion to the normal level

Feedback Control of Spermatogenesis—
Role of “Inhibin.

"

It is known, too, that sper-

matogenesis by the testes inhibits the secretion of

FSH Conversely, failure of spermatogenesis
causes markedly increased secretion of FSH; this

is especially true when the seminiferous tubules
are destroyed, including destruction of the Sertoli

cells m addition to the germinal cells. Therefore,
it IS believed that the &rtoii cells secrete a hor-
mone that has a direct inhibitory effect mainly on
the anterior pituitary gland (but perhaps slightly

on the hypothalamus as well) to inhibit the secre-

tion of FSH A glycoprotein hormone having a
molecular weight between 10,000 and 30,000 and
called inhihin has been isolated from cultured
Sertoli cells and is probably responsible for most
of the feedback control of FSH secretion and of
spermatogenesis This feedback cycle is the follow-
ing-

1 Follicle-stimulating hormone stimulates the
Sertoli cells that provide nutrition for the devel-

„ spermatozoa

2. The Sertoli cells release inhibin that in tarn i

feeds hack negatively to the anterior pituitary]

gland to inhibit the production of FSH. Thus, this

:

feedback cycle maintains a constant rate of sper-

!

matogcncsis, without underproduction or over-

production, that is required for male reproductive

function

Puberty and gegulatlon of Its Onset

Initiation of the onset of puberty has long been
'

a mystery. In the earliest history of humanity, the

belief was simply that the testicles “ripened” at

this lime. With the discovery of the gonadotropins,

ripening of the anterior pituitary gland was con-

sidered responsible. Now it is known from experi-

ments in which both testicular and pituitary tis-

sues have been transplanted from infant animals

into adult animals that both the testes and the

anterior pituitary of the infant are capable of

performing adult functions if appropriately stim-

ulated Therefore, it is now certain that during

childhood the hypothalamus simply does not secrete

luteinizing hormone releasing hormone (UIBH).
For reasons not understood, some maturation

process in the brain causes the hypothalamus to

begin secreting LHRH at the time ofpuberty. This

secretion will not occur if the neuronal connections

between the hypothalamus and other parts of the

brain are not intact Therefore, the present belief

IS that the maturation process probably occurs

elsewhere in the brain instead of in the hjqiothal*

amus. One suggested locus is the amygdala
The Male Adult Sexual Life and the Male Climac-

teric. Following puberty, gonadotropic hormones are

produced by the male pituitary gland for the remainder

of life, and at lea.st some spermatogenesis usually con-

tinues until death Most men, however, begin to exhibit

slowly decreasing sexual functions in their late 40s or

50s. and one study showed that the average age for

terminating mtersexual relations was 68, though the

variation was great This decline m sexual function is

related to decrease in testosterone secretion, as depicted

m Figure 80-8 The decrease in male sexual function is

called the mnle climacteric Occasionally, the male cli-
j

macteric is associated with symptoms of hot flashes,

'

suffocation, and psychic disorders similar to the meno-

pausai symptoms of the female The«e symptoms can be

;

abrogated by administration of testosterone, synthetic’

androgens, or even estrogens that are used for treatment

of menopausal symptoms in the female

ABNORMAiniES OF MALE SEXUAL
FUNCTION

THE PROSTATE CLAND AND ITS

ABNORMALITIES

The prostate gland remains relatively small through-

out childhood and begins to grow at puberty under the

stimulus of testosterone This gland reaches an almost

stationary size by the age of about 20 years and remains

thte size up to the age of approximately 50 years. At
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that Umc in bomc n;cn it begins to degenerate, along
wth the decreased production of testosterone by the
testes. However, a benign prosUtic fibroadenoma fre-

qucntly develops m the prosUtc in older men and causes
unnar)’ obstruction This hypertrophy ti not caused by
tfstojti’fone.

Cancer of the prostate gland is a common cause of
death, resulting m approximately ‘2 to 3 per cent of all

male deaths.

Once cancer of the prostate gland does occur, the
cancerous cells arc usually stimulated to more rapid
grottlh by testosterone and .arc inhibited by rcmo\.il of
the testes so that testosterone cannot be formed Also,

prostatic c.incer usually can be inhibited by admmi&lra.
lion of estrogens. Some patients who have prostatic

cancer that has already melastasired to almost all the
bones of the body can be succevsfully treated for a few
months to years by removal of the testes, by estrogen
therapy, or by both; following this therapy the tnetas-

taies degenerate and the bones heal This treatment
docs not completely slop the c.vnccr hut docs slow a and
greatly diminishes the .severe Ixine pain

WrOCO\AOI5AI IN THE MALE

Hypogonadism is caused by any of vcutjI abnormal
itics: First, the person may be born without functional

testes. Second, he may have undeveloped testes, owing
to failure of the anterior pituitary to secrete gonado-
tropic hormones. Third, cryptorchidism (unde"<cndcd
testes) may occur, associated with p.irtial or total dtgen
eration of the testes Fourth, he may lose hi« testes.

Khtch is called ros/ru/ian Fiilli. o rare child i» born who
hat a genetic absence of androgen receptors in the target
celts; in such a cliild (vstostcrunu is often formed in

abundance but still has no masculiniaing e/Tcct

^Slicn the testes are nonfunctional during fetal life or

»hcn there is genetic nbsence ofondrogen receptors in

the target cells, none of the male sexual organs develop
instead, normal female organs arc formed The reason
for this is that the b.nsic genetic charnclcrislic of the
fetus, whether u bo male or female, is to form female
sexual organs if there are no sex hormones Uul, in Dip
presence of testosterone, formation of the female sexual
organs is suppreivsed while instead male organs arc
induced.

tVhen a boy loses his testes prior to puberty, a stale
of cunucAism ensues in which he continues to hasp
infantile sexual charactcnstics throughout life The
height of the adult eunuch is slightly' greater than that
of the normal man, though the bones are quite thin, the
muscles are considerably weaker than those of normal
man, and, obviously, the sexual organs and secondary
sexual characteristics are those of a child rather than
those of an adult. The voice is childlike, there is no los*

of hair on the head, and the normal masculine hair

djslnbuticm on the face and elsewhere does not occur.

When a man is castrated fallowing puberty, some
male secondary sexual characteristics revert to those of
a child, and others remain of masculine character. The
sexual organs regress slightly m size but not to o
childlike state, and the voice regresses from the bass
quality only slightly. On the other hand, there is loss of
masculine hair production, loss of the thick mascolinp
bones, and loss of the musculature of the vinle male.
In the castrated adult male, sexual desires are de-

creased but not totally lost, provided sexual activities

have been practiced previously. Erection can still occur

figure 60>9. Adiposojenlul syndrome In on adolescenc male.

Note (he obeviiy and the childlike sexual organs (Courtesy of Dr

leonard Posey

}

as before though w-ith less ease, but it is rare that
ejaculation can lake place, primarily because the semen-
forming organs become degenerate, and there has been
a loss of Uie testosterone-dnven psychic desire.

Some instances of hypogonadism are caused by a

genetic inability of the hypothalamus to secrete normal
amounts of LHRK. ORcn this is associated with a
simultaneous abnormality of the feeding center of the
hypothalamus, causing the person to greatly overeat
Consequently, severe obesity occurs along with eunuch-
ism A patient with this condition is illustratedm Figure
80-9. the condition is called adiposogenital syndrome,
Frohheh’s syndrome, or hypothalamic eunuchism.

TISTICUIAR TUMORS ANO
HYPERGONADISM IN THE MALE

/nterstitio/ Leydtg cell tumors develop rarely in the
testes, but w hen they do develop they sometimes produce
as much as 100 times the normal quantities of testos-

terone. When such tumors develop in young children,
they cause rapid growth of the musculature and bones
but also early uniting of the epiphyses so that the
eventual adult height actually is less than that which
would have been achieved otherwise. Obviously, such
interstitial ceil tumors cause excessive development of
the sexual organs and of the secondary sexual charac-
teristics. In the adult male, small interstitial cell tumors
are difficult to diagnose because masculine features are
already present.

Much more common than the interstitial Leydig cell
tumors are tumors of the germinal epithelium. Because
germinal ceils are capable of dilTerentiating i
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any type of cell, many of these tumors contain muldple
tissues, such as placental tissue, hair, teeth, bone, skin,

and so forth, all found together in the same tumorous

mass called a teratoma. Often these tumors secrete no
hormones, but if a significant quantity of placental

tissue develops in the tumor, it may secrete large quan-

tities of chorionic gonadotropin that has functions very

similar to those of LH Also, estrogenic hormones ore

frequently secreted by these tumors and cause the con-

dition called gynecomastia, which means overgrowth of
the breasts

THE PINEAL GIAND—ITS FUNCTION
IN CONTROLLING SEASONAL
FERTILITY

For as long as the pineal gland has been known
to exist, to it has been ascribed a mynad of differ-

ent functions, even including being the seat of the
soul. However, it is known from comparative anat-

omy studies that the pineal gland is a vestigial

remnant of what was a third eye high in the back
of the head in lower animals. Many physiologists

have been content with the idea that this gland is

in truth merely a vestigial remnant, but others

have claimed for many years that it plays impor-
tant roles in the control of sexual activities and
reproduction, functions that still others said were
nothing more than the sealous imaginings ofphys-

iologists preoccupied with sexual delusions.

But now, after years of turmoil and dispute, it

looks as though the sex advocates have at last

won, and that the pineal gland does indeed play
an important regulatory role in sexual and repro-

ductive function. For, in lower animals in which
the pineal gland has been removed or in which the
nervous circuits to Uie pineal gland have been
sectioned, the normal annual periods of seasonal
fertility are lost. To these animals such seasonal
fertility is very important because it allows birth

o! the offspring in the spring and summer months
when survival is most likely Unfortunately, the
mechanism of this effect is still not entirely clear
but It seems to be the following:

First, the pineal gland is controlled by the
amount of light seen by the eyes each day For
instance, in the hamster, greater than 13 hours of
darkness each day activates the pineal gland,
while less than that amount of darkness fails to

activate it, with a very critical balance between
activation and nonactivation The nervous path-
way involved is this: passage of light signals from
the eyes to the suprachiasmal nucleus of the hy-
pothalamus and thence to the pineal gland acti-

vates pineal secretion

Second, the pineal gland secretes melalomn and
several other similar substances. Either melatonin
or one of the other substances then passes either
by way of the blood or through the fluid of the
third ventricle to the anterior pituitary gland to

11 , I gonadotropic hormone secretion.

In the presence of pineal gland secretion, th?

gonadotropic hormone secretion is suppress^ h

at least some species of animals, and the gona<l-

become inhibited and even involuted. This is wha*

presumably occurs during the winter months wper

there is more darkness. But after about fl^ui

months of dysfunction, the gonadotropic hormow
secretion breaks through the inhibitory effect ».

the pineal gland, and the gonads become functions

once more, ready for a full springtime of activity-

But, does the pineal gland have a similar func

tion for control ofreproduction in man? The ansv^ei

to this is still far from known. However, tumnn
often occur in the region of the pineal gland. Sopn

of these are pineal tumors that secrete excess^’*

quantities of pineal hormones, whereas others

tumors of surrounding tissue and press on th<

pineal gland to destroy it. Both types of turaon

are often associated with serious hypo- or hyper

gonadal function. So, perhaps the pineal gUnc

does play at least some role in controlling sexual

drive and reproduction m man.
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81
Female Physiology
Before Pregnancy,
and the Female
Hormones

Female reproductive functions can be divided

into two major phases’ firat, preparation of the

female body for conception and gestation, and
second, the period of gestation itself. The present

chapter is concerned with the preparation of the

female body for gestation, and the following chap-

ter presents the physiology of pregnancy.

THYSIOIOGIC ANATOMY Ot THl
FEMALE SEXUAL ORGANS

Figure 81-1 illustrates the principal organs of the

human female reproductive tract, the most important of

which arc the avanes, the fafiopian tubes, the uterua,

and the t<a^(nci Reproduction begins with the develop-

ment of ova in the ovanes A single ovum is expcll^
from an ovarian follicle into the abdominal cavity in the

middle of each monthly sexual cycle This ovum then
passes through one of the fallopian tubes into the uterus,

and, if It has been fertilized by a spenn, it implants m
the uterus where it develops into a fetus, a placenta,

and fetal membranes

During fetal life the outer surface of the ovary u
covered by a germinal epithelium, which embryologically

IS derived directly from Uie epithelium, of the germinii

ndges. As the fetus develops, primordial olki differen-

tiate from the germinal epithelium and migrate into the

substance of the ovanan cortex. Each ovum then collects

around it a layer of spindle cells from the ovarian stroma

(the supporting tissue of the ovary) and causes these to

take on epithelioid charactenstics; these are the gran*

ulosa cells The ovum surrounded by a single layer of

granulosa cells is called a pnmordiai foRtcle.

At the 30th week of gestation the number of ovs

reaches about 7 million, Wt most of these soon degen-

erate so that less than 2 million are present in the tno

ovanes at birth, and only 300,000 to 400,000 at puberty

Then, during all the reproductive years ofwomen, from

about 13 to 50 years of age, about 450 of these follicles

develop enough to expel their ova—one each month, the

recoamder degenerate {become olretic). At the end of

reproductive capability, at the menopause, only a few

primordial follicles remain in the ovanes, and even these

degenerate soon thereafter.

THE FEMALE HORMONAL SYSTEM

The female hormonal system, like that of the
,

male, consists of three different hierarchies of'

hormones, as follows:

1. A hypothalamic-releasing hormone, luteiniz-

ing hormone releasing hormone (LHRH).
2. The antenor pituitary hormones, follicle-stm-

ulating hormone (FSH) and luteinizing hormone

(LH), both of which are secreted in response to the

releasing hormone from the hypothalamus.

3. The ovarian hormones, estrogen and proges-

terone, which are secreted by the ovaries in re-

sponse to the two hormones from the antenor

pituitary gland.

The various hormones are not secreted in con-

stant amounts Ihroughcrul the female monthly

sexual cycle, but instead are secreted at drastically
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DAYSWfEMALE SEXUAL CYCLE

npire 8I-Z4 Approilrrute plunu concentr^uons of th« gon
tdouopuu iftO ovjiUn hormone* during the noirrut /ermle
iatuil cycle

f differing rates during difTcrcnl parts of the c>cle

V Figure 81-2 illustralca the changing conccnira*

s lions of the anterior pituitary hormones. FSH and
' Ui, and of the ovarian hormones, estradiol (c.stro*

gen) and progesterone. Although detailed meas*

f urements have not yet been made, it is possible

that the hypolhalamic’rclcasing hormone LHRH
1 also undergoes cyclic variations.

1

Before we can discuss the interplay between
these dilTerent hormones, it is first necessary to

describe some of their specific functions and Ihcir

j
relationships to ovarian function

;
the monthly ovarian cycle

:!
and function of the

j

gonadotropic hormones

I
The normal reproductive years of the female are

characterized by monthly rhythmic changes in the
rates of secretion of the female hormones and
corresponding changes in the ovaries and sexual
organs as well. This rhythmic pattern is called the
female sexual cycle (or less accurately, the men-
strual cycle). The duration of the cycle averages
28 days. It may be as short as 20 days or as long
M 45 days even in completely normal women,
though abnormal cycle length is occasionally as-

sorted with decreased fertility.
The two significant results of the female sexual

cycle are: First, only a single mature ovum is

normally released from the ovaries each month so

that Only a single fetus can begin to grow at a
time. Second, the uterine endometrium is prepared
for implantation of the fertilized ovum at the

required time of the month.

The ConAdotroplc Hormones

The ovarian changes during the sexual cycle

depend completely on gonadotropic hormones se-

creted by the anterior pituitary gland. Ovaries
that are not stimulated by gonadotropic hormones
remain completely inactive, which is essentially
the case throughout childhood when almost no
gonadotropic hormones are secreted. However, at
the age of about 8 years, the pituitary begins
secreting progressively more gonadotropic hor-
mones, which culminates in the initiation of
monthly sexual cycles between the ages of 11 and
15 years: this culmination is called puberty.
iThe ovaries also function during fetal life be-

cause of stimulation by a gonadotropic hormone,
chononic gonadotropin, secreted by the placenta.

But within a few weeks after birth this stimulus
IS lost, and the ovaries become almost totally

dormant until the prepubertal period.)

The anterior pituitary secretes two different hor-

mones that arc known to be essential for full

function of the ovaries: (1) follicle-stimulating hor-
mone (FSH), and (2) luteinizing hormone (LH).
Both are small glycoproteins having molecular
weights of about 30,000. The only significant ef-

fects of FSH and LH are on the testes in the male,
as explained in the previous chapter, and on the
ovancs m the female.

Dunng each month of the female sexual cycle,

there IS a cyclic increase and decrease of FSH and
LH. as illustrated in Figure 81-2. These cyclic

variations in turn cause the cyclic ovarian
changes, which are explained m the following

sections.

Both FSH and LH stimulate their ovarian target

cells by combining with highly specific FSH and
LH receptors in the cell membranes. The activated

receptors m turn increase both the rates of secre-

tion of these cells and growth and proliferation of
the cells Some of these stimulatory effects result

from activation of the cyclic AMP second messen-
ger system in the cell cytoplasm, which in turn

excites many intracellular functions as explained

in Chapter 74. However, some elTects of the hor-

mones cannot be attributed entirely to the cyclic

AMP system.

folllcuUr Growth—Function of Follicle-

Stimulating Honnone (FSH)

Figure 81-3 depicts the various stages of follic-

ular growth in the ovaries. At birth of the female

child, each of the 300,000 to 400,000 ova is sur-

rounded by a single layer of granulosa cells, and
the ovum with its granulosa cell sheath is called

a primordial follicle as illustrated in the figure.

Throughout childhood the granulosa cells are be-

lieved to provide nourishment for the ovum and
also to secrete an oocyte maturation-inhibiting

factor that keeps the ovum m its primordial state,

suspended dunng this entire time in the first stage

ofmeiotic division. Then, aOer puberty, when FSH
and LH from the anterior pituitary gland be^n to

be secreted in large quantity, the entire ovaries

I
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hllltti falllcU
tdituTiliillltf*

FOLLICULAR GROWTH

Eirl)f (livaloglng

Rsure 81-3. SUges of follicular growth In (he ovary, showing

also formation of the corpus luteum. (Modified from A/ey De-
velopmental Anatomy ?thed rhIUdelphla.W 8 Saurtden Com-
pany. 1974

)

together with the follicles within them begin to

grow.

The first stage of follicular growth is moderate
enlaTgeroenl of the ovum itself, which increases in

diameter two to threefold. Then follows growth of

additional layers ofgranulosa cells, and the follicle

becomes known as a primary follicle At least some
of the development to this stage can occur even in

the absence of TSH and LH, but development
beyond this point is not possible without these two
htrrmones.

The Vesicular Follicles. During the first few
days alter the beginning of menstruation, the con-

centrations of FSH and LH increase severallbld,

with the increase in FSH preceding that of LH by
a few days. These hormones, especially the FSH,
cause accelerated growth of 6 to 12 primary folli-

cles each month The initial effect is rapid prolif-

eration of the granulosa cells, but many spindle

cells derived from the ovarian mtcrstitium also

collect in several layers outside the granulosa cells,

giving rise to a second mass of cells called the
theca This is divided into two sublayers: in the
theca interna, the cells take on epithelioid charac-
teristics similar to those of the granulosa cells and
develop the capability of secreting steroid hor-
mones similar to the capability of the granulosa
cells. The outer sublayer, the theca externa, is a
highly vascular connective tissue capsule. This
becomes the capsule of the developing follicle.

After the early proliferative phase of growth,
the mass of granulosa cells secretes a follicular

fluid that contains a high concentration of estro-

gen, one of the important female sex hormones
that will be discussed later. The accumulation of
this fluid causes an antrum to appear within the
mass of granulosa cells, as illustrated in Figure

8i-3. Once the antrum is formed, the granulosav»

and theca cells proliferate even more rapidly, thtL

rote of secretion accelerates, and each of the grovr-1
*

ing follicles becomes a vesicular follicle.

The early groulh of the primary follicle is stim- „
ulated primarily by FSH. However, the accelerated

'

growth that leads to the vesicular follicle results C
from two other factors as well. First, the LH thatt!

at that time is being secreted in progressively^

increasing quantities by the anterior pituitaiy
”

gland has a synergistic effect on the granulosa and ,

theca cells to support the stimulatory effect cfC

FSH, thus giving rise to far more stimulation than
‘

occurs from FSH alone. Second, the estrogen s^ ,

creted into the follicle causes the granulosa cells
*

themselves to form increasing numbers of FSH
,

receptors, making the granulosa cells more sensi- ^

live than ever to the FSH secreted by the anterior
,

piUutacy gland Thetefsce, once the vesicular Col-

licle begins to grow, its further growth occurs very

rapidly. \
As the vesicular follicle enlarges, the ovum itself

remains imbedded in a mass of granulosa cells >.

located at one pole of the follicle, as illustrated in f

Figure 81-3. The ovum together with its surround-

1

mg granulosa cells is called the cumulus oophona. L

Maturation of Only One Follicle, Atresia of f
the Uemainder. AHer a week or more ofgrowth— V
but before ovulation occurs—one of the follicles

j

begins to outgrow all the others; the remainder
.j

begin to involute <a process called atresia), and

these follicles are said to become atretic. The cause

of the atresia is unknown, but it has been postu*
j

lated to be the following The one follicle that *

becomes more highly developed than the others

also secretes more estrogen, and this causes a

positive feedback effect that (a) enhances granu-

losa cell proliferation, and (b) enhances the num-
ber ofFSH receptors on these granulosa cells, thw
increasing the stimulatory effect of FSH on this

one follicle. However, the secreted estrogen acts

on the hypothalamus to decrease the secretion of .

FSH and LH by the anterior pituitary gland, thus
,

reducing the degree of stimulation of the less well*

;

developed follicles. Therefore, the largest follicle

continues to grow even without further increase

in the gonadotropic hormones while all the other

follicles stop growing and, indeed, involute.

This process of atresia obviously is important in

that it allows only one of the follicles to grow large

enough to ovulate. The single follicle reaches a

size of 1 to 1.5 centimeters at the time ofovulation.

Ovufatfon

Ovulation in a woman who has a normal 28 day

female sexual cycle occurs 14 days after the onset
i

ofmenstruation.
Shortly before ovulation, the protruding outer

wall ofthe follicle swells rapidly, and a small area

tn*the center of the capsule, called the stigma,
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protrudes like a nipple. In another half hour orso»

fluid begins to ooze from the follicle through the

stigma. About two minutes later, as the follicle

becomes smaller because of loss of fluid, the stigma
ruptures u’idely, and a more viscous fluid that has
occupied the central portion of the follicle is eva-

gmated outward into the abdomen. This viscous

fluid carries with it the ovum surrounded by sev-

eral thousand small granulosa cells called the

corona radiala.

Need for Luteinizing Hormone (LH) in Ovu-
lation—Ovulatory Surge ofLH. Luteinizing hor-

mone is necessary for final follicular growth and
ovulation. Without this hormone, even though
large quantities of FSH are available the follicle

will not progress to the stage of ovulation.

Approximately two days before ovulation, for

reasons that arc not completely known at present
but that will be discussed in more detail later m
the chapter, the rate of secretion of LH by the
anterior pituitary gland increases markedly, rising

six- to tenfold and peaking about IS hours before

0%'ulation. FSH also increases about twofold at the
same time, and the two of these hormones act

synergistically to cause rapid swelling of the fol-

licle during the several days before ovulation. The
LH also has the specific effect on the granulosa
cells of causing them at first to secrete less estro-

gen but progressively increasing amounts of pro-

gesterone. Therefore, the rate of secretion of estro-

gen begins to fall approximately one day prior to

ovulation, while minute amounts of progesterone
begin to bo secreted.

It is in this environment of (a) very rapid growth
of the follicle, (b) diminishing estrogen secretion

after a prolonged phase of excessive estrogen se-

cretion, and (c) beginning secretion of progesterone
that ovulation occurs. Without the initial preovu-
latory surge ofluteinizing hormone, ovulation will

not take place.

Initiation of Ovulation. Figure Sl-4 gives a
schema for the initiation of ovulation. It shows the
initiating cause to be the large quantity of lutein-
izing hormone secreted by the anterior pituitary
gland. The luteinizing hormone in turn causes
rapid secretion of follicular steroid hormones con-
taining a small amount of progesterone for the
first time. Within a few hours two events occur,
both of which are necessary for ovulation: (1) The
theca externa (the capsule of the follicle) begins to

form proteolytic enzymes that cause dissolution of
the capsular wall and consequent weakening of
the wall, resulting m further swelling of the entire
follicle and degeneration at the stigma. (2) Simul-
taneously, there is rapid growth of new blood
vessels into the follicle wall, and at the same time

' prostaglandins (local hormones that cause vasodi-
lation) are secreted in the follicular tissues. These
two effects in turn cause plasma transudation into
the follicle, which also contributes to follicle swell-
ing. Finally, the combined follicle swelling and

Lufeinizmg Hormone

t
Fo/Iicufor Sferoid Hormones

( Progesterone)

Proteol/tis Enzymes
(CoUog^note)

Weokened Follicle Well

Follicular Hyperemia
end

Pro%laglandin Secretion

/
Follicle Swelling

Follicle Rupture

Erojinalion of Ovum
ngura Bt-4. rosnjlated mechanUm ol ovulatloa (Based pri-

marily on the research studies ol H Upner

)

simultaneous degeneration of the stigma cause
follicle rupture with evagination of the ovum.

THl CORPUS iUJIUM—TH£ “lUrMl"
PHASB or THE OVARIAN CYCLE

During the first few hours after expulsion of the

ovum from the follicle, the remaining granulosa

cells change rapidly into lutein cells. These grow
to a diameter two or more times as large as the

granulosa ceils, and they become filled with lipid

inclusions that give them a yellowish appearance.

This process is called luteinization, and the total

mass of cells together is called the corpus luteum,

which IS illustrated in the bottom of Figure 81-3.

The lutein cells develop a very extensive smooth
endoplasmic reticulum that forms large amounts
of the female sex hormones progesterone and es-

trogen, especially progesterone. A well-developed

vascular supply also grows into the corpus luteum.

Incorporated in the corpus luteum are also

strands of theca cells, constituting about 20 per

cent of the total mass. These cells are believed to

form mainly androgens rather than female sex

hormones. However, much, if not most, of the

androgenic steroids are then probably converted

by the granulosa cells into the female hormones.

In the normal female, the corpus luteum grows

to approximately 1.5 cm, reaching this stage of

development approximately seven or eight days

following ovulation. After this, it begins to invo-

lute and eventually loses its secretory function, as

well as its lipid characteristics, approximately 12

days following ovulation, becoming then the so-

called corpus albicans: during the ensuing few

weeks this is replaced by connective tissue.
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Luteinizing Function of Luteinizing Her*

mone (LH). The change of granulosa cells Into

lutem cells is mainly dependent on the LH secreted

by the anterior pituitary gland. In fact, this func-

tion gave LH its name “luteinizing." However,

luteinization of the granulosa cells also depends

upon extrusion of the ovum from the follicle. A yet

undiscovered local hormone in the follicular fluid,

called lufeinizalion-inhtbiting factor, seems to hold

the luteinization process in check until after ovu-

lation, Also for this reason, a corpus luteum does

not develop in a follicle that does not ovulate

Secretion by the Corpus Luteum: Function
of LH. The corpus luteum i.s a highly secretory

organ, secreting large amounts of hath progester-

one and estrogen. Once LH (mainly that which has
been secreted during the ovulatory surge) ha.s

acted on the granulosa cells to cause luteinization,

the newly formed lutein cells seem to be pro-

grammed to go through a preordained sequence of

(a) proliferation, lb) enlargement, and (c) secretion,

then to be followed by (d) degeneration. Even m
the absence of further secretion of LH by the

anterior pituitary gland, this process will still

occur but It will last only four to eight days. On
the other hand, in the presence of LII the degree
of groivth of the corpus luteum is enhanced, its

secretion is greater, and its life is extended. We
shall see in the discussion of pregnancy in the next
chapter that another hormone that has almost
exactly the same properties as luteinizing hor-

mone, chonomc gonadotropin, which is secreted by
the placenta, can also act on the corpas luteum to

prolong Its life^usually maintaining it for at least

the first three to four months of pregnancy.
Involution of the Carpus Luteum and Onset

of the Next Ovarian Cycle. The estrogen m
particular, and progesterone to a lesser extent,

secreted by the corpus luteum during the luteal

phase of the ovarian cycle have a strong feedback
effect on the anterior pituitary gland to decrease
the secretion ofboth FSH and LH In addition, the
luteal cells also secrete moderate amounts of the
hormone inhibin, the same as the inhibin secreted

by the Sertoli cells of the male testes This hor-

mone, too, inhibits secretion by the anterior pitui-

tary gland, especially FSH secretion As a result,

both FSH and LH in the blood fall to n very low
ebb, and loss of these causes the corpus luteum to

degenerate completely, a process called involution

of the corpus luteum. This occurs at the end of
almost exactly 12 days ofcorpus luteum life, which
IS approximately on the 26th day of the normal
female sexual cycle, two days before menstruation
begins. Now, the lack of secretion of the estrogen,
progesterone, and inhibin by the corpus luteum
removes the feedback inhibition of the anterior
pituitary gland, allowing it again to begin secret-
ing several times ns much FSH, and a few days
later increased quantities of LH as well. The FSH
and LH initiate growth of new follicles to begin a

ovarian cycle. At the same time, the paucity

of secretion of proge-steronc and estrogen leads ta

menstruation by the uterus, as will be explaine.!

later.

SUMMARY

Approximately each 28 days, gonadotropic her

mones from the anterior pituitary gland cause nes

folHcies to begin to grow in the ovaries. One of thi

follicles finally ovulates at the 14th day of thi

cycle. During grow-th of the follicles, estrogen i:

secreted.

Following ovulation, the secretory cells of Uii

follicle develop into a corpus luteum that secrete;

large quantities ofthe female hormones progester

one and estrogen. After another two weeks tb

corpus luteum degenerates, whereupon the ovar

»an hormones estrogen and progesterone decrep
greatly and men-stniation begins. A new ovariar

cycle then follows.

FUNCTIONS OF THF OVARIAN
HORMONES—ESTRADIOL AND
PROGESTERONE

The two types of ovarian sex hormones are th«

estrogens and the prvgestins. By far the most ini'

porlant of the estrogens is the hormone esfradcol

and by far the most important progestin Is proges-

terone. The estrogens mainly promote proliferation

and growth of specific cells in the body and art

responsible for development ofmost secondary sex

ual characteristics of the female. On the othei

hand, the progestins are concerned almost entlrelj

with final preparation of the uterus for pregnanej

and the breasts for lactation.

CHIMISTRY OF Tht SEX HORMONES
The Estrogens. In the nonnal nonpregnsnt femsle,

estrogens are secreted in major quantities only by the

ovaries, though minute amounts arc also secret^ by

the adrenal cortices In pregnancy, tremendous quan-

tities arc also accreted by the placenta, as wc shall

discuss m the following chapter.

Only three estrogens are present in significant quan-

tities In the plasma of the human female; ^-eitradiol,

estrone, and estriol, the formulas for which are illus-

trated in Figure 81-5 The pnncipal estrogen secreted

by the ovaries is ({^estradiol Small amounts of estrone

are also secreted, but most of this is formed in the

penpheral tissues from androgens secreted by the ad-

renal cortices and by the ovarian thecal and stromal

cells. Estnol is an oxidative product derived from both

estradiol and estrone, the conversion occurring mainly

in the liver.

The estrogenic potency of (J-cstradiol is 12 times that

ofestrone and 80 times that of estriol Considering these

T^ative potencies, the total estrogenic effect of p-cstca-

diol IS usually many times that ofthe other two together.

For.this reason P-estradiol is considered to be the major

estrogen, though the estrogenic effects of estrone are fat

from negligible.
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^ The Progestins. By far the most important of the

‘ progestins is progosterone. However, small amounts of

another progestin, 17*a-hydrox>progesterone also are

secreted along with progesterone and have essentially

the same effects. Yet for practical purposes it is usually

proper to consider progesterone to be the single impor-

tant progestin.
‘

In the normal nonpregnant female, progesterone is

’secreted m significant amounts only during the Jailer

half of each ovarian cycle when it is secreted by the

corpus lutcum. Only minute amounts of progesterone

appearm the plasma during the first half of the ovarian

c>cle, secreted approximately equally by the ovaries and
the adrenal cortices. Yet, as we shall sec in the following

chapter, very large amounts of progesterone are also

secreted by the placenta during pregnancy, especially

alter the fourth month of gestation.

S>'nthcsis of the Estrogens and Progestins. Note
from the chemical formulas of the estrogens and proges-

terone in Figure 81-5 that all these are steroids They
are s>-nthesized m the ovaries mainly from cholesterol

denved from the blood, but to a slight extent also ftom
acetyl cociuymc*A, multiple molecules of which can
combine to form the appropriate steroid nucleus During
sjulhcsis, progesterone and the male sex hormone tes-

tosterone are mainly synthesized first, then, before these
can leave the ovaries, almost all the testosterone and
much of the progesterone are converted into estrogens

Even so, about 1/15 as much testosterone is secreted
into the plasma of the female by the ovaries as into the
plasma of the male by the testes.

Transport of Estrogens and Progesterone in the
Blood. Estrogens and progesterone are both transported
in the blood bound mainly with plasma albumin, though
small amounts are also bound with specific estrogen-
and progcsterone-binding globulins. However, the bind-
ing between these hormones and the plasma proteins is

so loose that they are rapidly released to the tissues

within 5 to 30 minutes
Fate of the Estrogens; Function of the Liver in

Estrogen Degradation. The liver conjugates the estro-

gens to form glucuronides and sulfates, and about one
fillh of these conjugated products are excreted m the

bile while most of the remainder are excreted m the

unne Also, the liver converts the potent estrogens,

estradiol and estrone, into the almost totally impotent

tslrogen estnoS Therefore, diminished liver function

actually increases the activity of estrogens m the body,

sometimes causing Ayperestnnisnt

Fate of Progesterone. Within a few minutes after

secretion, almost all the progesterone is degraded to

other steroids that have no progesteronic effect Here,

os IS also true with the estrogens, the liver is especially

important for this metabolic degradation

The major end-product of progesterone degradation is

pregnanediol Approximately 10 per cent of the original
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progesterone is excreted m the urine in this form.

Therefore, one can estimate the rate of progesterone

formation m the body from the rate of this excretion

ruNcnoNs or the estrogens—etfects
ON THE PRIMARYAND SECONDARY
SEXUAL CHARACTERISTICS

The principal function of the estrogens is to

cause cellular proliferation and grov.'th of the tis-

sues of the sexual organs and of other tissues

related to reproduction.

Effect on the Uterus and External Sexual
Organs. During childhood, estrogens are secreted

only in small quantities, but following puberty the

quantity of estrogens secreted under the influence

of the pituitary gonadotropic hormones increases

some 20-fold or more At this time the female
sexual organs change from those of a child to those

ofan adult The fallopian tubes, uterus, and vagina
all increase in size. Also, the external genitalia

enlarge, with deposition of fat m the mons pubis
and labia majora and with enlargement of the

labia minora.

In addition, estrogens change the vaginal epi-

thelium from a cuboidal into a stratifled type,

which is considerably more resistant to trauma
and infection than is the prepubertal epithelium
Infections in children, such as gonorrheal vagini-
tis, can actually be cured by administration of
estrogens simply because of the resulting increased
resistance of the vagina! epithelium.
During the few years following puberty, the size

of the uterus increases two- to threefold. More
important, however, than increases in size arc the
changes that take place in the endometrium under
the influence of estrogens, for estrogens cause
marked proliferation of the endometrial stroma
and greatly increased development of the endo-
metrial glands that will later be used to aid in
o.'ita’.tAsw. <!C tb/t m'jAi'hvAvf^ wrwn,
are discussed later in the chapter in connection
with the endometrial cycle.

Effect on the Fallopian Tubes. The estrogens
have an effect on the mucosal lining of the fallo-

pian tubes similar to that on the uterine endome-
tnum They cause the glandular tissues to prolif-

erate; and, especially important, they cause the
number of ciliated epithelial cells that line the
fallopian tubes to increase. Also, the activity of
the cilia is considerably enhanced, these always
beating toward the uterus. This helps propel the
fertilized ovum toward the uterus.

Effect on the Breosts. The primordial breasts

of both female and male are exactly alike, and
under the influence of appropriate hormones, the

masculine breast, at least during the first two
decades of life, can develop sufficiently to produce
milk in the same manner as the female breast.

Estrogens cause (!) development of the stromal
tissues of the breasts, (2) growth of an extensive

ductile system, and (3) deposition of fat in

breasts. The lobules and alveoli of the breast d

velop to a slight extent, but it is progesterone iir

prolactin that cause the determinative growth
function of these structures. In summary, the e

trogens initiate groivth of the breasts and tl

breasts’ milk-producing apparatus, and they ^
also responsible for the characteristic external s;

pcarancc of the mature female breast, but they t

not complete the job of converting the breasts in'

milk-producing organs.

Effect on the Skeleton. Estrogens cause i

creased osteoblastic activity. Therefore, at pubert

when the female enters her reproductive ye?r

her growth rate becomes rapid for several ye^
However, estrogens have another potent effect c

skeletal growth—that is, they cause early unitir

of the epiphyses with the shafts of the long bone

This effect is much stronger in the female than

the similar effect of testosterone in the male. As

result, growth of the female usually ceases sexc^

years earlier than growth of the male. The femfl

eunuch who is completely devoid of estrogen pn

duction usually grows several inches taller tfla

the normal mature female because her epiphy«

do not unite early.

Os/eoporos/s of the Doaea Caused by Estr*

gen Deficiency in Old Age. After the menopad*'

almost no estrogens are secreted by the ovarl^

This estrogen deficiency leads to (1) diminish*

osteoblastic activity in the bones, (2) decrea^*

bone matrix, and (3) decreased deposition of

calcium and phosphate. In some women, this efl*;

is extremely severe, and the resulting condition i

os/eoporosis, which was described in Chapter
Because this can greatly weaken the bones an

lead to bone fracture, especially fracture of t"

vertebrae, a large share ofpostmenopausal won?®

are treated continually with substitutive estn

gens.

a slight increase in total body protein, which >

evidenced by a slight positive nitrogen balad*

when estrogens are administered. This probabl

results from the growth-promoting effect of estrf

gen on the sexual organs, the bones, and a f®’

other tissues of the body. The enhanced prot^^

deposition caused by testosterone is much
general and many times as powerful as that cauS®

by estrogens.

Effect on Metabolism and Fat DeposititU'

Estrogens increase the metabolic rate slightly hu

only about a third as much as the male sex h^i

mone testosterone. They also cause deposition c

increased quantities of fat in the subcutanefu
tissues. As a result, the overall specific ^avity ®

the female body, as judged by flotation in wst®!

IS considerably less than that of the male bod)

which contains more protein and less fat. In addi

tion to deposition of fat in the breasts and subi^

taneous tissues, estrogens cause the deposition ®
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fat ia the buttocks and thighs that is characteristic

of the feminine figure.

Effect on Hair Distribution. Estrogens do not

greatly affect hair distribution. However, hair de-

velops in tho pubic region and in the axillae after

puberty. Androgens formed by tlio adrenal glands

arc mainly responsible for this.

Effect on the Skin. Estrogens cause tho skin

to develop a texture that is soil and usually smooth
but nevertheless thicker than that of the chtld or

the female castrate. Also, estrogens cause tho skm
to become more vascular than normal; this effect

is often associated with increased warmth of the
skin, and it often results in greater bleeding ofcut

surfaces than is observed in men
The adrenal androgens, which arc secreted m

increased quantities a^cr puberty, cause increased

secretion by the axillary sweat glands and also

often cause acne.
Effect on Electrolyte Balance. The chemical

similarity ofestrogenic hormones to adrenocortical

hormones has been pointed out; and estrogens, like

aldosterone and some other adrenocortical hor-

mones, cause sodium and water retention by the

kidney tubules. However, this effect of estrogens
Is alight and rarely of significance except in preg-

nane)*, as discussed in the following chapter.

Intracellular Functions of Estrogens. Thus
far we have discussed tho gross elTects ofestrogens
on the body. The cellular mechanism behind these
effecta is: Estrogens circulate m tho blood for only
a few minutes before they are delivered to the
target cells. On entry into these cells, they combine
within 10 to 15 seconds with a “receptor" protein
in the cytoplasm and then, in combination with
this protein, migrate to the nucleus. This in turn
interacts with specific portions of the chromosomal
DMA, and immediately initiates the process of

transcription; therefore, RNA begins to bo pro-
duced within a few minutes. In addition, over
many hours new DNA also is produced, resulting
eventually in division of the coll. The UNA diffuses
to the cytoplasm, where it causes greatly increased
protein formation and subsequently altered cellu-
lar function.

One of the principal differences between the
protein anabolic effect of the estrogens and that of
testosterone is that estrogen causes its effect al-
most exclusively in certain target organs, such as
the uterus, the breasts, the skeleton, and certain
fatty areas of the body, whereas testosterone has
a more generalized effect throughout the body.

rUNCnONS of rROC£Sr£RON£

Effect on the Uterus. By far the most impor-
tant function ofprogesterone is topromote secretory
c/uinges in the uterine endometrium during the
latter half of the female sexual cycle, thus prepar-
ing the uterus for implantation of the fertilized
ovum. This function is discussed later in connec-
tion with the endometrial cycle of the uterus.

In addition to this effect on the endometrium,
progesterone decreases the frequency of uterine
contractions, thereby helping to prevent expulsion
of the implanted ovum, an effect discussed in the
following chapter.

Effect on the Fallopian Tubes. Progesterone
also promotes secretory changes in the mucosal
lining of the fallopian tubes. These secretions are
necessary for nutrition of the fertilized, dividing

ovum as it traverses the fallopian tube prior to

implantation.

Effect on the Breasts. Progesterone promotes
development of the lobules and alveoli of the
breasts, causing the alveolar cells to proliferate,

to enlarge, and to become secretory in nature.

However, progesterone does not cause the alveoli

actually to secrete milk, for, as discussed in the
following chapter, milk is secreted only after the

prepared breast is further stimulated by prolactin

from the anterior pituitary.

Progesterone also causes the breasts to swell.

Part of this swelling is due to the secretory devel-

opment in the lobules and alveoli, but part also

seems to result from increased fluid in the subcu-

taneous tissue itself.

Effect on Electrolyte Balance. Progesterone

m very large quantity, like estrogens, testosterone,

and adrenocortical hormones, can enhance sodium,

chloride, and water reabsorption from the distal

tubules of the kidney. Yet, strangely enough, pro-

gesterone more often causes increased sodium and
water excretion. The cause of this is competition

between progesterone and aldosterone, which prob-

ably occurs as follows; These two substances com-

bine with the same receptor proteins in the epithe-

lial cells of the tubules. When progesterone

combines with these, aldosterone cannot combine.

Yet progesterone exerts many hundred times less

sodium transport effect than does aldosterone.

Therefore, despite the fact that under appropriate

conditions progesterone can weakly promote so-

dium and water retention by the renal tubules, it

blocks the far more potent effect of aldosterone,

thus resulting in net loss of sodium and water

from the body.

Protein Catabolic Effect. Progesterone exerts

a mild catabolic effect on the body’s protein, simi-

lar to that of the glucocorticoids. Though m the

normal sexual cycle this effect is probably not

significant, it possibly is significant during preg-

nancy, when proteins must be mobilized for use by

the fetus.

THE ENDOMETRIAL CYCLE AND
MENSTRUATION

Associated with the cyclic production of estro-

gens and progesterone by the ovaries is an endo-

metrial cycle operating through the following

sta^*. first, proliferation of the uterine endome-

trium; second, secretory changes in the endome-

trium; and third, desquamation of the endome-_^-
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njure 8t-6. Phases of endomeirbO growth and menstruation

during each monthly female sexual cycle

trium, which is known as menstruation. The var-

ious phases ofthe endometrial cycle are illustrated

in Figure 81-6.

Proliferative Phase (Estrogen Phase) of the
Endometrial Cycle. At the beginning of each
monthly sexual cycle, most of the endometrium la

desquamated by the process ofmenstruation After

menstruation, only a Ihm layer of endometrial
stroma remains at the base of the original endo-
metrium, and the only epithelial cells that are left

are those located in the remaining deep portions

of the glands and crypts of the endometrium.
Under the influence of estrogens, secreted in in-

creasing quantities by the ovary during the first

part of the ovarian cycle, the stromal cells and the

epithelial cells proliferate rapidly. The endome-
trial surface is re-epitheliolized within three to

seven days after the beginning of menstruation
For the first two weeks of the sexual cycle—that

IS, until ovulation—the endometrium increases

greatly in thickness, owing to increasing number
of stromal cells and to progressive growth of the
endometrial glands and blood vessels into the en-
dometrium. At the time of ovulation the endome-
trium IS approximately 3 to 4 mm thick. At this

time, the endometrial glands, especially those of

the cervical region, secrete a thin, stringy mucus
The mucous strings align themselves along the
length of the cervical canal, forming channels that
help guide the sperm in the proper direction into
the uterus

Secretory Phase (Progestational Phase) of
the Endometrial Cycle. During the latter half of
the monthly cycle, progesterone os well as estrogen
IS secreted m large quantity by the corpus luteum.
The estrogens cause slight additional cellular pro-
liferation in the endometxiura during this phase of
the endometrial cycle, whereas progesterone
causes marked swelling and secretory development
of the endometrium. The glands increase in tor-

tuosity; secretory substances accumulate m the
glandular epithelial cells Also, the cytoplasm of
the stromal cells increases, lipid and glycogen
deposits increase greatly in the stroma] cells, and
the blood supply to the endometrium further in-

creases in proportion to the developing secretory
activity, the blood vessels becoming highly tor-
tuous. At the end of the secretory phase the endo-

' has a thickness of 5 to 6 mm.

The whole purpose of all these endometrial

changes is to produce a highly secretorj’ endome-

trium containing large amounts of stored nutrients

that can provide appropriate conditions for implan-

tation of a fertilized ovum during the latter half

of the monthly cycle. From the time fertilization

first takes place until the ovum implants, the

fallopian and uterine secretions, called “uterine

milk,” provide nutrition for the early dividing

ovum. Then, once the ovum implants in the endo-

metrium, the trophoblastic cells on the surface of

the blastocyst begin to digest the endometrium

and to absorb the digested substances, thus mak-

ing still far greater quantities of nutrients avail-

able to the early embryo.
Menstruotion. Approximately two days before

the end of the monthly cycle, the ovarian hor-

mones, estrogens and progesterone, decrease

sharply to low levels ofsecretion, as w'as illustrated

in Figure 81-2, and menstruation follows

Menstruation is caused by this sudden reduction

ofthe estrogens and progesterone at the end of the

monthly ovanan cycle. The first effect is decreased

stimulation of the endometrial cells by these two

hormones, followed rapidly by involution of the

endometrium itself to about 65 per cent of its

previous thickness. Dunng the 24 hours preceding

the onset of menstruation, the tortuous blood ves-

sels leading to the mucosal layers of the endome-
trium become vasospastic, presumably because of

some effect of the involution, such os release of a

vasoconstrictor material—possibly one of the va-

soconstrictor t3^es of prostaglandins. The vaso-

spasm and loss of hormonal stimulation cause

beginning necrosis in the endometrium, especially

of blood vessels in the stratum vasculare. As a

result, blood seeps into the vascular layer of the

endometrium, and the hemorrhagic areas grow

over a penod of 24 to 36 hours. Gradually, the

necrotic outer layers of the endometrium separate

from the uterus at the site of the hemorrhages,

until, at approximately 48 hours following the

onset of menstruation, all the superficial layers of

the endometrium have desquamated. The desqua-

mated tissue and blood in the uterine cavity ini-

tiate utenne contractions that expel the uterine

contents.

During normal menstruation, approximately 35

ml ofblood and an additional 35 ml of serous fluid

are lost This menstrual fluid is normally nonclot-

ting, because a fibrinolysin is released along with

the necrotic endometrial material. However, if

excessive bleeding occurs from the uterine surface,

the quantity of fibrinolysin may not be sufficient

to prevent clotting The presence of clots during

menstruation ordinarily is clinical evidence of

uterine pathology.

Within three to seven days after menstruation

starts, the loss ofblood ceases, for by this time the

endometrium has become completely re-epithelial-

ized.
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Leakorrhea During Menstruation. During men-
struation tremendous numbers of leukocytes are re-

leased along with the necrotic material and blood. It is

probable that some substance liberated by the endome-
trial necrosis causes this outflow of leukocytes. As a
result of these many leukocytes and possible other
factors, the uterus is highly resistant to infection during
menstruation even though the endometrial surfaces are
denuded. Obviously, this is of extreme protective value.

REGULATION OF THE FEMALE
MONTHLY RHYTHM—INTERPLAY
BETWEEN THE OVARIAN AND
HYPOTHAIAMIC-PITUITARY
HORMONES

Now that we have presented the major cyclic

changes that occur during the female sexual cycle,
we can attempt to explain the basic rh3rthmic
mechanism that causes these cyclic variations.

Function of the Hypothalamus in the Regu-
lation of Gonadotropin Secretion-Luteinizing
Hormone Releasing Hormone (LHRH). As was
pointed out in Chapter 74, secretion of most of the
anterior pituitary hormones is controlled by re-
leasing hormones formed in the hypothalamus and
transported to the anterior pituitary gland by way
of the hypothalamic-hypophysial portal system. In
the case of the gonadotropins, at least one releas-
ing factor, luteinizing hormone releasing hormone
(LHRH), is important. This has been purified and
has been found to be a decapeptide having the
following formula:

GLU-HIS-TRP-SER-TYR-GLY-LEU-ARG-
PRO-GLY-NH,

Though some research workers believe that an-
other substance similar to this, called follicle-
stimulating hormone releasing hormone (FSHRH),
|3 also formed in the hypothalamus, the purified
pil^ has been found to cause release not only of
luteinizing hormone but also of follicle-stimulating
hormone. Therefore, since there is reason to be-
lieve that this decapeptide is in reality both LHRH
Md FSHRH combined m the same molecule, it is
often called simply gonadotropin-releasing hor-
mone (GnRH).
Hypothalamic Centers for Stimulating Re-

lease ofLHRH. Several different areas that pro-
ibundly influence the rate of secretion of the
hj^iothalamic gonadotropin-releasing hormone
LHRH have been found in the hypothalamus. In
monkeys—and presumably in people—the mid-
basal region of the hypothalamus is the area most
importantly involved. In lower animals, the area
around the infundibulum causes a continuous tonic
secretion of gonadotropin-releasing hormone,
^ile two other areas modulate the rate of release.
These areas are (1) a center in the preoptic area

that causes cyclic variation in the secretory rate

and (2) a center in the posterior hypothalamus
that allows the psychic attitude of the animal to

enhance or decrease the secretion of gonadotropin-

releasing hormone.
Effect of Psychic Factors on the Female

Sexual Cycle. It is well known that the young
woman on first leaving home to go to college ^most
as often as not experiences disruption or irregular-

ity of the female sexual cycle. Likewise, serious

stresses of almost any type can interfere with the

cycle. Finally, in many lower animals no ovulation

occurs at all until after copulation; the sexual

excitation attendant to the sexual act initiates a

sequence of events that leads first to secretion in

the hypothalamus of LHRH, then to secretion of

the anterior pituitary gonadotropins, and finally

to ovanan secretion of the female sex hormones
and to ovulation. It is these effects that are be-

lieved to be mediated through the posterior hypo-

thalamic center for modulating the output of

LHRH.
Negative Feedback Effect of Estrogen, Pro-

gesterone, and Inbibin on Secretion of Folli-

cle-Stimulating Hormone and Luteinizing
Hormone. Estrogen in small amounts and proges-

terone m large amounts inhibit the production of

FSH and LH. Both these feedback effects seem to

operate on the hypothalamus and the anterior

pituitary gland as well.

In addition to the feedback effects of estrogen

and progesterone, still another hormone also seems

to be involved. 'Hus is mhibtn, which is secreted

along with the steroid sex hormones by the corpus

iuteum cells m the same way that the Sertoli cells

secrete this same hormone in the male testes. This

inhibin has the same effect in the female as in the

male of inhibiting the secretion of FSH by the

anterior pituitary gland, and LH also to a le^er

extent. Therefore, it is believed that inhibin might

be especially important m causing the decrease in

secretion of FSH and LH toward the end of the

female sexual month.
Positive Feedback Effect of EstrogenBefore

Ovulation—^The Preovulatory Luteinizing

Hormone Surge. For reasons not completely

understood, the anterior pituitary gland secretes

greatly increased amounts of LH for a period of

about one day beginning 24 to 48 hours before

ovulation. This effect is illustrated in Figure

81-2, and the figure shows a much smaller preo-

vulatory surge of FSH as well.

Experiments have shown that infusion of estro-

gen into a female for a period of two to three days

during the first halfof the ovarian cycle will cause

rapidly accelerating growth of the follicles and

also rapidly accelerating secretion of ovarian es-

trogens. During this period the secretion of both

the follicle-stimulating hormone and luteinizing

hormone by the anterior pituitary gland is at first

suppressed slightly. Then abruptly the '
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of luteinizing hormone increases about eightfold,

and the secretion of follicle-stimulating hormone
increases about twofold. The cause of this abrupt

increase in secretion of the gonadotropins is not

known. However, several possible causes are: (1)

It has been suggested that estrogen at this point

in the cycle has a peculiar positive feedback effect

to stimulate pituitary secretion of the gonadotro-

pins; this is in sharp contrast to its normal nega-

tive feedback effect that occurs during the remain-

der of the female monthly cycle. (2) The granulosa

cells of the follicles begin to secrete increasing

quantities of progesterone a day or so prior to the

preovulatory LH surge, and it has been suggested

that this might be the factor that stimulates the

excess LH secretion.

Without the normal preovulatory surge of lu-

teinizing hormone, ovulation will not occur.

niDBACK OSaUATtON OF THE
HYTOmAtAMIC-PmirTAItY OVARIAN
SYSTEM

Now, after discussing much of the known infor-

mation about the interrelationships of the dififerent

components of the female hormonal system, we
can digress from the area of proven fact into the
realm of speculation and attempt to explain the
feedback oscillation that controls the rhythm of
the female sexual cycle. It seems to operate in
approximately the following sequence of three suc-
cessive events'

1. The Postovulatory Secretion of the Ovar-
ian Hormones and Depression of Gonadotro-
pins. The easiest part of the cycle to explain is the
events that occur during the postovulaWry phase

—

between ovulation and the beginning of menstrua-
tion. During this time the corpus luteum secretes
large quantities of both progesterone and estrogen
and probably the hormone inhibin as well. All
these hormones together have a combined negative
feedback effect on the anterior pituitary gland and
the hjfpothalamus to cause strong suppression of
both FSH and LH, decreasing these to their lowest
levels at about three to four days before the onset
of menstruation These effects are illustrated in
Figure 81-2.

2. The Follicular Growth Phase. Two to three
days before menstruation the corpus luteum invo-

lutes, and the secretion of estrogen, progesterone,
and inhibin decreases to a low ebb. This releases

the hypothalamus and anterior pituitary from the
feedback effect of these hormones, and a day or so
later, at about the time that menstruation begins,

FSH increases two- to threefold; then several days
after menstruation begins, LH secretion increases
about twofold as well. These hormones initiate

new follicular growth and progressive increase iri

the secretion of estrogen, reaching a peak estrogeq
secretion at about 12.5 to 13 days after the onset
" ’struation. During the first 11 to 12 days of

this follicular growth the rates of secretion of thi

gonadotropins FSH and LH decrease; then come

a sudden increase in secretion of both these hor

moncs, leading to the preovulatory surge of LH
followed by ovulation.

3.

Preovulatory Surge of LJl and FSH; Ovu
lation. At approximately 11.5 to 12 days after thi

onset of menstruation, the decline in secretion o

FSH and LH comes to an abrupt halt. It is believet

that the high level of estrogens at this time (o:

the beginning secretion of progesterone by thi

follicles) causes a positive feedback effect on thi

hypothalamus and anterior pituitary, as explains

earlier, which leads to a terrific surge of secretioi

ofLH and to a lesser extent of FSH. Whatever thi

cause of this preovulatory LH and FSH surge, thi

LH leads to both ovulation and subsequent secre

tion by the corpus luteum. Thus, the honnona
eyetem begins a new round of the cycle until tfe*

next ovulation.

Anovulafoiy Cycles—77ie Sexual Cycles *t

Puberty

If the preovulatory surge of luteinizing hormone

is not of sufficient magnitude, ovulation will not

occur, and the cycle is then said to be “anovula-

tory.” Most of the cyclic variations of the sexual

^cle continue, but they are altered in the follow-

ing ways; First, lack of ovulation causes failure of

development of the corpus luteum and conse-

quently there is almost no secretion of proge3te^

one during the latter portion of the cycle. Second,

the cycle is shortened by several days, but the

rhythm continues, Therefore, it is likely that pro-

gesterone is not required for maintenance of the

cycle itself though it can alter ita rhythm.

Anovulatory cycles are usual during the first

few cycles following puberty and for several years

prior to menopause, presumably because the LH
surge is not potent enough at these times to cause

ovulation.

PUBERTYAND MENARCHE

Puberty means the onset of adult sexual life,

and menarche means the onset of menstruation-

As pointed out earlier in the chapter, the period of

puberty is caused by a gradual increase in gona-

dotropic hormone secretion by the pituitary, begin-

ning approximately in the eighth year of life, as

illustrated in Figure 81-7, and usually culminat-

ing in the onset of menstruation between the ages

of 11 and 16 years.

In the female, as In the male, the infantile

pituitary gland and ovaries are capable of full

function if appropriately stimulated. However, as

is also true in the male and for reasons not yet

understood, the hypothalamus does not secrete

luteinizing hormone releasing hormone during

childhood. Experiments have shown that the hy-
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pothalamus itself is perfectly capable of secreting
this hormone, but there is lack of the appropriate
signal from some other brain area to cause the
secretion. Therefore, it is now believed that the
onset of puberty is initiated by some maturation
pTOesa occurring elsewhere in the brain besides
the hypothalamus, perhaps somewhere m the lim*
bic system.

Figure 81-8 illustrates (a) the increasing levels
of estrogen secretion at puberty, (b) the cyclic
variation during the monthly sexual cycles, (c> the
further increase in estrogen secretion during the
first few years of sexual life, (dl then progressive
decrease in estrogen secretion toward the end of
sexual life, and (e) finally almost no estrogen
secretion beyond the menopause.

^FMINOPAUSE
•At the age of 45 to 50 years the sexual cycles usually

t«come irregular, and ovulation fails to occur dunng
iMny of the cycles. After a few months to a few years,
the cjcles cease altogether, as illustrated m Figure
81-8. This period dunng which the cycles cease and the
'^tnale sex hormones diminish rapidly to almost none
at all is called the menopause.

TTie cause of the menopause is “burning out” of the
ovaries. Throughout a woman’s sexual life about 450 of
the primordial follicles grow into vesicular follicles and
ovulate, while literally thousands of the ova degenerate.
At the age of about 45 years only a few primordial
follicles still remain to be stimulated by FSH and LH,
and the production of estrogens by the ovary decreases
as the number of primordial follicles approaches zero
(also illustrated in Figure 81-8). When estrogen produc-
tion falls below a cntical value, the estrogens can no
longer inhibit the production of FSH and LH; nor can
they cause an ovulatory surge of LH and FSH to cause
oscillatory cycles. Instead, as illustrated in Figure
81-7, FSH and LH (mainly FSH) are produced thereafter
in large and continuous quantities. Estrogens are pro-
duced m subcntical quantities for a short time after the
menopause, but over a few years, as the final remaining
primoidial follicles become atretic, the production of
estrogens by the ovaries falls almost to zero.

At the time of the menopause a woman must readjust
her life from one that has been physiologically stimu-
lated by estrogen and progesterone production to one
devoid of these hormones The loss of the estrogens often
causes marked physiological changes in the function of
the body, including (1) “hot flashes" charactenzed by
extreme flushing of the skin, (2) psychic sensations of
dyspnea. (3) irritability. (4) fatigue. (5) anxiety, and (6)

occasionally various psychotic states. These symptoms
are of sufficient magnitude in approximately 15 per cent
of women to warrant treatment If psychotherapy fails,

daily administration of an estrogen in small quantities

will reverse the symptoms, and, by gradually decreasing

the dose, the postmenopausal woman is likely to avoid
severe symptoms; unfortxmately, such treatment can
prolong the symptoms.

ABNORMALITIES OF SECRETION BY
THE OVARIES

Hypogonadism. Less than normal secretion by the
ovanes can result from poorly formed ovaries, lack of

ovaries, or genetically abnormal ovanes that secrete the
wTong hormones because of missing enzymes in the
secretory cells. When ovanes are absent from birth or

when they become nonfunctional before puberty, female

eunuchism occurs. In this condition the usual secondary

sexual charactenstics do not appear, and the sexual

organs remain infantile. Especially characteristic of this

condition is prolonged growth of the long bones because

the epiphyses do not unite with the shafts of these bones

at as early an age as in the normal adolescent woman
Consequently, the female eunuch is essentially as tall

as, or perhaps even slightly taller than, her m^e coun-

terpart of similar genetic background.

When the ovaries of a fully developed woman are

removed, the sexual organs regress to some extent so

that the uterus becomes almost infantile in size, the

vagina becomes smaller, and the vaginal epithelium

becomes thin and easily damaged. The breasts atrophy

and become pendulous, and the pubic hair becomes

thinner. These same changes occur in women after

menopause.
Irregularity of Menses and Anjenorrhea Oue to

Hypogonadism. As pointed out in the preceding dis-

cussion of the menopause, the quantity of estrogens
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produced fay the ovanea must rise above a critical value

if they are to he able to cause rhythmical sexual cycles.

Consequently, in hypogonadism or when the gonads are

secreting small quantities of estrogens as a result of

other factors, such as hypothyroidism, the ovarian cycle

likely will not occur normally. Instead, several months
may elapse between menstrual periods, or menstruation

may cease altogether (amenorrhea). Characteristically,

prolonged ovanan cycles are frequently associated wth
failure of ovulation, presumably due to insuRicient se-

cretion of luteinizing hormone, which is necessary for

ovulation
Hypersecretion by the Ovaries. Extreme hyperse-

cretion of ovarian hormones by the ovaries is a rare

clinical entity, for. excessive secretion of estrogens au-

tomatically decreases the production of gonadotropins

by the pituitary, and this in turn limits the production

of the ovarian hormones. Consequently, hypersecretion

of feminizing hormones is recognized clinically only

when a feminizing tumor develops

A rare granulosa cell tumor occasionally develops m
an ovary, occurring more often after menopause than
before. These tumors secrete large quantities of estro-

gens, which exert the usual estrogenic efTccta. including

hypertrophy of the utenne endometrium and irregular

bleeding from this endometrium. In fact, bleeding is

often the first indication that such a tumor exists

THE FEMALE SEXUAL ACT

Stimulation of the Female Sexual Act. As is

true m the male sexual act, successful performance
of the female sexual act depends on both psychic

stimulation and local sexual stimulation

As IS also true in the male, the thinking oferotic

thoughts can lead to female sexual desire, and this

aids greatly m the performance of the female
sexual act Such desire is probably based as much
on one’s background training as on physiological

drive, though sexual desire does increase in pro-

portion to the level of secretion of the sex hor-

mones. Desire also changes during the sexual

month, reaching a peak near the time of ovulation,

probably because of the high levels of estrogen

secretion during the preovulatory period

Local sexual stimulation in women occurs in

more or less the same manner as in men, for

massage, irritation, or other types of stimulation

of the perineal region, sexual organs, and unnary
tract create sexual sensations. The clitoris is es-

pecially sensitive for initiating sexual sensations.

As in the male, the sexual sensory signals are
mediated to the sacral segments of the spinal cord

through the pudendal nerve and sacral plexus.

Once these signals have entered the spinal cord,

they are transmitted thence to the cerebrum. Also,

local reflexes integrated in the sacral and lumbar
spinal cord are at least partly responsible for

female sexual reactions.

Female Erection and Lubrication. Located
around the introitus and extending into the clitoris

’ tissue almost identical with the erectile

tissue of the penis. This erectile tissue, like that •

of the penis, is controlled by the parasympathetic

nerves that pass through the nervi erigentes from 1
thc saerni plexus to the external genitalia. In the

;

early phases of sexual stimulation, parasympa-
,

thetic signals dilate the arteries of the erectile ?

tissues, and this allows rapid accumulation of

blood in the erectile tissue so that the introitus t

tightens around the penis; this aids the male
|

greatly m his attainment of aufllcient sexual stim- »

ulation for ejaculation to occur. t

Parasympathetic signals also pass to the bilat- \

oral Bartholin's glands located beneath the labia [
minora to cause secretion of mucus immediately [

inside the introitus This mucus is responsible for
^

much of the lubrication dun ng sexual intercourse,
|.

though much is also provided by mucus secreted
j,

by the voginal epithelium as well and a small )

amount from the male urethral glands. The lubri-

cation in turn is necessary for establishing during '

intercourse a satisfactory massaging sensation

rather than an irritative sensation, which may be i

provoked by a dry vagina. A massaging sensation
.

constitutes the optimal type of sensation for evok-

ing the appropriate reflexes that culminate in both

the male and female climaxes.
The Female Orgasm. \Vhen local sexual stim-

ulation reaches maximum intensity, and especially

when the local sensations are supported by appro-

priate psychic conditioning signals from the cere* '

brum, reftexes are initiated that cause the female
^

orgasm, also called the female climax. The female !

orgasm is analogous to emission and ejaculation
|

in the male, and it perhaps helps promote fertij*

ization of the ovum Indeed, the human female is *1

known to be somewhat more fertile when insemi- j'

nated by normal .sexual intercourse rather than by
|

artificial methods, thus indicating an important I

function of the female orgasm. Possible effects that
|

could result in this are:

First, during the orgasm the perineal muscles of '

the female contract rhythmically, which results

from spinal cord reflexes similar to those that

cause ejaculation in the male It is possible, also,

that these same reflexes increase uterine and fal- 1

lopian tube motility during the orgasm, thus help-
,

mg transport the sperm toward the ovum, but the
;

information on this subject is scanty. Also, the t.

orgasm seems to cause dilation of the cervical

canal for up to half an hour, thus allowing easy
;

transport of the sperm
Second, in many lower animals, copulation

causes the posterior pituitary gland to secrete

oxytocin; this effect Is probably mediated through

the amygdaloid nuclei and then through the hy-

pothalamus to the pituitary. The oxytocin in turn
^

causes increased rhythmical contractions of the

uterus, which has been postulated to cause rapid

tran^KJrt of the sperm Sperm have been shown to

traverse the entire length of the fallopian tube in

the cow in approximately five minutes, a rate at
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east ten times as fast as that which the swimming
aotions of the sperm themselves could achieve.

Vhether or not this occurs in the human female

s unknown.
In addition to the possible effects of the orgasm
m fertilization, the intense sexual sensations that

levelop during the orgasm also pass to the cere-

>rum and cause intense muscle tension throughout

he body. But ailer culmination of the sexual act,

his gives way during the succeeding minutes to a
£nse of satisfaction characterized by relaxed

)e3cefulnes5, an effect called resolution.

EMALE fERTlLITY

The Fertile Period of Each Sexual Cycle. The
iVTua remains viable and capable of bong fertilized

ifter it is expelled from the ovary probably no longer
han 24 hours. Therefore, sperm must be available soon
ifter ovulation if fertilization is to take place On the
ither hand, a few sperm can remain fertile in the female
reproductive tract for up to 72 hours, though roost of
hem for not more than 24 hours Therefore, for fertil-

ization to take place, intercourse usually must occur
some time between one day prior to ovulation up to one
iay after ovulation. Thus, the penod of female fertility

each sexual cycle is short
The Rhythm Method of Contraception. One of the

3ucn practiced methods of contraception is to avoid
intercourse near the time of ovulation The difficulty

"nth this method of contraception is the impossibility of

predieUng the exact time of ovulation Vet the interval
irom ovulation until the next succeeding onset of men-
tation 18 almost always between 13 and 15 days,
rherefore, if the menstrual cycle is regular, with a
periodicity of 28 days, ovulation usually occurs within
5ne day of the 14th day of the cycle. If. on the other
(land, the periodicity of the cycle is 40 days, ovulation
usually occurs within one day of the 26th day of the

finally, if the periodicity of the cycle is 21 days,
ovulation usually occurs within one day of the 7lh day
ofthe cycle. Therefore, it is usually stated that avoidance
of intercourse for 4 days prior to the calculated day of
ovulation and 3 days afterward prevents conception But
such a method of contraception can be used only when
the periodicity of the menstrual cycle is regular
Hormonal Suppression of Fertility—^"Thc Pill.” It

has long been known that administration of either
ostrogen or progesterone, if given in appropriate quan-

dunng the first half of the monthly female cycle,

inhibit ovulation. The reason for this is that admin-
istration of either of these can prevent the preovulatory

secretion by the pituitary gland, which, it

recalled, is essential in causing ovulation.
The reason the administration of estrogen or proges-

«rone prevents the preovulatory surge of LH secretion
js not fully understood. However, experimental work

^ suggested that immediately before the surge occurs
were is probably a sudden depression of estrogen secre*
“on by the ovanan follicles, and that this might be the

signal for causing the positive feedback effect

that leads to the surge. Obviously, administration of the
®ex hormones could prevent the imtial hormonal depres-

that might be the initiating signal for ovulation.
The problem in devising methods for hormonal

suppression of ovulation has been to develop appropriate
combinations of estrogens and progestins that will sup-
press ovulation but that will not cause unwanted effects

of these two hormones For instance, too much of either
of the hormones can cause abnormal menstrual bleeding
patterns. However, use of certain synthetic progestins

in place of progesterone, especially the 19-norsteroids,

along with small amounts of estrogens will usually
prevent ovulation and yet also allow almost a normal
pattern of menstruation. Therefore, almost all “pills”

used for control of fertility consist of some combination
of synthetic estrogens and synthetic progestins. The
main reason for using synthetic estrogens and synthetic

progestins is that the natural hormones are almost
entirely destroyed by the liver within a short time after

they are absorbed from the gastrointestinal tract into

the portal circulation. However, many of the synthetic

hormones can resist this destructive propensity of the

liver, thus allowing oral administration.

Two of the most commonly used synthetic estrogens

are elhynyl estradiol and mestranol. Among the most
commonly used progestins are norethindrone, norethy-

nodrel, elhynodiol, and norgesirel The medication is

usually begun in the early stages of the monthly cycle

and continued beyond the time that ovulation normally
would have occurred. Then the medication is stopped,

allowing menstruation to occur and a new cycle to begin.

Abnormal Conditions Causing Female Sterility.

Approximately 1 of every 6 to 10 mamages is infertile;

m about 60 per cent of these, the infertility is due to

female sterility.

Occasionally, no abnormality whatever can be discov-

ered m the female genital organs, in which case it must
be assumed that the infertility is due either to abnormal
physiological function of the genital system or to abnor-

mal genetic development of the ova themselves.

However, probably by far the most common cause of

female sterility is failure to ovulate This can result

At>m either hyposecretion of gonadotropic hormones, m
which case the intensity of the hormonal stimuli simply

is not sufficient to cause ovulation, or it can result from

abnormal ovaries that will not allow ovulation. For

instance, thick capsules occasionally exist on the outside

of the ovaries that prevent ovulation.

Because of the high mcidence of anovulation m sterile

women, special methods are often utilized to determine

whether or not ovulation occurs These are all based on
the effects of progesterone on the body, for the normal
increase in progesterone secretion does not occur dunng
the latter half of anovulatory cycles. In the absence of

progesteronic effects, the cycle can be assumed to be

anovulatory. One of these tests is simply to analyze the

unne for a surge in pregnanediol, the end-product of

progesterone metabolism, dunng the latter half of the

sexual cycle, the lack of which indicates failure of

ovulation. However, another common test is for the

woman to chart her body temperature throughout the

cycle. Secretion of progesterone during the latter half of

the cycle raises the body temperature about 0.5°F, the
temperature rise coming abruptly at the time of ovula-

tion. Such a temperature chart, showing the point of
ovulation, is illustrated in Figure 81-9.

Lack of ovulation caused by hyposecretion of the
pituitary gonadotropic hormones can sometimes be
treated by administration of human chorionic gonado^
tropin, a hormone that will be discussed in the following
chapter and that is extracted from the human placenta.
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latlon.

This honnone, though secreted bj' the placenta, has
almost exactly the same effects as luteinizing hormone
and, therefore, is a povjerful slimulatot of ovulation

However, excess use of this hormone can cause ovulation

from many folhclea simultaneously, and this results in

multiple births, an effect that has caused ns many os

seven children to be bom to mothers treated for infer-

tility with this hormone
One of the most common causes of female stcnlily is

pnflnmeirtaiis^a very common condition in which en-

UcmetTml tissue almost identical to that of the utenne
endometrium grows and even menstruates in the pelvic

cavity surrounding the uterus, fallopian tubes, and ova-

ries Endometriosis causes fibrosis throughout the pel-

vis, and this fibrosis sometimes so enshrouds the ovaries

that an ovum cannot be released into the Abdominal
cavity. Often, also, endometriosis occludes the fallopian

tubes, either at the flmbnatcd ends or elsewhere along
their extent Another common cause of female infertility

IS salpingitis , that is, inflammation of the fallopian

tubes, this causes fibrosis in the tubes, thereby occluding

them. In past years, such infiammatwn was extremely
common as a result of gonococcal infection, but with
modern therapy this is becoming a less prevalent cau-^
of female infertility

Finally, still another cause of infertility is abnormal
secretion of mucus by the utenne ceryi* Ordinarily, at

the time of ovulation, the hormonal environment of
estrogen causes secretion of a very thin mucus with
special charactemtics that will allow rapid mobility of
sperm into the uterus and will actually guide the sperm
up along mucous "threads " Abnormalities of the cervix

Itself, such as low-grade infection or mfiammation, or
abnormal hormonal stimulation of the cervix can lead
to a VISCOUS mucous plug that will prevent fertilization
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Oispc*^ cornu radiats

Hjure Bl-t. TtnK'iitlon of the wurrt ^howrfnj A. the itwtwe

ovum sutrounOed by the corona radiaia. B, disper&al the corona

radlata, C entry of the sperm, 0 formation of the male and
female pronucle! and L reorganfjanon of a full com^^emem of

chromosomes and beginning cIMsion of the ovum (Modified

from Arey Oeveloprnental Anatomy 7th ed ThHadelphla W B
Saundeis Company 1974)

lucida of the ovum, thejayer of piucopotv-sacchar-

ide surroundingjht* ovum, hasn lattice-tvpestnic-

ture, and once_iHll.ia.punctuifid, some substance

snarm acr^omo) seems to difTu sG into the lattice

to prevant_Denetration by additional sperm In-

deed, microitCQDic studies show^ tRat many aJffi-

tional sperm do attempt to penetrate the zona
pollucida hut become ina^ivated after traveling

only part way-through
Once, a sperm e nters thg_ovum. i ta head stvells

rapidly to form a male pronucleus. '^Tbji.lUjis-
trated in Figure 82-1. Later, after th^nuclet^ of

the ovum Tias ’dls'charged thQ_secpnd' polar Tiody,
th e 23 chromosomes of the male prortudeus and
the 2.1 of the female nronucleti^ahcn themselves
to reform a complete complement of 46 chromo-
somes (23 pairsf in the fertilized ovum

lasm. thus alL<r

in'g entry of the ovum to the uterus

The delayed transport of the ovum throi^P tl

fallopian tube nl

l

ows several stages of divisl^

occur before the ovum , now called a zveote, cfde

the uterus During this time, large ouantitiW

secretions are formed by secretory cells that

nate with ciliated cell^ining the fallopian jgl

These secretions are for nuintiotTof the zyg°l

Indeed, a zygote will continue to divide in vitK.

Tong as It is bathed in a solution of homogeint'

fallopian tube mucosa.

ImplAiitMlon of the Zygote In the Uterus

After reaching the uterus, the developing z-ai

usually remains in the uterine cavity an addition

two to fou^days before it imoianto in the

implantation, the zygote obtains its nutrition

the endometrial secretions called
“
uteripe

and it grows to be n solid mass of cells, a huiijj

or more, called the Tnornla It is at this stage Jii

implantation occurs.

Implantation results from the action of

blast ctllsihBi devcloo over the surface oO
morula These cells secrete nroteolvtie enzg^

that digest and liQuefv the cells of the cndO°

trium The (luid and nutrients thus releasecL^

tic cells into the mo^^t^addlng^s^^furthersd^
nance Tor growth.

Shortly ^er implantation, a cavity devejogS.

the mass of cel ls, and the emhrya begins to

along one wall of the cavity. This Is the bldst^

stogeV Ki^Te ^2-2 shows an early implanieo^man blastocyst, with a^erv small embrvp
trated in co lor.

Once implantation has taken place, the tro^

blast Ycoti-ferate

TrAnsport In the fAllopUn Tubes

After ferti lization has occurred, an additional

three tM'ive dav^are normativ required for trans-
port of the ovum through the fallopian tube into

the cavity of the uterus T^is transport is etic^ed
m^nliT b> a tecble ttuid current in the tube result-
ing from action of the eviiated cpUhetium that
fines the tube, the cilia always beating toward the
uferus U 18 possible also that weak contractions
oT^the fallop ian tube aid m the passage of the
o'.’um

The fnllonian tubes arc lined with a rugged,

cryptoid surface that actually impedes the passage
of the ovum despite the >luid curren t. Also,~the
isthmus ot the ialiopinn tube (the 2 tpntime-
ter^bcTorc the uteru.s i.s entered ) remains spasti-
c^l v extracted for the hrst three dnvs foHwing
ovu\a\ion. After this titne. probably under tRe

ngure 82-Z. Implanutien of the eatly honwo ctnbiyo.

trophobUsttc cilgejtWn and Invasion of ihe endomemum.
twy Dr Arthur Henlg

)
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rorfs from the vasculnr gy^t^rP of the embr>o. and, by
the 16th day after fcrtiliz^ on. blood begins to"iiow.
Simultaneously, blood sinuses supplied with Moot!

the ^ther develop around the trophoblastic cords The
trophobl^ cells then CTadually send out more and more
projections, which become the placental villi into which
fetal camllanes grow . Thus the vil li. cam-ing fetal

^ood, are_sun2unded,b£^mu5£5_,con{atfnn£jnjlts:niai
blood

T1

Figi

btlieal arferies. I
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placenta is only a few square meters—many itmes less

than the area of the pulmonary membrane. Also, re-

member that even at full maturity the placental mem-
brane is still several cell layers Ihtck, and the rntnimum
distance between the maternal blood and the fetal blood

IS 3 5 microns, almost ten times the distance across the

alveolar membranes of the lung. Nevertheless, many
nutnents and other substances pass through the placen-

tal membrane by diffusion tn very much the same
manner that diffusion occurs through the alveolar mem-
branes of the lungs and the capillary membranes else-

where in the body

PERMEABlLfTY OF THE PlACE^fTAL
MEMDRASE

The major function of the placenta is to allow

diffusion of foodstuffs from the mother's blood into

the fetus’ blood and diffusion of excretory products
from the fetus back, into the mother TlieTefore, it

is important to know the degree of permeability of

the placental membrane. Permeability is expressed

as the total quantity of a given substance that

crosses the entire placental membrane in a given

lime for a given concentration difference.

In the early months of development, placental

permeability is relatively slight, as illustrated in

Figure 82-3, for two reasons- First, the total sur-

face area of the placental membrane is still small
at that time, and, second, the viUar membranes
have not yet been reduced to their minimum thick-

ness However, as the placenta becomes older, the
permeability increases progressively until the last

month or so of pregnancy when it begins to de-

crease again This decrease results from deterio-

ration of the placenta caused by its age and some-
times from destruction of whole segments due to

infarction.

Rarely, “breaks” occur in the placental mem-
brane, which allow fetal blood cells to pass into

the mother or, more rarely, the mother’s cells to

pass into the fetus Indeed, there are instances in
which the fetus bleeds severely into the mothers
circulation because of a ruptured placental mem-
brane.

Diffusion of Oxygen Through the Placental
Membrane. Almost exactly the same principles
are applicable for the dilTusion of oxygen through
the placental membrane as through the pulmonary
membrane; these principles were discussed in

Chapter 40. The dissolved oxygen in the blood of
the large maternal sinuses simply passes into the
fetal blood because of an oxygen pressure gradient
from the mother's blood to the fetus’ blood The
mean Po^ in the mother's blood in the maternal
sinuses is approximately 50 mm Hg toward the
end of pregnancy, and the mean POj in the fetal

blood after it becomes “oxygenated” is about 30
mm llg Therefore, the mean pressure gradient for
diffusion of oxygen through the placental mem-
brane IS about 20 mm Hg.
One might wonder how it is possible for a fetus

to obtain sufTicient oxygen when the fetal bloo

leaving the placenta has o POj of only 30 mm
However, there are three different reasons wh

even this low POj is capable of allowing the feb

blood to transport almost as much oxygen to th

fetal tissues as is transported by the mother’s bloo

to her tissues:

First, the hemoglobin of the fetus is mainly feti

hemoglobin, a type of hemoglobin synthesized i

the fetus prior to birth. Figure 82-5 illustrates th

comparative oxygen dissociation curves of matei

nal hemoglobin and fetal hemoglobin, showin

that the curve for fetal hemoglobin is shifted \

the left of that for maternal hemoglobin,

means that at a given Po„ the fetal hemoglobi

can carry as much as 20 to 30 per cent mor

oxygen than can maternal hemoglobin.
Second, the hemoglobin concentration ofthefetu

IS about 50 per cent greater than that ofthe motha

therefore, this is an even more important fact:

than the first m enhancing the amount of o.xyge

transported to the fetal tissues.

Third, the Bohr effect, which was explained i

relation to the exchange of carbon dioxide an

oxy^n in the Jung in Chapter 41, provides emothe

factor that enhances the transport of oxygen b

the fetal blood. That is, hemoglobin can carry mor

oxygen at a low PcOj than it can at a high Pco
The fetal blood entering the placenta carries larg

amounts of carbon dioxide, but much of this carbo

dioxide diffuses from the fetal blood into the rm

temal blood Loss of the carbon dioxide makes tb

fetal blood more alkaline while the Increased cat

bon dioxide in the maternal blood makes this mor

acidic. These changes cause the combining capai

ity of fetal blood for oxygen to become increase

and that of the maternal blood to become d:

creased. This forces more oxygen from the mater

nal blood while enhancing the oxygen in the ftte

blood. Thus, the Bohr shift operates in one direc

lion in the maternal blood and in the other inth

fetal blood, these two effects adding to make th

Bohr shift twice os important here as it is fo

njute 82-5. 0)ty3en-h«mogTobln dissociation coivos lor rr*

lemal (M) and fetal (f) bloods. Illustrating the ablJliy ol the

blood to cany a much greater quantity of ewygen than

maternal blood for a given blood Po, (From Metcalfe. Mott at’'

Bartels Fed Proc.. 23 775. 1 964

)
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oxygen exchange in the lungs; therefore, it is

^'actually called the double Bohr effect.

By these three means, the fetus is capable of

receiving more than adequate oxygen through the
placenta despite the fact that the fetal blood leav-

' ing the placenta has a POj of only 30 mm Hg.
• The total diffusing capacity of the placenta for

oxygen at term is about 1.2 ml of oxygen per
.minute per millimeter of hemoglobin oxygen gra-
• dient. This compares favorably with that of the
Jungs of the newborn baby.

'i Diffusion of Carbon Dioxide Through the
'.Placental Membrane. Carbon dioxide is contin*

; ually formed in the tissues of the fetus in the same
‘ way that it is formed in maternal tissues. And the
only means for excreting the carbon dioxide is

• through the placenta. The Pco* of the fetal blood

IS 2 to 3 mm Hg higher than that of the maternal
, blood. This small pressure gradient for carbon
dioxide across the membrane is sufficient to allow

adequate diffusion of carbon dioxide because the
extreme solubility of carbon dioxide in the tissues

,
allows carbon dioxide to diffuse about 20 times as
rapidly as oxygen.
The PcOj of the blood in the maternal sinuses is

usually less than the normal value of 40 mm Hg
found in the arterial blood of the nonpregnant
ivoman because the estrogens and progesterone of

pregnancy overdrive the mother’s breathing, thus
causing her to blow off excess COj from her lungs
This obviously helps keep the Pco, in the fetus’

blood at a low level as well, usually very near to
the normal value of 40 mm Hg.
Diffusion of Foodstuffs Through the Placen-

tal Membrane. Other metabolic substrates
needed by the fetus diffuse into the fetal blood in

the same manner as oxygen does. For instance, m
die late stages of pregnancy the fetus often utilizes

more glucose than does the entire body of the
mother. To provide this much glucose, the Iropho-
blast cells lining the placental villi provide for

facilitated diffusion of glucose through the placen-

^1 membrane. That is, the glucose is transported
by carrier molecules in the trophoblast cell mem-
brane. Even so, the glucose level in the fetal blood
IS still 20 to 30 per cent lower than in the maternal
blood.

Because of the high solubility of fatty acids In

cell membranes, these also diffuse from the mater-
nal blood into the fetal blood but more slowly than
glucose so that glucose is preferentially used by
the fetus for nutrition. Also, such substances as

ketone bodies and potassium, sodium, and chloride

ions diffuse from the maternal blood into the fetal

blood.

Active Absorption by the Placental .Membrane.

^ pointed out previously, early nutrition of the embiyo
'Icpends on phagocytosis of fallopian tube and uterine

^^•'Creiions, and eien on phagocjtosis of the endometrial
•iecidua. The trophoblast cells that line the outer surface

the >nlU can also actively absorb certain nutrients

trom the maternal blood in the placenta, at least during

the first half of pregnancy and perhaps even throughout
the entire pregnancy. For instance, the measured amino
acid content of fetal blood is greater than that of mater-
nal blood, and calcium and inorganic phosphate occur in

greater concentration in fetal blood than in maternal
blood, while ascorbic acid is as much as three times as
concentrated in the fetal blood. These findings indicate
that the placental membrane has the ability to absorb
actively at least small amounts of certain substances
even during the latter part of pregnancy.
Excretion Through the Placental .Membrane. In

the same manner that carbon dioxide diffuses from the
fetal blood into the maternal blood, other excretory
products formed m the fetus diffuse in the opposite
direction into the maternal blood and then are excreted
along with the excretory products of the mother. These
include especially the nonprolein nitrogens such as urea,

urtc acid, and creatinine. The level of urea in the fetal

blood IS only slightly greater than that m maternal
blood because urea diffuses through the placental mem-
brane with considerable case. On the other hand, cre-

atinine, which does not diffuse as easily, has a consid-

erably higher concentration gradient percentagewise.
Therefore, excretion from the fetus occurs mainly if not

entirely as a result of diffusion gradients across the

placental membrane—that is, because of higher concen-

trations of the excretory products m the fetal blood than

in the maternal blood

HORMONAL FACTORS IN

PREGNANCY

In pregnancy, the placenta forms large quan-
tities of human chorionic gonadotropin, estrogens,

progesterone, and human chorionic somatomam-
motroptn, the first three of which, and perhaps the

fourth as well, arc essential to the continuance of

pregnancy.

HUMAN CHOlUONIC GONADOTROPIN
AND ITS LfUCT IN CAUSING PUISISTENCT
Of TH£ CORPUS LUTCUM AND tN
PRlVtNTING MENSTRUATION

Menstruation normally occurs approximately 14

days after ovulation, at which time moiit of the

endometrium of the uterus sloughs away from the

uterine wall and is expelled to the exterior. If this

should happen after an ovum has implanted, the

pregnancy would terminate. However, this is pre-

vented by the secretion of human chorionic gon-

adotropin in the following manner
Coincidently with the development of the iroph-

oblast cells from an early fertilized ovum, the

hormone human chorionicgonadotropin is secreted

by the syncytial trophoblast cells into the fluids of

the mother. Aa illustrated in Figure 82-45, the

secretion of this hormone can first be rnt'a.>ufcd in

the blood 8 to 9 days after ovulation, shortly after

thezvgotc implants in the cndometnu.'n. Then the

rate of secretion rises rapidly to reach a maximum
approximately 7 to 9 weeks after ovulation, and
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stretch, perineal stretch, and stretch or tearing of struc-

tures in the vaginal canal ibelf. This pain is conducted

by somatic nerves instead of by the visceral sensory

hypogastric nerves.

INVOLUnOS Of THE UTERUS

During the first four to five weeks following parturi-

tion, the uterus involutes. Its weight beojmea less than
one half its immediate postpartum weight within a

week, and in four weeks, if the mother lactates, the
uterus may be as small as it had been prior to pregnancy
This effect of lactation results from the suppression of
gonadotropin and ovarian hormone secretion during the
first few months of lactation, as will be discussed later

During early involution of the uterus the placental site

on the endometrial suri'acc autolyses, causing a vaginal
discharge known as “lochia," which is first bloody and
then serous in nature, continuing in all for approxi-

mately a w'eek and a half After this time, the endome-
trial surface will have become re-cpithelializcd and
ready for normal, nongravid sex life again

LACTATION

DEVElOPMEm- or THE BREASTS

The breaste be^n to develop at puberty; this

development is stimulated by the estrogens of the
monthly sexual cycles that stimulate growth of
the stroma and ductal system plus deposition of

fat to give mass to the breasts. However, mu^
additional growth occurs during pregnancy, and
the glandular tissue only then becomes completely

developed for actual production of milk.

Growth of the Ductal System—Role of the
Estrogens, All through pregnancy, the tremen-
dous quantities of estrogens secreted by the pla-

centa cause the ductal system of the breasts to

grow and to branch. Simultaneously, the stroma
of the breasts also increases in quantity, and large

quantities of fat are laid down in the stroma.

However, also important in growth of the ductal

system are at least four other hormones; grturffi

hormone, prolactin, the adrenal glucocorticoids,

and insulin. Each of these is known to play at

least some role in protein metabolism, which pre-

sumably explains their function in the develop-

ment of the breasts.

Development of the Lobule-Alveolar Sya-
tem—Role of Progesterone. Final development
of the breasts into milk-secreting organs also re-

quires the additional action of progesterone. Once
the ductal system has developed, progesterone,

acting sjTiergistlcally with all the other hormones
just mentioned, causes growdh of the lobules, bud-
ding of alveoli, and development of secretory char-

acteristics in the cells ofthe alveoli. These changes
are analogous to the secretory effects of progester-

one on the endometrium of the uterus during the
latter half of the female sexual cycle.

INiTIATION OF LACTATION—FUNCTION OF
PROIACTIN

Though estrogen and progesterone are essentii

for the physical development of the breasts durin

pregnancy, a specific effect ofboth these hormone
is to inhibit the cctital secretion of milk. On tb

other hand, the hormone prolactin has exactly th

opposite effect, promotion of milk secretion. Thi

hormone is secreted by the mother's pituitar

gland, and its concentration in her blood rise

steadily from the fifth week of pregnancy unti

birth of the baby, at which time it has risen t

very high levels, about ten times the normal neff

pregnant level. This very high level of prolacti

at the end of pregnancy is illustrated in Figur
82-9. In addition, the placenta secretes large quar

titles of human chonontc somatomammotropa
which also has mild lactogenic properties, Uiu

supporting the prolactin from the mother’s pitu:

tary. Even so, because of the suppressive effects c

estrogen and progesterone only a few milliliters t

fluid are secreted each day until after the baby >

bom This fluid is called colostrum; it contain

essentially the same concentrations ofproteins an
lactose as milk but almost no fat, and its maximUt
rate of production is about 1/100 the aubsequen
rate of milk production.

Immediately after the baby is bom, the sudd?
loss ofboth estrogen and progesterone secretion b
the placenta now allows the lactogenic effect o

the prolactin from the mother’s pituitary gland t

assume its natural milk-promoting role, afl'

within two or three days the breasts begin t

secrete copious quantities of milk instead of colos

trum This secretion of milk requires an adequab
background secretion ofmost of the mother’s othe

hormones as well, but most important of all ^ri

growth hormone, cortisol, and parathyroid har
mone. These hormones are necessary to providt

Wrekt kfttr parturition

nju»e 82-9. Changes In rates of secretfon of estrogw*
progesteror*, and prolacfin for 8 weeks prior to parturition tru
for 36 weeks thereafter Note especially the decrease of protactl"

secretion back to basal levels within a few weeks but also th«

hteiTOitteni periods of marked prolactin secretion (for about Ori*

houeat a rime) dtirlng and after periods of nursing

1
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the amino acids, fatty acids, glucose, and calcium

that are required for milk formation.

Following birth of the baby, the basal level of

prolactin secretion returns during the next few
weeks to the nonpregnant level, as shown in Fig-

ure 82-9. However, each time the mother nxu-ses

her baby, nervous signals from the nipples to the
hypothalamus cause approximately a te^old surge
in prolactin secretion lasting about one hour,

which is also shown in the figure. This prolactin

in turn acts on the breasts to provide the milk for

the next nursing period. If this prolactin sui^ is

absent, if it is blocked as a result of hypothalamic
or pituitary damage, or if nursing does not con-

tinue, the breasts lose their ability to produce milk
within a few days. However, milk production can
continue for several years if the child continues to

suckle, though the rate of milk formation normally
decreases considerably within seven to nine
months.

Hypothalamic Control of Prolactin Secre-
tion. The hypothalamus plays an essential role in

controlling prolactin secretion as it does for the
control ofsecretion of almost all the other anterior

pituitary hormones as well. However, this control

is different in one aspect: the hypothalamus
mainly stimulates the production of all the other

hormones, but it mainly inhibits prolactin produc-

tion. Consequently, damage to the hypothalamus
or blockage of the hypothalamic-hypophysial por-

tal system increases prolactin secretion while it

depresses secretion of the other anterior pituitary

hormones. Yet, under special conditions, such as

when the baby suckles the breast, it seems that a
different type of signal from the hypothalamus can
then increase the secretion of prolactin.

Therefore, it is believed that two different factors

formed in the hypothalamus are transported to the

anterior pituitary tjirough the hypothalamic-hy-

pophysial portal system to control prolactin release

by the anterior pituitary gland These are called

prolactin inhibitory factor (PIF), which is the dom-
inant hormone under most normal conditions, and

prolactin-releasing factor (PRF), which can inter-

mittently increase prolactin secretion. Though nei-

ther of these two hormones has been identified

with certainty, PIF is believed to be dopamine,
which is known to be secreted in the hypothalamus
nnd which can decrease prolactin secretion as

imich as tenfold.

Suppression of the Female Sexual Cycle
During Nursing. In about half of nursing moth-
ers, the ovarian cycle and ovulation do not resume
until a few weeks after cessation of nursing the
baby. Though the exact cause of this is not known,
ft is likely that the same nervous signals from the

breasts to the hypothalamus that cause prolactin

secretion during suckling simultaneously inhibit

secretion of luteinizing hormone releasing hor-

mone by the hypothalamus, which in turn sup-

presses the formation ofthe pituitary gonadotropic
hormones, luteinizing hormone and follicle-stimu-

lating hormone. Yet, after several months of lac-

tation, in about half of the mothers the pituitary
begins again to secrete sufficient gonadotropic hor-
mones to reinstate the monthly sexual cycle. The
rhythmic interplay between the ovarian and pitui-

taiy hormones during the sexual month does not
require marked reduction in prolactin secretion.

THE TJECriON OR "LET^DOWS" PROCESS
IS MILK 5ECRETIOS—FUNCTION OF
OXYTOCIN

Milk is secreted continuously into the alveoli of
the breasts, but milk does not flow easily from the
alveoli into the ductal system and therefore does
not continually leak from the breast nipples. In-

stead, the milk must be ejected, or *‘let-down,”

from the alveoli to the ducts before the baby can
obtain it. This process is caused by a combined
neurogenic and hormonal reflex involving the pos-

terior pituitary hormone oxytocin.

When the baby suckles the breast, sensory im-
pulses are transmitted through somatic nerves
from the nipples to the spinal cord and then to the
hypothalamus, there causing oxytocin secretion at

the same time that they cause prolactin secretion.

The oxytocin is then carried in the blood to the
breasts where it causes the myoepithelial cells that
surround the outer walls of the alveoli to contract,

thereby expressing the milk from the alveoli into

the ducts. Thus, within 30 seconds to a minute
after a baby begins to suckle the breast, milk
begins to flow. This process is called milk ejection,

or milk let-down.

Suckling on one breast causes milk flow not only

m that breast but also in the opposite breast. It is

especially interesting that fondling the baby by
the mother or hearing the baby crying also often

gives enough of a signal to her hypothalamus to

cause milk ejection.

Inhibition of Milk Ejection. A particular prob-

lem in nursing the baby comes from the fact that

many psychogenic factors or generalized sympa-
thetic stimulation throughout the body can inhibit

oxytocin secretion and consequently depress milk
ejection. For this reason, the mother must have an
undisturbed puerperium if she is to be successful

in nursing her baby.

MILKAND THE METABOUC DRAIN ON THE
MOTHER CAUSED BY LACTATION

Table 82-1 lists the contents ofhuman milk and

cow’s milk. The concentration of lactose in human
milk IS approximately 50 per cent greater than

that in cow’s milk, but on the other hand the

coneenlraiion of protein in cow’s milk is ordinanV
j

two or more times as great as that m human nn.”
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Table 82-1 PERCENTAGE COMPOSntON OF MILK.

Human
Milk

Cow's
MHk

8a.5 87
^3
58

Ce^eln 09
Uctafbumln And Other protein 04
Ash QZ

Finally, the ash, which contains the calcium and
other minerals, is only one third as much in human
milk as in cow’s milk-

At the height of lactation 1.5 liters of milk may
be formed each day. With this degree of lactation

great quantities of metabolic substrates are

drained from the mother. For instance, approxi-

mately 50 grams of fat then enter the milk each

day; and approximately 100 grams of lactose,

which must be derived from glucose, are lost from

the mother each day. Also, 2 to 3 grams ofcalcium

phosphate may be lost each day. and, unless the

mother is drinking large quantities of milk and
haa an adequate Intake of vitamin D, the output

of calcium and phosphate by the (actating mam-
mae will be much greater than the intake ofthese

substances. To supply the needed calcium and
phosphate, the parathyroid glands enlarge greatly,

and the bones become progressively decalcified.

T^e problem of decalcification is usually not very

great during pregnancy, but it can be a distm^
problem during lactation
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83
Special Features of
Fetal and Neonatal
Physiology

A complete discussion of fetal development, funaion*
ing of the child immediately after birth, and growth and
development through the early years of life lies within
the province of formal courses in obstetrics and pediot*
ncs. However, many aspects of these are strictly phys-
iological problems, some of which relate to the physio-
logical principles that we have discussed for the adult
and some of which are peculiar to the infant itself. The
present chapter delineates and discusses some of the
most important of these special problems

GROWTH AND FUNCTIONAL
DtVELOPMiNT OF THE FETUS

£arly development of the placenU and of the fetal
membranes occurs far more rapidly than development
of the fetus itself- During the first two to three weeks
the fetus remains almost microscopic in size, but there-
*fler, as illustrated in Figure 83-1, the dimensions of
the fetus increase almost in proportion to age. At IZ
weeks the length of the fetus is approximately 10 cm;
at 20 weeks, 25 cm; and at term (40 weeks), 53 cm
(about 21 inches). Because the weight of the fetus is

proportional to the cube of the length, the weight in-
creases approximately in proportion to the cu^ of the
2ge of the fetus. Note m Figure 83-1 that the weight of

ngure 83-1. Crowth of the fetus.

the fetus remains almost nothing during the first months
and reaches 1 pound only at five and a half months of

gestation Then, during the last trimester of pregnancy,

the fetus gains tremendously so that two months pnor
to birth the weight averages 3 pounds, one month pnor
to birth 4 5 pounds, and at birth 7 pounds, this birth

weight varying from as low os 4.5 pounds to as high as

1 1 pounds in completely normal infants with completely

normal gestational periods

DtVELOPMiNT Of THE ORGAN SYSTEMS

Within one month after fertilization of the ovum all

the different organs of the fetus have already been

*^locked out,” and during the next two to three months,

most of the details of the different organs are estab-

li^ed. Beyond the fourth month, the organs of the fetus

are grossly the same as those of the newborn child.

However, cellular development of these structures is

usually far from complete at this time and requires the

full remaining five months of pregnancy for complete

development. Even at birth certain structures, particu-

larly the nervous system, the kidneys, and the liver,

still lack full development, which will be discussed m
more detail later in chapter

The Circulatory System

The human heart begins beating dunng the fourth

week following fertilization, contractmg at the rate of

about 65 beats per minute This increases steadily as

the fetus grows and reaches a rate of approximately 140

beats per minute immediately before birth.

Formation of Blood Cells- Nucleated red blood cells

begin to be formed in the yolk sac and mcsothelial layers

of the placenta at about the third week of fetal devel-

opment. This is followed a week later by the formation

of non-nucleated red blood cells by the fetal mesenchyme
and by the endothelium of the fetal blood vessels. Then
at approximately six weeks, the liver begins to form

blood cells, and m the third month the spleen and other

lymphoid tissues of the body also begin forming blood

cells Finally, from approximately the third month on,

the bone marrow also forms red and white blood cells.

Dunng the midportion of fetal life, the extramarrow
areas are the major sources of the fetus’ blood cells, ^
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during Ihe latter three months of fetal life, the bone

marrow gradually takes over while the other blood cell—

forming areas lose completely their ability to form blood

cells.

The ResplfMory System

Obviously, respiration cannot occur during fetal life.

However, respiratory movements do take place begin-

ning at the end of the first trimester of pregnancy.

Tactile stimuli or fetal asphyxia especially cause respi-

ratory movements
However, during the latter three to four months of

pregnancy, the respiratory movements of the fetus are

mainly inhibited, for reasons unknown This could pos-

sibly result from (1) special chemical conditions in the

body fluids of the fetus, (2) the presence of fluid in the

fetal lungs, or (3) other possible unexplored Etimuli.

The inhibition of respiration during the latter months
of fetal life prevents filling of the lungs with debns from

the meconium excreted by the gastroint«tinal tract into

the amniotic fluid Also, fluid is secreted into the lungs

by the alveolar epithelium up until the moment of birth,

thus filling the pulmonary spaces with this dean secre-

tion

The Nervovs System

Most of the skin reflexes of the fetus are present by
the third to fourth months of pregnancy However, most
higher functions of the central nervous system that

involve the cecebtal cortex ere ettU undeveloped even
at birth Indeed, myelinitation of some m^r tracts of

the central nervous system becomes complete only after

approximately a year of postnatal life

The C4Stro/nfe5t/n<t/ Trnct

By tnidpregnancy the fetus ingests and absorbs laige

quantities of amniotic fluid, and, during the last two to

three months, gastrointestinal function approaches that

of the normal nenbom infant Small quantities of me-
conium are continually formed in the gastrointestinal

tract and excreted from the bowels into the aumioUc
fluid Meconium is composed partly of unabsorbed resi-

due of amniotic fluid and partly of excretory products

from the gastrointestinal mucosa and glands.

The Kidneys

The fetal kidneys are capable of excreting unne dur-

ing at least the latter half of pregnancy, and urination

occurs normally in utero However, the renal control

systems for regulation of extracellular fluid electrolyte

balances and especially acid-base balance are almost
nonexistent until after midfetal life and do not reach
full development until a few months after birth

fet*I Metabolism

The fetus utilizes mainly glucose for energy, and it

has a high rate of storage of fat and protein, much if

notmost ofthe fat being synthesized from glurose rather
than being absorbed from the mother’s blo^ Aside from
these generalities there are some special problems of

n&ure 8t-Z. Csichim. phosphotus. snd kon stoiage In the

fenis SI dlffereni stages of gestation.

fetal metabolism in relation to calcium, phosphate, iron,

and some vitamins, discussed next.

Metabolism of Calcium and Phosphate. Figure

83-2 illustrates the rotes of calcium and phosphate

accumulation in the fetus, showing that approximately

22.S grams of calcium and 13.5 grams of phosphorus are

accumulated in the average fetus during gestation

About half of this accumulates during the lest Caur

weeks of gestation, which is also coincident with the

period of rapid ossification of the fetal bones as well as

with the period of rapid weight gam of the fetus.

During the earlier part of fetal life, the bones are

relatively unossified and have mainly a cartila^nous

matrix Indeed, x-ray pictures otdinanly wtU not show

any ossification until approximately the fourth month

of pregnancy
Note especially that the total amounts of calcium and

phosphate needed by the fetus during gestation repre-

sent only about one fiftieth the quantities of these

substances in the mother's bones. Therefore, this is a

miDtnial drain from the mother. However, a much
greater dram occurs after birth dunng lactation.

Accumulation of Iron. Figure 83-2 shows that iron

accumulates in the fetus somewhat more rapidly than

calcium and phosphates. Most of the iron is m the form

of hemoglobin, which begins to be formed as early as

the third week following fertilization of the ovum.
Small amounts of iron are concentrated in the proges-

tational endometrium even prior to implantation of the

ovum; this iron is ingested into the embryo by the

trophoblastic cells for early formation of the red blood

cells

Approximately one third of the iron in a fully devel-

oped fetus 13 nonnaily stored in the liver. This iron can

then be used for several months after birth by

newborn infant for formation of additional hemoglobin.

Utilization and Storage of Vitamins. The fet^

needs vitamins equally as much as the adult and in

some instances to a far greater extent. In general, the

vitamins function the same in the fetus as m the adult

as discussed m Chapter 73. Special functions of several

vitamins should be mentioned, however.
The B vitamins, especially vitamin B,i and folic and,

are necessary for formation of red blood cells and also

for overall growth of the fetus.

Vitamin C is necessary for appropriate formation of
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iatercellular substances, especially the bone matrix and
fibers of connective tissue.

Vitamin D probably is needed for normal bone ^wth
in the fetus, but even more importantly the mother
needs it for adequate absorption of calcium from her
gastrointestinal tract If the mother has plenty of this

vitamin in her body fluids, large quantities will be stored
by the fetal liver to be used by the newborn child for

several months after birth.

Vitamin E, though its precise function Ls unknown, is

necessary for normal development of the early embryo.
In its absence in experimental animals, spontaneous
abortion usually occurs at an early age.

Vitamin K is used by the fetal liver for formation of
factor VU, prothrombin, and several other blood coagu>
laUon factors. ^Vhen vitamin K is insufticient in the
mother, factor Vli and prothrombin become deficient in

the child os welt as in the mother. Since most vitamin
K absorbed into the body is formed by bacterial action
in the colon, the newborn child has no adequate source
of vitamin K for the first week or so of life—that is,

imtil a normal colonic bacterial flora becomes estab-

lished. Therefore, prenatal storage of at least small
amounts of vitamin K is helpful m preventing hemor-
rhage—particularly m the brain when the head i$ trau-
matized by squeezing through the birth canal.

ADIUSTMENTS Of THE INFANT TO
extrauterine life

ONSnoFBRlATHISa

the most obvious efTcct of btrtb on the baby is ioss of
tbs placsntal connection with the mother, and therefore
loss of this means for metabolic support And by far the
most important immediate adjustment required of the
infant is to begin breathing.
Cause of Breathing at Birth. Following completely

normal delivery from a mother who has not been de-
pressed by anesthetics, the child ordinarily begins to
breathe immediately and has a completely norma) res-
piratory rhythm from the outset. The promptness with
which the fetus begins to breathe indicates that breath-
ing is Initiated by sudden exposure to the exterior world,
probably resulting from a slightly asphyxiated state
incident to the birth process but also from sensory
impulses originating in the suddenly cooled skin. In an
infant who does not breathe immediately, the body
beromes progressively more hypoxic and hypercapnic,
which provides additional stimulus to the respiratory
center and usually causes breathing within a few sec-
onds to a few minutes after birth.
Belayed and Abnormal Breathing at Birth—Dan-

ger of Hypoxia. If the mother has been depressed by a
general anesthetic during delivery, which at least par-
tially also anesthetizes the child, respiration is likely to

^ delayed for several minutes, thus illustrating the
importance of using as little obstetrical anesthesia as
feasible. Also, many infants who have had head trauma
during delivery or who undergo very prolonged delivery
are slow to breathe or sometimes will not breathe at all.

'Hiis can result from two possible effects: First, in a few
infants, intracranial hemorrhage or brain contusion
causes a concussion syndrome with a greatly depressed
respiratory center. Second, and probably much more
important, prolonged fetal hypoxia during deliveiy also

causes serious depression of the respiratory center. Hy-
poxia frequently occurs during delivery because of (a)

compression of the umbilical cord; (b) premature sepa-
ration of the placenta; (c) excessive contraction of the
uterus, which cuts off the blood flow to the placenta; or
(d) excessive anesthesia of the mother, which depresses
the oxygenation even of her blood.

Degno of Ifypoxia That an Infant Can Tolerate.
In the adult, failure to breathe for only four minutes
often causes death, but a newborn infant often survives
as long as 10 to 15 minutes of failure to breathe after

birth. Unfortunately, though, permanent and very evi-

dent brain impairment often ensues if breathing is

delayed more than 8 to 10 minutes. Indeed, actual
lesions develop mainly in the thalamus, the inferior

colliculi, and in other brain stem areas, thus affecting

many of the motor functions of the body.

Expansion of the Lungs at Birth. At birth, the
walls of the alveoli are kept collapsed by the surface

tension of the viscid fluid that Alls them. More than 25
mm Hg of negative pressure is required to oppose the
effects of this surface tension and therefore to open the
alveoli for the first time. But once the alveoli are open,

further respiration can be effected with relatively weak
respiratory movements. Fortunately, the first inspira-

tions of the newborn infant are extremely powerful,

usually capable of creating as much as 60 mm Hg
negative pressure in the intrapleural space

Figure 83-3 illustrates the tremendous forces required

to open the lungs at the onset of breathing. To the left

IS shown the pressure-volume curve (compliance curve)

for the first breath after birth. Observe, first, the low-

ermost curve, which shows that the lungs hardly expand

at all until the negative pressure has reached -40 cm
water (-30 mm Hg). Then, as the negative pressure

increases to - 60 cm water, about 40 im of air enters

the lungs. To deflate the lungs, considerable positive

pressure is required because of the viscous resistance

offei^ by the fluid in the bronchioles.

Note that the second breath is much easier However,

breathing does not become completely normal until

about 40 minutes after birth, as shown by the third

compliance curve, the shape of which compares favora-

bly with that for the normal adult, as shown in Chapter

39.

Respiratory Distress Syndrome. A small number

of infants, especially premature infants and infanto bom
of diabetic mothers, develop severe respiratory distress

a few hours to several days following birth and fre-

quently succumb within the next day or so. The alveoli

of these infants at death contain large quantities of

proteinaceous fluid, almost as ifpure plasma had leaked

out of the capillaries into the alveoli. The fluid also

contains desquamated alveolar epithelial cells. This con-

PRESSUBE (cm o( woter )

figure 83-3. Pressure-volume curves of the lungs (compliance

curves) of a newborn baby Immediately after birth, showing fa)

the extreme forces required for breathing during the fitst two

breams of li/e and (b) development ofa nearty nonnal compliance

withn 40 minutes after birtit. (from Smith. ScL Amer, 20032,

1963. 0 1963 by Scientific Americaa Inc. All rights reserved
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dition U b!so called hyaline membrane disease because

microscopic slides of the lung show this alveolar mate-

nai to look like a hyaline membrane.
Unfortunately, the cause of the respiratory distress

syndrome is not certain However, one of the most

characteristic findings is failure to secrete adequate

qusntitic.s of surfaelant. a substance normally secreted

into the alveoli that decreases the surface tension of the

alveolar fluid, therefore allowing the alveoli to open

easily Though this failure to secrete surfactant may be
secondary to other pathological changes in the pulmo-

nar) membrane, some research workers believe it to be

the basic cause of the disease and that the pathology Is

the secondary result The surfactant-secreting cells (the

(>7)0 It alveolar epithelial ccltsl do not begin to secrete

surfactant until the last one to three mnnths of gesta-

tion Therefore, many premature babies and some full-

term babies are bom without the capability of secreting

surfactant, which therefore causes both a collapse ten-

dency of the lungs and development of pulmonary
edema The role of surfactant in preventing these effects

was disctused in Chapter 39

aRCUlATORY UADJUSTMENTS AT BIRTH

Almost as important as the onset ofbreathmg at birth

are the immediate circulatory adfustments that allow
adequate blood How through the lungs. Also, circulatory

odiustments during the fuel few hours of life shunt more
ami more blood through the liver as well To describe
these readjustments wc must first consider bneAy the
anatomical structure of the fetal cireutatinn

Specific Anatomic Structure of the Fetnl Circu-
Inlion. Dfcaute the lungs are mainly nonfunctional
during fetal life and beenuv the liver is only partially

functional, u is not necessary for (he fetal heart to pump
much blood through cither the lungs or the liver On
the otiicr hand, the fetal heart must pump targe quan-
tities of blood through the placenta Therefore, special

iinalumicat nirangcments cau^e the fetal circulatory

system to operate considerably differently from that of
the adult First, as illustrated in Figure 83—1, blood
n-tuming from the placenta through the umbilical vein
paSM's through the ductus lenosus, mainly bypassing
the liver Then, most of the blood entering the nghi
ntnum from the inferior vena cava is directed m o
straight p,ithwav across the posterior aspect of the nght
atnum and thence through the fommen ovofe directly

into the left airium Thus, this woll-oxygenated blood
from the place nta enters the left side of the heart rather
than the right side and is pumped by the left ventricle

mainly into the vessels nf the head and forelimbs

The blood entering the right atnum from the cupemr
vena cava is directed downward through the tricuspid

valve into the nght ventncic This blood Is mainly
deoxygenated blo^ from the head region of the fetus,

and It is pumped by the nght ventricle into the pulmo-
nary artery, then mainly through the ductus arteriosus

into (he descending aorta and through the two umbilical
arteries into the placenta where the dcoxygenated blood
liecomcs oxygenated

Figure 83-,5 Rives the relative percentages of (be total

b!<wd pumped by the heart that paws through the
differml vascular circuits of the fetus. This figure shows
that 55 per cent of all the blood goes through the
Tvlseenla, leaving only 45 per «nt to pass through nil

. of tlie fptus. Furthermore, during fi-lal life.

Ilgure 83-4. Orgsniutlon of the fetal circuistioa (ModlRed

from Atey Oevtiopmenial Anatomy 7th ed. Philsdelphli. W B

Saunders Company. t974

}

only 12 per cent of the blood flows through the lungs;

immediately aflcr birth three to four times this much
must flow through the lungs, indicating a severalfold

increase at birth

Changes In the Fetal Circulation at Birth. The
basic changes in the fetal circulation at birth were

discussed in Chapter 27 m relation to congenital anom-
alies of the ductus artenosus and foramen ovale that

persist throughout life Briefly, these changes are the

following-

Primary Changes in Pulmonary’ and Systemic
Vascular Itesistance at Birth. The primary dianges

figure 81-5, DUgrwn of the fetal clrcutiioty syitenv show*).?

leiaeve dUMbutfon ©f Plood Bow lo the different wess

The numerais reprevent per cent of the lotil csreJUc ooipoi

Bowing through the psrrtcuU/ a/e<L
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in the circulation at birth are first, loss of the tremen-

dous blood flow through the placenta, which appnjxi-

mately doubles the systemic vascular resistance at binh.

This obviously increases the aortic pressure as well as

the pressures in the left ventricle and left atrium.

S^nd, the pulmonary vascular resistance ^rearfy de-

creases as a result of expansion of the lungs. In the

unexpanded fetal lungs, the blood vessels are com-
pressed because of the small volume of the lungs. Im-
mediately upon expansion these vessels are no longer

compres^, and the resistance to blood flow decreases

several-fold. Also, in fetal life the hypoxia of the lungs
causes considerable tonic vasoconstriction of the lung
blood vesseb, but vasodilation takes place when aeration

of the lungs eliminates the hypoxia. All these changes
together reduce the resistance to blood flow through the
lungs as much as fivefold, which obviously reduces the

pulmonary arterial pressure, the right ventricular pres-

sure, and the right atrial pressure.

Closure ofthe Foramen Ovale. The low right oirtal

pressure and the high left atnal pressure that occur
secondarily to the changes m pulmonary and systemic
resistances at birth cause a tendency for blood to flow
backward from the lefl; atrium into the right atnum
rather than in the other direction, as occurred during
fetal life. Consequently, the small valve that lies over
the foramen ovale on the left side of the atnal septum
closes over this opening, thereby preventing further flow
through the foramen ovale. In two-thirds of all persons
the valve becomes adherent over the foramen ovale
within a few months to a few years and forms a per-
manent closure. But, even if permanent closure does not
occur, the left atnal pressure throughout life remains 2
to 4 mm Hg greater than the nght atrial pressure, and
the back pressure keeps the valve closed.

Closure of the Ductus Arteriosus. The ductus ar-
^osus also closes, but for different reasons. First, the
increased systemic resistance elevates the aortic pressure
while the decreased pulmonary resistance reduces the
pulmonary arterial pressure. As a consequence, within
a few hours after birth, blood begins to flow backward
from the aorta into the pulmonary artery rather than
in the other direction as in fetal life However, alter
only a few hours the muscular wall of the ductus
arteriosus constnets markedly, and within one to eight
days the constnction is sufflclent to stop all blood flow.
This is called functional closure of the ductus artenosus.
Then, during the next one to four months the ductus
arteriosus ordinarily becomes anatomically occluded by
growth of fibrous tissue into its lumen.
The cause of ductus closure almost certainly relates

to the increased oxygenation of the blood flowing
through the ductus. In fetal life the POj of the ductus
blood is only 15 to 20 mm Hg, but it increases to about
100mm Hg within a few hours after birth. Furthermore,
many experiments have shown that the degree of con-
traction of the smooth muscle in the ductus wall is
highly related to the availability of oxygen.
In one of several thousand infants the ductus fails to

close, resulting in a patent ductus arteriosus, the conse-
quences of which were discussed m Chapter 27.
Closure of the Ductus Veaosus. In fetal life, the

portal blood from the fetus’ abdomen joins the blood
from the umbilical vein and these together pass through
the ductus venosu.s directly into the vena cava, thus
bypassing the liver. During the first few hours after
birth, blood flow through the umbilical vein ceases, but

most of the portal blood still flows through the ductus
venosus, with only a small amount passing through the
channels of the liver. However, withm one to three
hours the muscular wall of the ductus venosus contracts
strongly and closes this avenue of flow. As a conse-
quence, the portal venous pressure rises from near 0
mm Hg to 6 to 10 mm Hg, which is enough to force

blood flow through the liver sinuses. Although the duc-
tus venosus almost never fails to close, unfortunately

we kimw almost nothing about what causes the closure.

NUTRITION Of THE NEWBORN INFANT

The fetus obtains almost all its energy from glucose

obtained from the mother’s blood. Immediately after

birth, the amount of glucose stored in the infant’s body

in the form of glycogen is sufficient to supply the infant's

needs for only a few hours, and unfortunately the liver

of the newborn infant is still far from functionally

adequate at birth, which prevents significant gluconeo-

genesis Therefore, the infant's blood glucose concentra-

tion frequently falls the first day to as low as 30 to 40

mg/100 ml of plasma, less than half the value Fortu-

nately, appropriate mechanisms are available for the

infant to utilize stored fats and proteins for metabolism

until mother’s milk can be provided two to three days

later

Special problems are also frequently associated with

getting an adequate fluid supply to the newborn infant,

bemuse the infant’s rate of body fluid turnover averages

seven times that of an adult, and the mother's milk

supply requires several days to develop Ordinarily, the

infant’s weight decreases 5 to 10 per cent and sometimes

as much as 20 per cent within the first two to three days

of life Most of this weight loss is loss of fluid rather

than of body solids

SPECIAL FUNCTIONAL PROBLEMS IN

THE NEONATAL INFANT

The most important characteristic of the newborn
infant is instability of the various hormonal and neu-

rogenic control systems. This results partly from the

immature development of the different organs of tho

body and partly from the fact that the control systems

simply have not become ad/^sted to the completely new
way of life.

The Respiratory System. The normal rate of respi-

ration m the newborn is about 40 breaths per minute,

and tidal air with each breath averages 16 ml. This

gives a total minute respiratory volume of 640 ml per

minute, which is about two times as great in relation to

the body weight as that of an adult. The functional

residual capacity of the infant is only half that of an
adult in relation to body ueight. This allows cyclic

changes in blood gas concentration when the respiration

becomes slowed because it is the residual air in the

lungs that smooths out the blood gas variations in the

adult
Blood Volume. The blood volume ofa new bom infant

immediately after birth averages about 300 ml, but, if

the infant is left attached to the placenta for a few

minutes after birth or if the umbilical cord is stripped

to force blood out of its vessels into the baby, an addi-
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tional 75 ml of blood enters the infant to make a total

of 375 ml. Then, during the ensuing few hours, fluid is

lost into the tissue spaces from this blood, nhich in-

creases the hematoent but retuma the blood volume

once again to the normal value of about 300 ml. Some
p^iatncians feel that this extra blood volume in some
Instances causes mild pulmonary edema with some de-

gree of respiratory distress.

Ca:^Bc Output The cardiac output of the newborn
infant averages 550 mltainute, which, like respiration

and body metabolism, is about two tiroes as much in

relation to body weight as in the adult. Occasionally a

child is bom with an especially low cardiac output

caused by hemorrhage through the placental membr^e
into the mother’s body prior to birth.

Arterial Pressure. The artenal pressure during the

first day after birth averages about 70/50; this increases

slowly during the next several months to approximately
90/60. Then there is a much slower rise during the

subsequent years until the adult pressure of 120/80 ia

attained at adolescence.

Blood Characteristics. The red blood cell count in

the newborn infant averages about 4 million per cubic
millimeter If blood is stripped from the cord into the
infant, the red blood cell count rises an additional 0.5
to 0.75 rmllion during the first few hours of life, giving
a red blood cell count of about 4 75 million per cubic
millimeter, as illustrated in Figure 83-6 Subsequent to
this, however, few new red blood cells are formed in the
infant during the first few weeks of life, presumably
because the hypoxic stimulus of fetal life ts no longer
present to stimulate red cell production. Thus, as shown
in Figure 83-6, the average red blood cell count falls to
3 25 million per cubic millimeter by about 8 to 10 weeka
of age From that time on, increasing activity by the
fetus provides the appropnato stimulus foe returning
the red blood cell count to normal within another two
to three months
Immediately afler birth, the white blood cell count of

the infant is about 45,000 per cubic mtllimeter, which
u about five times as great as that of the normal adult.
Neonatal Jaundice and Erythroblastosis Fetalis-

Bilirubin formed in the fetus can cross the placenta and
be excreted through the liver of the mother, but imme*
diately after birth the only means for ridding the infant
of biHnbin is through the infant’s own liver, which, for

the first week or so of life, still functions poorly and is

Rju?* Si-C. Clwiges in the red blood tea toum ind In the
lenoTt bHiiibln concentration during the firet (6 weeks of fefe.

tbowing "physlologle anemU” *e 6 to 1 2 weeks of life and
“physioiosie hypeiblBroWnertiia" during the first 2 weeks ofDie

incapable of conjugating significant quantities of bib-

rubln with glucuronic acid for excretion into the bile.

Consequently, the plasma bilirubin concentration rises

from a normal value of less than 1 mg/100 ml to aa

average of 5 mg/100 ml during the first three days of

life, then gradi^Iy falls back to normal as the liver

becomes functional. This condition, called physiologtcd

hyperbilirubinemia, is illustrated in Figure 8^, and it

is asEocisted with a mild Jaundice (yellowness) of the

infant’s skin and especially of the sclerae of its eyes

However, by far the most important cause of serious

neonatal jaundice is erythroblastosis fetalis, which was

discussed in detail in Chapter 4 in relation to Rh factor

incompatibility between the infant and mother. Briefly,

the baby usually inherits an Rh positive trait from the

father while the mother is Rh negative. Ihe mother

then becomes immunized against the fetus' blood, and

her antibodies in turn destroy the infant’s red blood

cells, releasing extreme quantities of bilirubin into the

plasma Before the advent of modem obstetrical meth-

ods, this condition occurred either mildly or seriously in

1 of every 50 to 100 newborn infants.

Fluid Balance, Acid-Base Balance, and Renal

Function. The rate of fluid intake and fluid excretion

in the infant is seven times as great in relation to

weight as in the adult, which means that even a slight

alteration of fluid balance can cause rapidly developing

abnonnalities. Second, the rate of metabolism in the

infant is two times as great in relation to body mass as

in the adult, which means that two times as much arid

IS normally formed, which leads to a tendency toward

acidosis in the infant. Third, functional development of

the kidneys is not complete until the end of approxl-

mately the first month of life- For instance, the kidneys

of the newborn can concentrate unne to only 1.5 times

the osmolality of the plasma Instead of the nottaal three

to four times in the adult.

Therefore, considering the immaturity of the kidney,

together with the marked fluid turnover In the infant

and rapid formation of acid, one can readily understand

that among the most important prihletas infancy are

acidosis, dehydration, and some instances ofoverhydra-

tion.

Uver Function. Dunng the first few days of life,

liver function may be quite deficient, as evidenced by

the following effects:

1. The liver of the newborn conjugates bilirubin with

glucuronic add poorly and therefore excretes bilirubin

only slightly dunng the first few days of life.

2 The liver of the newborn is deficient in forming

plasma proteins, so that the plasma protein concentra-

tion falls to 1 gram per cent less than that for older

children. Occasionally, the protein concentration falls

80low that the infant actually develops hypoproteinemlc

edema.
3. The gluconeogenetic function of the liver is partic-

ularly deficient. As a result, the blood glucose level of

the unfed newborn infant falls to about 30 to 40 mg per

cent, and the infant must depend on ita stored fats for

energy until feeding con occur.
4. The liver of the newborn usually also forms too

little of the factors needed for normal blood coagulation-

Oigeatlon, Absorption, and Metabolism ofEnergy
Foods. In general, ability of the newborn infant to

digest, absorb, and metabolize foods is not different from

that of the older child, with the following three exeep-

ttOIU'
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First, secretion of pancreatic amylase m the newborn

infant is deficient so that the infant utilizes starches

less adequately than do older children.

Second, absorption of fats from the gastrointestinal

tract is somewhat less than that in older child.

Consequently, milk with a high fat content, such as

cow's milk, is frequently inadequately utilized.

Third, because the liver functions imperfectly during

at least the first week of life, the glucose concentration

in the blo^ is unstable and also low.

The neonate is especially capable of synthesizing pro-

teins and thereby stonng nitrogen. Indeed, with a com-

pletely adequate diet, as much as 90 per cent of the

ingested amino acids are utilized for formation of body

proteins. This is a much higher percentage than in

adults.

Metabolic Rate and Body Temperature. The nor-

mal metabolic rate of the neonate in relation to body

weight is about two times that of the adult, which

accounts also for the two times as great cardiac output

and two times as great minute respiratory volume in

the infant

However, since the body surface area is very large in

relation to body mass, heat is readily lost from the body

As a result, the body temperature of the newborn infant,

particularly of premature infants, falls easily. Figure

8J-7 shows that the body temperature of even the

normal infant falls several degrees during the first few

hours after birth, but returns to normal m seven to ten

hours. Still, the body temperature regulatory mecha-

nisms remain poor during the early days of life, allowing

marked deviations in temperature, which are also illus-

trated in Figure 83-7
Nutritional Needs During the Early Weeks of Life.

At birth, a newborn infant is usually m complete nutri-

tional b^ance, provided the mother has had an adequate

diet. Furthermore, function of the gastrointestinal sys-

tem is usually more than adequate to digest and assim-

ilate all the nutritional needs of the infant if these are

provided In the diet However, three speafic problems

do occur in the early nutrition of the infant

Need for Calcium and Vitamin D. The newborn
infant b in a stage of rapid ossification of its bones at

birth so that a ready supply of calcium throughout

infancy is ne^cd. This is ordinarily supplied adequately

by the usual diet of milk. Yet absorption of calcium by
the gastrointestinal tract is poor in the absence of

vitamin D. Therefore, the vitamin D-deficient infant

can develop severe rickets in only a few weeks. This is

Ogure 83-7. Fall In body temperature of the infant Immedluely
*ftef birth, and Instability of body temperature during the first few
days of life.

particularly true in premature babies since their gas-

trointestinal tracts absorb calcium even less effectively

than those of normal infants.

Necessity for Iron in the Diet If the mother has

had adequate amounts of iron in her diet, the liver of

the infant usually has stored enough iron to keep form-

ing blood cells for four to six months after birth. But if

the mother has had insufficient iron in her diet, severe

anemia is likely to occur in the infant alter about three

months of life. To prevent this possibility, early feeding

of egg yolk, which contains reasonably large quantities

of iron, or administration of iron in some other fonn is

desirable by the second or third month of life.

Vitamin C Deficiency in Infants. Ascorbic acid

(vitamin C) is not stored in significant quantities in the

fetal tissues; yet it is required for proper formation of

cartilage, bone, and other intercellular structures of the

infant, ^rthermore, milk has poor supplies of ascorbic

acid, especially cow's milk, which has only one fourth

as much as mother’s milk For this reason, orange juice

or other sources of ascorbic acid are usually presenbed
by the third week of life.

Immunity. Fortunately, the neonate inherits much
immunity from the mother because many antibodies

diffuse from the mother’s blood through the placenta

into the fetus. However, the neonate does not form
antibodies of its own to a significant extent. By the end
of the first month, the baby's gamma globulins, which
contain the antibodies, have decreased to less than one
half the original level, with corresponding decrease in

immunity. 'Thereafter, the baby's own immunization
processes begin to form antibodies, and the gamma
globulin concentration returns essentially to normal by
the age of 12 to 20 months.

Despite the decrease in gamma globulins soon after

birth, the antibodies inherited from the mother still

protect the infant for about six months against most
major childhood infectious diseases, including diphthe-

ria. measles, and polio. Therefore, immunization against

these diseases before six months is usually unnecessary.
On the other hand, the inherited antibodies against
whoopmg cough are normally insufficient to protect the

neonate; therefore, for full safety the infant requires
immunization against this disease within the first

month or so of life.

Allergy, Fortunately, the newborn infant is rarely

subject to allergy. Several months later, however, when
the neonate’s own antibodies first begin to form, extreme
allergic states can develop, often resulting in serious

eczema, gastrointestinal abnormalities, or even anaphy-
laxis. As the child grows older and develops still higher
degrees of immunity, these allergic manifestations usu-

ally disappear. This relationship of immunity to allergy

was discussed in Chapter 6.

Endocrine Problems. Ordmanly the endocrine sys-

tem of the infant is highly developed at birth, and tee

infant rarely exhibits any immediate endocrine abnor-

malities. However, there are special instances in which
endocrinology of infancy is important.

1. If a pregnant mother bearing a female child is

treated with an androgenic hormone or if she develops

an androgenic tumor dunng pregnancy, the child will

be bom with a biigh degree of masculinization of her

sexual organs, thus resulting in a type of hermaphro.

dttism.

2, The sex hormones secreted by the placenta and by

the nmteer’s glands duringpregnancy occasionally cause

the neonate's breasts to form milk during the first few
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safe with up to 40 per cent oxygen, but some child

ph>sioIogists believe that complete safety can be
acMe^ed only at normal oxygen concentration.

GROWTH AND DEVELOPMENT OF
THE CHILD

The major physiological problems of the child bejvnd
the neonatal period are related to special metabolic

needs for growth, which have been fully covered in the

sections on metabolism and endocrinology

Figure 83-8 illustrates the changes in heights ofboys
and ^rls from the time of birth until the age of20 years.

Note especially that these parallel each other almost
exactly until the end of the first decade of life Between
the ages of 11 and 13 years the female estrogens cause
rapid growth but early uniting of the epiphyses at about
the 14th to 16th year of life, so that growth in height

ceases. This contrasts with the effect of testosterone m
the male, which causes growth at a slightly later age

—

mainly between ages 13 and 17 years. The male, how-
ever, undergoes much more prolonged growth so that

his final height is considerably greater than that of the
female.

— Wolks alone

— Stands clone

— Wolks with support

— Pulls up

— Grosps

— Growls

— Sits briefly

— Rolls over

— Hand control

— Head control

— Vocalizes

—Smiles

—Suckles
BIRTH

figure B>-9. Behavioial development of the infant dunng the
(ir$r year of life
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BEHAVIORAL GROWTH

Behavioral growth is prinapally a problem of matU'
nty of the nervous system. Here, it is extremely difficult

to dissociate maturity of the anatomical structures of

the nervous system from matunty caused by training

Anatomical studies show that certain major tracts in

the central nervous system are not completely myeli-
nated until the end of the first year of life For this

reason it is frequently stated that the neri'ous system
is not fully functional at birth The brain cortex and its

associated mechanisms such as vision seem to require

several months after birth for significant functional

development.

Rsure 8S-8. Height of boys and girts from infancy to 20 years
®fege.

At birth, the brain size is only 26 per cent of the adult

size and 55 per cent at one year but reaches almost

adult proportions by the end of the second year. This is

also associated with closure of the fontanels and sutures

of the skull, which allows only 20 per cent additional

groxvth of the hrain beyond the first two years of life.

Figure 83-9 illustrates a normal progress chart for

the infant during the first year of life. Comparison of

this with the baby’s actual development is used for

clinical assessment of mental and behavioral growth.
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Sports Physiology

It js fitting to end this text with a chapter on sports

physiology because there are no normal stresses towhich

the body is exposed that even nearly approach the

extreme stresses of heavy exercise In fact, if some of

the extremes ofexercise were continued for even slightly

prolonged periods of time, they might easily be lethal

Therefore, m the mam. sports physiology is a discussion

of the ultimate limits to which moat of the bodily

mechamsiTts can be stressed To give one simple exam-

ple In a person who has extremely high fever, approach-

ing the level of lethality, the body metabolism increases

to about 100 per cent above normal. By companson, the

metabolism of the body during a marathon race in-

creases to 2000 per cent above normal

TTie FeoiAh *n<( the Ma/e Athlete

Most of the quantitative data that will be given in

this chapter will be for the young male adult, not

because it is desirable to know only these values but

because it is only in this class of athletes that relatively

complete measurements have been made However, for

those measurements that have been made in women,
almost identically the same basic physiologic*! princi-

ples apply equally as to men except fur quantitative

diiTcrences caused by differences in body size, body

composition, and the presence or absence of the male
sex hormone testosterone In general, most quantitative

values for women—such as muscle strength, pulmonary
ventilation, and cardiac output, all of which arc related

mainly to the muscle mass—will vary between two

thirds and three quarters of the values recorded m men
However, this does not translate into this much differ-

ential in athletic performance because the body size is

correspondingly smaller A good indication of the rela-

tive performance capabilities of the female versus the

male athlete comes from the relative times required for

running the marathon race In a recent companson. the

top female performer had a running time about 12 per

cent less than that of the top male performer. On the

other hand, for some endurance events, women have
proved to have capabilities supenor to those of men As
an example, the record for the two-way swim across the

English channel is presently held by a woman, not a
man Part of the reason for this has been reputed to be

(hat the female has extra fat in her subcutaneous tissues

to insulate her from the cold of the channel waters, but

this certainly is not all of the reason, and it may be

more the wishful thinking of the male ego rather than
fact.

The hormonal differences between woman and man

certainly account for a large part if not most of the ?

differences in athletic performance Tes/osterane s^• i

CTCted by the male testicles has a powerful anabolic
|

effect, which means that It causes greatly increased i

deposition of protein everywhere in the body, especially
|

in the muscles In fact, even the man who participates i

In very little s^rts activity but who nevertheless is
;

well-endowed with testosterone will have muscles that i

grow to Bize^dO per cent or more greater than those ef
i

hi8 female counterpart and with a corresponding in- i

crease m strength. Thus, the man who begins to tram :

for sports activity already has a running start on the
|

female i

The female sex hormone eslrosen probably also ae* 1

counts for some of the difference between female end '

male performance, though not nearly so much as the
;

effect of testosterone Estrogen is known to increase the I

deposition of fat m the'femBlc, especially m certain

tissues such os the breasts, the hips, and the subcuta-

neous tissue At least partly for this reason, the average

nonathletic female has about 2Gper cent body fat com-

position in contrast to the nonathletic male, who has

about ^5 per cent In marathon runners who have

traineolhemselves to the least amount of excess fat. ^e
male runner has about* 4 per cent body fat composition

and the female, 6 wfi cent. Thus, either in the untwined
or the trained sta^e, women usually average aljout 50

per cent more body fat than men This obviously is a

detnment to the highest levels of athletic performance

in those events m which performance depends upon

speed or bodily strength, but on the other hand it could

be an aid m gruelmg endurance athletic events that

require the fat for energy
Estrogen plays another more insidious role m athlet-

ics, for It IS the estrogen secreted by the female ovaries

after puberty that maites~Thg-fcmale.,stature smaller

than that of the male Immediately after puberty, the

surge in estrogen secretion causes a rapid spurt of

growth that usually makes the postpuberlal female grow

more rapidly than her male counterpart. On the other

hand, this growth is short-lived because the epiphyseal

cartilages of the long bones, which is where the growth

occure, rapidly run Oieir course and actually disappear,

allowing the epiphyses to unite with the shafts of the

long bones—therefor^ no further growth in length. ^
a result, the female/requently reaches her full height

at an age of perhaps 14 to 16 years, whereas the male

may rontinue to grow until the age of 18 to 20 years

This difference obviously loowtS large in most athletic

events because the very design of athletic competition

often gives the edge to those of greater body size

Finally, one cannot neglect the effect of the sex hor-



aones on temperament. There no doubt that testos-

terone promotes aggressiv^els and that estrogen is

associated with a more mild temperament. Certainly a
large part of competitive sports is the aggressive spint

that drives a person to maximum effort, oiten at the

expense ofjudicious restraint.

THE MUSCLES IN EXERCISE

STRENGTH, POWER, AND ENDURANCE Of
MUSCLES

The final common denominator in athletic events is

i\hat the muscles can do for you—what strength they
can give when it is needed, what power they can achieve

in the performance of work, and how long they can
continue in their activity.

The strength of a muscle is determined mainly by its

size, with a maximum contractile force between 2S kg-^
and 35 kg per cm^ of muscle cross-sectional area. Thus,
the man who is well laced with testosterone and there-

fore has correspondingly enlarged muscles will be much
stronger than those persona without the testosterone

advantage. Also, the athlete who has hypertrophied his

muscles through an exercise training program likewise
mil have increased muscle strength because of increased
muscle size.

To give an example of muscle strength, a world-class
weight liiler ought have a quadriceps muscle with a
cross-sectional area as great as 150 cm^ This would
translate into a maximum contractile strength of 525

(or 1165 lb), with all this force applied to the patellar
tendon. Iherefore, one can readily understand how it is

possible for this tendon to be ruptured or actually to be
avubed from its insertion into the tibia below the knee.
Also, when such forces occur in tendons that span a
joint, similar forces are also applied to the surfaces of
the joints, or sometimes to ligaments spanning the
joints, thus accounting for such happenings as displaced
cartilages, compression fractures about the joint, or tom
ligaments.

Yet, to make matters still worse, the holding strength
of muscles is about 40 per cent greater than the con-
tractile strength. That is, if a muscle is already con-
tracted and a force then attempts to stretch out the
muscle, this requires about 40 per cent more force than
can be achieved by a shortemng contraction. Therefore,
the force of 525 kg calculated previously for the patellar
tendon becomes 735 kg (1617 lb). This obviously further
compounds the problems of the tendons, joints, and
ligaments. It can also lead to internal tearing in the
i&uscle itself. In fact, stretching out of a maximally
contracted muscle is one of the best ways to insure the
highest degree of muscle soreness.
The power of muscle contraction is different from

muscle strength, for power is a measure of the amount
of work that the mu^e can perform in a given period
of time. This is determined not only by the strength of
muscle contraction but also by its velocity of contraction
and the number of times that it contracts each minute.
Muscle power is generally measured in kilogram-

liters (kg~m)lminute. That is, a muscle that can lift a
miogram weight to a height of 1 meter or that can mot'e
some object laterally against a force of 1 kg for a distance
of a meter in 1 minute is said to have a power of 1 kg-
ai'minutc. The maximum power achievable by all the
muscles in the body of a highly trained athlete with all
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the muscles working together is approximately the fol-

lowing:

First 10 to 15 seconds 7000 kg-m/minute
Next 1 minute 4000 kg-m/minute
Next half hour 1700 kg-m/mmute

Thus, it is clear that a person has the capability of an
extreme power surge for a short period of time, such as
during a 100 meter dash that can be completed entirely

within the first 10 seconds, whereas for long-term en-
durance events the power output of the muscles is only
one fourth as great as during the initial power surge.

Yet, this does not mean that one’s athletic performance
IS four times as great during the initial power surge as
it is for the next half hour, because the efficiency for

translation of muscle power output into athletic per-

formance IS often much less during rapid activity than
dunng less rapid but sustamed activity. Thus, the ve-

loaty of the hundred meter dash is only 1 75 times as

great as the velocity of the 30 mmute race despite the

fourfold difference in short-term versus long-term mus-
cle power capability

The final measure of muscle performance is endur-

ance. This, to a great extent, depends on the nutritive

support for the muscle—more than anything else on the

amount of glycogen that has been stored m the muscle

prior to the period of exercise A person on a high

carbohydrate diet stores far more glycogen m muscles

than a person on either a mixed diet or a high fat diet

Therefore, enduran« is greatly enhanced by a high

carbohydrate diet When athletes run at speeds typical

for the marathon race, their endurance as measur^ by

the time that they con sustain the race until complete

exhaustion is approximately the following'

High carbohydrate diet 240 minutes

Mixed diet 120 minutes

High fat diet 85 minutes

The corresponding amounts of glycogen stored in the

muscle are approximately the following'

High carbohydrate diet 33 grams/kg of muscle

Mixed diet 17 5 grams-'kg of muscle

High fat diet 6 gramsdtg of muscle

THE MU5CU METABOLIC SYSTEMS IN
EXERCISE

The same basic metabolic systems are present in

muscle as in all other parts of the body, these were
discussed in detail in Chapters 67 through 73 However,

special quantitative measures of the activities of three

metabolic systems arc exceedingly important in under-

standing the limits of physical activity. These are (1)

the phosphagen system, (2) the glycogen-lactic acid sys-

tem, and (3) the aerobic system.

The Phosphagen System

Adenosine Triphosphate. The basic source ofenergy

for muscle contraction is adenosine triphosphate (ATPl,

which has the following basic formula:

Adenosine—PO.-PO.-PO,

The bonds attaching the last two phosphate radicals to ^
the molecule, designated by the symbol are so-cal'
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high energy phosphate bonds. Each of these bonds stores

about 11,000 calories of energy per mole of ATP (under

the physical conditions m the body). Therefore, when
l-one phosphate radical is removed from the molecule.

\ 11,000 calories of energy that can bo used to encrgiz<i

the muscle contractile process are released. Then, when
the second phosphate radical is removed, still another

11,000 calorics become available. Removal of the fir^t

phosphate converts the ATP into adenosine diphosphal^
* (ADP), and removal of the second converts this ADP

into adenosine monophosphate (AMP).
Unfortunately, the amount of ATP present in th®

muscles, even in the well-trained athlete, is sufficient

to sustain maximal muscle power for only 5 or 6 seconds,

maybe enough for a 50 meter dash. Therefore, except

for a few seconds at a time, it is essential that nei®

adenosine triphosphate be formed continuously, even
during the performance of athletic events. Figure B4-1
illustrates the overall metabolic system, showing th®
breakdown of ATP first to ADP and then to A^fP, with
the release of energy to the muscles for contraction T®
the left-hand aide of the figure arc illustrated the thre®
different metabolic mechanisms that are responsible for

reconstituting a continuous supply of adenosine tnphos*
phate in the muscle fibers These are the following.

Release of Energy from Phosphocreatine. Phos-
phoexeatme is another chemical compound that has a

high energy phosphate bond, with the following formula

Creatme-PO,

This can decompose to creatine and phosphate ton. as
Ulustmted to the left in Figure $4-1, and in doing so

releases lai^ amounts of energy In fact, the high
energy phosphate bend of phosphocreatine has slightly

more energy than the bond id ATP Therefore, th®
phosphoercatTne can easily provide enough energy to

reconstitute the high energy bonds of the ATP Further'
more, most muscle-Cclls have two to three timea as much
phosphocreatine as ATP'

”

A specTal cKaractenstic of energy transfer from phoS-
phocrealine to ATP is that it occurs within a small
fraction of a second Therefore, in effect, all the energy
stored m the muscle phosphocreatine is instantaneously
available for muscle contraction, just as is the energy
stored in ATP
The cell phosphocreatine plus its ATP are called th®

pho>tp)ia,i?en energy system These together can provide
maximal muscle power for a penod of 10 to 15 seconds,

barely enough for the 100 meter run. Thus, the energy
from the phosphagen system is used for maximal short
bursts of muscle power.

77ie Cfycogen-Lscdc Acid System

Tlio stored glycogen m muscle can be split into glucose

and the glucose then utilized for energy The irutial

stage of th is process, called glycolysis, occurs' enSrcly
without use of oxyg'eirgnd'thercftrirTrkaid to be anaer-
obic metabolism (see Chapter 67)' During glyc^siS.
each glucose molecule is split into two pyruvK aeid
molecules, and energy is released to form several ATP
molecules Ordinarily the pyTU\nc acid then enters the
rmtochondna of the muscle cells and reacts wfth oxygen
to form still many more ATP molecules However, when
there is insufficient oxygen for this second stage (the
oxidative stage) of glucose metabolism to occur, most pf

the pyruvic acid is converted into lactic add, which tl

diffuses out of the muscle cells into the interstitial ft

and blood. Therefore, in effect, much of the mm
glycogen becomes lactic acid, but in doing so considi

bte amounts of adenosine triphosphate are formed

tirely without the consumption of oxygen.

Another characteristic of the glycogen-lactic add i

tem is that it can form ATP molecules about 2 5 tii

as rapidly as can the oxidative mechanism of the m
chon^a. Therefore, when large amounts of adenos

tnphosphate ore required for moderate periods of mu:
contraction, this anaerobic glycolysis mechanism car

used as a rapid source of energy. It is not as rapid

the phosphagen system, but about half as rapid

Under optimal conditions the glycogen-lactic a

system can provide 30 to 40 seconds of maximal tnui

activity m addition to the 10 to 15 seconds provided 6)1

the phosphagen system

The Aerobic System

The aerobic system means the oxidation of foodstuffs

in the nutochondria to provide energy. That is, as

illustrated to the left in Figure 84-1, glucose, fatty

acids, and amino acids from the foods—after some inter-

mediate processing—combine with oxygen to release

tremendous amounts of energy that are used to convert

AMP and ADP into ATP, as was discussed in Chapter

67
In comparing this aerobic mechanism of energy supply

with the glycogen-lactic acid syatem and the p^-
phagen system, the relative maximum rates officer
generation in terms of ATP utilisation are the following

Aerobic system 1 A/ofATP/mln
Clycogen-laetic acid system 2.5 M ofATP/min
phosphagen system 4 M of ATP/min

On the other hand, when comparing the systems for

endurance, the relative values are the following

Prosphagen system 10 to 15 seconds
Glycogcn-lactic acid 30 to 40 seconds

system
Aerobic system unlimited time (as long as

nutrients last)

“^us, one can readily see that the phosphagen system

la the one utilized by the muscle for power siiigea.

The uenlblt syttcetn is required lor prolonged alWetie

jirt^«ty. In between is the glyco^ri-lacltrScIdsystem,
whioi is especially important for giving extra power

dunng such intermediate races as the 200 to 800 meter

runs

Whitt Types ofSports Udllre Which Energy
Systems?

By considering the vigor of a sports activity and its

duration, one can estimate very closely which of the

energy systems arc used for each activity. Vanotu

approximations are presented in Table 84-1.

Recovery of the Muscle Metabolic Systems
After Exercise

Performance In athletic events Is often determined by

how rapidly the athlete can recover strength between
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1

{ Hgure &4-1. The three important metabolic sys-

. terns that supply energy for muscle contractioa

I Phosphocreatine—

surges ofactivity, and in general this means how rapidly
- the energy systems can recover. Each of these systems
£ has its own characteristic rate of recovery, as follows-

' The Phosphagen System. The total amount of en-
> ergy in the phosphagen system in all the musculature
of the well-trained male athlete’s body is equivalent to

' about 0 6 mole per liter (Af) ofATP (about 0.3 A/ for the
female), and this can be almost completely depleted in

1

an average of 10 to 15 seconds of maximal muscle

j
activity. However, the glycogen-lactic acid system can

;
replenish this phosphagen system as rapidly as 2 5 A/ of

,
ATP per minute, and 5ie aerobic system can replenish

. it as rapidly as 1 Af per minute. Therefore, m theory, it

; would be possible for these other energy systems to

replenish Ailly the phosphagen system within 15 to 30
. seconds after its full depletion, which would mean that

(
s person could run a second 100 meter dash m less than

I
1 minute after the hrst. However, m practice, this does

;
not work quite that way because the other systems
naction at full force to replenish the phosphagen only

’ when the phosphagen system is almost totally depleted

^tead, the phosphagen normally is replenished with a

of about 20 to 30 seconds. This means that for

,

those events using the phosphagen system alone, such
as hi|h jCMplh^, flfae' could reasonably expecrco have
™l rlptShUhment of this system within about 3 to 5

,
minutes.

The Glycogen—Lactic Acid System. The limitation
in the use of this system for energy is mainly the amount
of lactic acid that the person can tolerate m muscles

body fluids. Lactic acid causes extreme fatigue.

which serves as a self ilniitation to further use of this

j
system for energy. The amount of time required for

replenishing this system, therefore, is determined by
how rapidly the person can eliminate lactic acid from
the body. Under most conditions, this is achieved with
a half-time of about 20 to 30 minutes; therefore, as long
as an hour after an athletic event has utilized the
glycogen-lactic acid system to its fullest extent, this

metabolic system still will not have achieved full recov-

ery
The Aerobic System—Short-Term Recovery and

the “Oxygen Debt.” Recovery of the aerobic system
has a short-term phase and a long-term phase, one
lasting about an hour and the other several days. The
short-term phase of recovery is a function of the so-

called oxygen deit, illustrated in Figure 84-2. The oxy-

gen d^is defined as the extra amount of oxygen that

.

musl t>e taken into the body after an athletic event to

restore all the metabolic systems back to their full

normal state. Oxygen debt can be accumulated in two
different ways. First, part of this debt results from usage

,

ofoi^gen that is already stored in different parts of the.'

body. For instance, even normally about 0.3 liter ofjy
oxygen is stored in the muscles themselves 'combined |r

with myoglobin, an oxygen-bmdmg chemical substance

similar to hemoglobin that is present in muscle fibers.

In addition, almost^ liter of oxygen is normally com-

bined with all the hemoglobin in the blood, and another

O.Miter is in the air of the lungs as well as about 0.25

li^ dissolved in all the body fluids. Most of this oxygen

can be used by the muscles during exercise and therefore

must be replenished after the exercise is over.

Second, oxygen debt can be accumulated by depletion

of both the phosphagen and the glycogen-lactic acid

systems As much as 2 liters of oxygen are required to

Table 84-1 ENERGY SYSTEMS USED
IN VARIOUS SPORTS

systeip, almost entirely
'00 meter dash Diving
umping V Foortsall dashes
Weight lifting

,
*P'**8«n and glyMgen-Iacdc add systems

iOO meter dash Baseball home run
^ketbaU Ice hockey dashes

add system, mainly
meter dash Tennis

rJ™ swim Soccer
“'y^^n-Uede add and aerobic systems

^ meter dash 2000 meter rowing
‘W meter swim 1 500 meter run
1500 meter skating l mile run
Boxing 400 meter swim

Aerobic system
10,000 meter skating Marathon run (26 2 mi, 42.2 km)

_^oss-countiy skiing Jogging

figure 84-2. Rate of oxygen uptake by the lungs during

maxima] exercise for 4 minutes and then for almost t hour after

the exercise 1$ over. Thb figure demonstrates the principle of

axysen debt
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Hjur* M->). tflcct of diet on the rate ol trMCi

jtycoaen teplertvhmerrt ptolocistd ejei

Che (Repftflted from Foii Sports ffyslolosy

delphla, Saunderi Coltejc f^rbGihln^ 1979)

nish.JL^ully-aiiipleted4)h»phagea^ysUm^nd ee
ij3 8 liteja.ta.repleni^ a, ditpUtcd glycogen-iactie

iystem

tolo, a person can_develon_flrLflxvt^pn df>)t up to IQ

liters, and this oxygen is repaid to the body^emr?
IS"an hour or more after periods of exhaustive

lae Figure 84-2 lUustrales that the repayment
s in two different stages First, that portion of the

sot related to the accumulation of lactic acid, called

xcid oxygen debt, which means the oxygen needed
jleoish the oxygen stores of the body as well as to

nish the phosphagen system, is usually fully repaid

n 2 to 3 minutes. On the other hand, removal of

letic acid from all tho body fluids requires an hour
ore. so that the laetu^eeid-oxygen debt, which is

lly by far the greatag-pmportion of the total debt,
nues to be repaid very slowly f« at least an hour
efore, for those sports that deplete the glycogen-

; acid metabolic system, f^ull recovery one should
' at least an hour and prof^bly two hours between
ts

e mechanism of recovery of the glycogcn-lactic acid

m IS simply to remove the lactic and from the blood

other body fluids This is achieved tn two ways
, some of the lactic acid is converted back into

VIC acid and then metabolized directly by all the
tissues Second, much of the lactic acid is converted
glucose by the liver, and the glucose in turn is used

ily to replenish the glycogen stores of the muscles

le Aerobic System—Long-Term Ilecovery; Im-
ance of Muscle Glycogen Stores. Earlier m the
ter we discussed tho importance of stored muscle

)gen for muscle endurance. This is true because

)gen is the food substrate of choice not only for the

3ger-lactic acid system bilfalso for the aerobic

itive energy system as well The muscle endurance
can be achieved may be as long as 4 houra of

lusllve exercise in the athlete who has a high
entration of muscle glycogen, or as little as 1 5
•s in the athlete with minimal muscle glycogen

icovery from exhaustive muscle glycogen depletion

3t a simple matter, requiring hours to days rather

I the seconds or minutes required for the phosphagen
glycogen-lactic acid metabolic systems Figure

I illustrates this recovery process under three diffcT-

ent conditions* first, in persons on a high carbohydnit

diet, second, in persons on a high fathlgh protein diet

and. third, in persons with no food. Note that on thi

high carbohydrate diet, fiill recovery occurred In sp

proximateiy 2 days, whereas persons on the higl

fatliigh protein diet or on no food at all showed ex

trtrociy httk rtcovery even nflcr periods as long ssf

days The_mea«ai?e of t his study l« that it Is impoyn
for an athlete^eyen when on a high earbohydraTe diet

hoffo participate irrcx houstivc exercise duHngthe bsi

24 to dfTfibura prioF to o grueling afnietic eWnt.

Nutrients Used During Musde Aethtty

Though we have emphasized the importance ofa high

carbohj^rate diet end large stores of muscle gli’coger

for maximal athletic performance, this does not aiear

that only carbohydrates arc used for muscle energj’—f'

means simply that enrbohydrates arc used by preferenre

Actually, the muscles often use large amounts of lat iw

energy in the form of fatty acids end acetoaettic ocic

(<we Chapter 68) and al.’io use to n much less

proteins in the form ofamino oetds In fact, even undei

the beat conditions, m Uiose endurance athletic eventi

thot last longer then 4 to 5 hours the glycogen

the muscle become depicted n'nd are then of little furtbci

use for energizing muscle contraction. Instead, the mus-

cle now depends upon glucose that can be absorbed fro®

the gut, which is limited, or upon energy from other

sources, mainly from fats

Figure 84-4 illustrates the approximate rclativ'

usage of carbohydrates and fat for energy during pru

longed exhaustive exercise under Uiree different diei^

conditions high carbohydrate diet, mixed diet, and hig

fat diet Note that most of the energy is derived fron

carbohydrate dunng the first fw serendmr'mifMites

the exercUn, Vnii mhaustlOTcas mw) ^
?iO tn ftfl par fflnt-a£Jhp"MTerp7*1S^^ing derived fro

fats ratheMhan-catbahydratesT"—

.

"Not all the energy from carbohydrates comes from tr

stored muscle glycogen. In many persons almost asmu

glycogen IS stored in the liver as in the nius®®*-

this can be released into the blood in the form ofglucow

then taken up by the muscles as an energy source
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figure 84-4. Effect of duration of exercise as weU as type of

diet on relative percentages of carbohydrate or fat used for

energy by muscles. (Based partly on data In fox Sports rbys/of-

ogy Philadelphia. Saunders College Publishing, 1979)

addition, glucose solutions given bo an athlete to dnnk
during the course of an athletic event (in optimal con-

centrations of 2 to 2.5 per cent) can provide as much as

30 to 40 per cent ofthe energy required during prolonged

events such as marathon races.

In essence, then, if muscle glycogen and blood glucose

are available, these are the energy nutnents of choice

for intense muscle activity Yet, even so. for a real

endurance event one can expect fat to supply more than

50 per cent of the required energy after about the first

3 to 4 hours

Bffect ofAthletic TrAJnIns on Muscles And
Musde PeifomiAnce

Importance of Resistance Training. One of the

cardinal principles of muscle development during ath-

letic training is the following Muscles that function

under no load, even if they are exercised for hours upon

end, increase little in strength At the other extreme,

muscles that contract at or near their maximal force of

contraction will develop strength very rapidly even if

the contractions are performed only a few tiroes each

day. Utilizing this principle, experiments on mi^e
building have shown that^naximal or nearly maximal

muscle contractions performed in three separate sets 3

days a week give approximately optim^ increase m
muscle strength and without producing chrome muscle
fatigii^The upper curve in figure 84—5 illustrates the

ap^ximate percentage increase m strength that can

be achieved in the previously untrained person by this

opUmal resistive training program, showing that the

muscle strength increases about 30 per cent during the

first 6 to 8 weeks but reaches a plateau after that time

Along with this increase in strength is approximately

an equal percentage increase in muscle mass, which is

called muscle hypertrophy
,

Muscle Hypertrophy. The basic sw of a pet^ns

muscles is determined mainly by heredity plus the level

of testosterone secretion, which, in men, causes consid-

erably larger muscles ^an in women. However, with

training, the muscleg^^iran be hypertrophied perhaps ^
additional 30 to 60 per cent. Most of this hypertrophy

results from increased diameter of the muscle fibers, hut

this is not entirely true because greatly enlarged muscle
fibers can split down the middle along their entire length
to form entirely new fibers, thus increasing the numbers
of fibers as well

The changes that occur inside the hypertrophied mus-
cle fibers themselves include (1) increased numbers of
myofibrils, proportionate to the degree of hypertrophy;
(2) increased numbers and sizes of mitochondna; (3) as
much as 25 to 40 per cent increase in the components
ofthe phosphagen metabolic system, including both ATP
and phosphocreatine, (4) as much as 100 per cent in-

crease in stored glycogen, and (5) as much as 75 to 100
per cent increase in stored triglyceride (fat). In addition,

the enzymes required for the oxidative metabolic system
are increased, increasing the maximum oxidation rate
and efficiency of the oxidative metabolic system as much
as 45 per cent.

fAst Twitch And Slow Twitch Muscle Fibers

In the human being, all muscles have varying per-

centages offast twitch and slow twitch muscle fibers. For
instance, the gastrocnemius muscle has a higher pre-
ponderance of last twitch fibers, which gives it the
ca'pabiliiv ot very fflMh?*

type used in lumning On the oUier hand, the soleus*

muscle has a higher preponderance of slow twitcITmus-
cle fibers and therefore is said to be tHB'fflUsclg'lh'al is

used to a greater extent for prolongedjgtfer leg miisel^
activity.

The basic differences between the fast twitch and the
slow twitch fibers are the following.

1 Fast twitch fibers are about two times as large in

diameter.

2. The enzymes that promote rapid release of energy
from the phosphagen and glycogen-lactic acid energy
systems are two to three times as active in fast twitch
fibers as in slow twitch fibers, thus making the maximal
power that can be achieved by fast twitch fibers as great
as two times that of slow twitch fibers

3. Slow twitch fihprs ? rp maml v nr^gniyfjl fnr pnHtir.

apee, especially for generation of aerobic energy. They
have far more mitochondria than the fast twitch fibers.

In addition,'they contain considerably more mvoplnhin.

a hemoglobin-Uke protein that combines with oxygen
within the muscle fiber, and even more important,
myoglobin increases the rate of diffusion of oxygen

figure 84-S. Approximate effect of optimal resistive exercise
training on Inaeese In muscle strength over a training period of
IQ weeks.
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lOut the fiber by shuttling oxygen from one mol*

‘myoglobin to the next. In addition, the enzymes

lerobic metabolic system are considerably more

n slow twitch fibers than in fast twitch fibers

le number of capillaries per mass of fibers is

m the vicinity of slow twitch fibers than in the
' of fast twitch fibers.

immary, fast twitch fibers can deliver extreme

1.8 ofpower for short periods of lime. On the other

ilow twitch fibers provide endurance, delivering

:ed strength of contraction over much longer

of time

iditary Differences Among Athletes for Fast

i Versus Slow Twitch Muscle Fibers. Some
1 have considerably more fast twitch than slow

fibers, and others have more slow twitch fibers;

viously could determine to some extent the ath-

pabilities of different individuals Unfortunately,

: training has not been shown to clinnge the

i proportions of fast twitch and slow twitch fibers

T much an athlete might wish to develop one
' athletic prowess over another. Instead, this is

ined almost entirely by genetic Inheritance, and
turn helps determine which area of athletics is

litcd to each person some people are bom to be
loners, others are bom to be sprinters and Jump*
r example, the following are recorded percentages
twitch Venus slow twitch fiber in the quadriceps
a of diCferent tj*pe8 of athletes'

Fast Twitch Slow Twitch
rathoners 18 62
iromen 26 74
erage man SS 4S
ight lifters 55 45
inters 63 37
npers 63 37

RATION IN EXERCISE

gh one’s respiratory ability is of relatively little

1 for the performance of sprint types of athletics,

ntical for maximal performance in endurance
3 Let us sec how important it is

;cn Consumption and Pulmonary Ventilation

ran at rest is about 250^1 per minute However,

ol RegutaOon. Sprlngneld. IIU Clwles C Thomas.)

under maximal conditions this can bo increased to ap-

proximately the following average levels;

Untrained average male 3000 ml'min
Athletically trained average male 4000 ml/mln
Male marathon runners 5100 ml'min

Figure 84-6 illustrates the relationship between ox-

ygen consumption at different degrees of exercise and
totof pulmonary txnUlation. It is clear from this figurt,

as would be expected, that there is a linear relationship.

In round numben, both oxygen consumption and total

pulmonary ventilation increase about 20-roId betweeo

the resting state ond maximum intensity of exercise.

The Lliiiita of Pulmonary’ Ventilation, How se-

verely do we stress our respiratory systems during

exercise? This can be answer^ by die following com-

parison for the norma! male.

Pulmonary ventilation at

maximal exercise 100 to 110 liter/mm

Maximal breathing capacity 150 to 170 litertein

Thus, the mniimal breathing capacity is about 50 per

cent greater than the actual pulmonary ventilation

during maximal exerrise. 'This obviously provides on

element of safety for athletes, giving them extra venti-

lation that can bo called on in su^ conditions as ID
exercise at high altitudes, (21 exercise under very hot

conditions, and (3) abnormalities in the respiratory

system.
The important point is that the respiratory syrtetn Is

not normally the most limiting factor in the delivery of

oxygen to the muKtes during maximal muscle aerobic

metabolism. We shall see shortly that the ability of the

heart to pump blood to the muscles is a greater limiting

factor.

Effect of Training on Vo, Max. The abbreviation

for the rate of oxygen usage under maximal aerobic

metabolism is Vo, Max Figure ^7 illuitratcs the

ptogresalve effect of athletic Ireirung on Vo, Max re-

corded in a group of subjecta beginning at the level of

no training and then puraumg the training program for

7 to 13 weeks. In this study, it 1$ surprising that the

Vo, Max increased only about 10 per cent. Furthermore,

the frequency of training, whether two times or five

times per week, made little difference on the increase

In Vo, Max Yet, as was pointed out earlier, the VO,

Viax o1 rnBra'fnoncTS ‘i9 a'bout 4b per cent grtaler tlnssi

that of the untrained person. Part of this greater Vo,

Max of the marothoner is genetically determined, that

is, those perrons who have greater chest sizes and

stronger respiratory muscles select themselves to be-

come marathoners. However, it is also very likely that

the very prolonged training of the marathoner doc*

increase the Vo, Max by values considerably greater

than the 10 per cent that has been recorded in short-

term experireenta such as that in Figure 81-7.

The O, Diffusing Capacity of Athletes* The 0,

diffusing capacity is a measure of the rate at which

oxygen can diffuse from the alveoli into the blood This

is expressed in terms of milliliters of cotygen that a’li*

diffuse for each miVlimeter <>/mercury di/7ervnce between

alveolarpartial pressure ofoxygen andpulmonary blood

oxygen pressure That Is, ifthe partial pressure ofoxygen

in the alveoli is 91 mm Hg while the pressure in the

blood is 90 mm Hg, the amount of oxygen that diffuses

through the respiratory membrane each minute is the

diffusn^ capacity. The following are measured values

for diQercnt diffusing capacities:



84 Sports Physiologya 1 015

Weeks of training

Figure 84-7. Increase In Vo, Max over a period of 7 to 13

weeks of athletic training. (Reprinted from Fox. Sports rhystotogy

rhUadelphia. Saunders College Publishing. 1 979

)

Nonathlete at rest 23 ml/min

Nonathlete during maximum exercise 48 ml/min

Speed skaters during maximum exercise 64 mt/min

Swimmers during maximum exercise 71 ml/min

Oarsmen during maximum exercise 80 ml/min

The most startling fact about these results is the

almost threefold increase in diflusing capacity between

the resting state and the state of maximum exercise

This results mainly from the fact that blood flow through

many of the pulmonary capillaries is very sluggish or

even dormant in the resting state, whereas in exercise

increased blood flow through the lungs causes all the

pulmonary capillaries to be perfused at their maximum
level, thus providing far greater surface area through

' which oxygen can diffuse into the pulmonary capillary

blood.

It is also dear from these values that those athletes

who require greater amounts ofoxygen per minute have

higher diffusing capacities. Is this t^cause persons vath

naturally greater diffusing capacities choose these types

of sports, or is it because something about the training

procedures increases the diffusing capadty? The answer

to this is not known, but one must believe that training

P does play some role in this, particularly the endurance

ypes of trainmg.

The Blood Gases During Exercise. Because pf the

Teat usage of oxygen by the muscles in exercise, one

rould expect the oxygen pressure of the artenal blood

0 decrease marke^y during strenuous athletics and the

arbon dioxide pressure of the venous blood to increase

ar above normal. However, this is not the case Both

hese remain nearly normal, illustrating the extreme

ibility of the respiratory system to proride very sd^
luate aeration of the blood even in heavy exercise. This

Ilustrates another very important point. The blood

^ascs do not have to become abnormal for respiration to

>e stimulated in exercise. Instead, respiration is stimu-

ated mainly by neurogenic mechanisms. Part of this

itimulation results from direct stimulation of the res-

piratory center by the same nervous signals that are

Tansmitted from the brain to the muscles to cause the

exercise. Part is believed to result from sensory signab

transmitted into the respiratory center froin the con-

tracting muscles and moving joints. All this nervous

stimulation of respuation is normally sufficient to pro-

vide almost exactly the proper increase in pulmonap
'•entilation to keep the blood respiratory gases—the

oxj’gen and the carbon dioxide—almost normal.

Effect of Smoking on Pulmonary Ventilation in
Exercise. It is widely stated that smoking can decrease
an athlete’s "wind.” This is a very true statement for
many reasons. First, one effect of nicotine is to cause
constriction of the terminal bronchioles of the lungs,
which liirrggspg fhp rp^mtanre",f jntn ajld Out
of tlm lungs. Second, the irritating effects of smoke
cause increased fluid secretiow in the bronchial tree, as
well as some swelling of the epithelial linings. Third,

nicotine paralyze*! the-rllin nn tho surfaces of the respi-

ratory epitheual cells that normally beat continuously
to remove excess fluids and foreign particles from Uie
respiratory tract. As a result, mu^ debris accumulates
in the respiratory passageways and adds further to the
difficulty of breathing. Putting all these factors together,

even the light smoker will feel respiratory strain during
maximal exercise, and the level of performance ob-

viously may be reduced

Mu^ more severe are the effects of chrome smoking,
because there is hardly any chronic smoker who does
not eventually develop some degree of emphysema. In
this disease, the following occur (1) chronic bronchitis,

(2) obstruction of many of the terminal bronchioles, and
(3) destruction of many alveolar walls. In severe emphy-
sema, as much as four flffhs ofthe respiratory membrane
can be destroyed; then even the slightest exercise can
cause respiratory distress In fact, many such patients

cannot even perform the athletic feat of walking across

the ffiKir of a single room without gasping for breatii.

Such IS the indictment of smoking.

THE CARDIOVASCULAR SYSTEM
IN EXERCISE

Muscle Blood Flow. The final common denominator
of cardiovascular function in exercise is to deliver oxy-
gen and other nutnents to the muscles For this purpose,

the muscle blood flow increases drastically during ex-
ercire Figure 84-8 illustrates a recording of muscle
blood flow in the leg calf of a person for a period of 6
minutes during strong mteimittCDt contraction. Note
the great increase in flow—about 13-fold—but note also

that the flow decreased during each muscle contraction.

Two points can be made from this study: (1) The actual
contractile process itself temporarily decreases muscle
blood flow because the contracting muscle compresses
the intramuscular blood vessels; therefore, strong tonic

Flsure 84-8. Weets ol muscle exercise on blood flow the
C4lF of a leg dunng strong rhythmic contracOon. The Wood ^ow
was much less dutVrg contraction than between contracilom
(From Barcrofrand Domhotscy rtysiot, lOOioz,

,
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contractions can cause rapid muscle fatigue because of

lack of delivery of enough oxygen and nutrients during

the continuous contraction. (2j The blood flow to muscles

during e.terrise can increase markedly. The following

comparison illustrates the maximum increase in blood

flow that can occur In the well-trained athlete:

Resting blood flow 3 6 ml per 100 grams of

muscle per minute
Blood flow dunng 90 ml per 100 grams of

maximal exercise muscle per minute

about Hiiring the most strenuous exercise. About
half tiiis increase*‘in flow rwults from intramuscular

vasodilation caused by the direct effects of increased

muscle metabolism, as was explained in Chapter 29
The other half results from multiple factors, the most
important of which is probably the moderate increase

\n artenal blood pressure that occurs in exercise, usually

about a 30 per cent increase The increase in pressure

not only forces more blood through the blood vessels,

but It also stretches the walls of the artenofes and
further reduces the vascular resistance Therefore, a 30
per cent increase in blood pressure can often more than
double the blood flow; this is in addition to the great

increase m flow already caused by the metabolic vaso-

dilation,

Work Output, Oxygen Consumption! and Cardiac
Output During Exercise. Figure 84-9 itlustrates the
interrelationships among work output, oxygen consump-
tion, and cardiac output during exercise. It is not sur-

prising that all these are directly related to each other,

89 shown by the linear functions, because the muscle
work output increases oxygen consumption, and oxygen
consumption in turn dilates the muscle blood vessels,

thus increasing venous return and cardiac output Typ-
ical cardiac outputs at several levels of exercise are the

following

Average young man at rest SSlitera^min
Maximum output dunng exercise in 23 Iitera/ratn

young untrained man
Maximum output dunng exercise in 30 titers/min

male'marathoner

Thus, the normal untrained person can increase car-

diac output a little over fourfold, and the well-trained

nsure S4-9. Relactonshlp Pecween cardiac ourpul and work
output (solid line) and betwen oxygen consumpflon and work
output (dashed line) during different levels of exercise, {ftom
Guyton, jones and Coleman Orculatory Physiology Cardiac Our-
DUt and Its Regulation. Philadelphia, W B Saunders Company,

i)

.

Table 84-2 COMPARISON OF CARDIAC OUTPUT
BETWEEN MARATHONER AND NONATHLETE

Stroke

Volume (ml)

Heart Kate

(beats/mln)

Resting Nonaihleie 75 75

Marathoner 105 SO
Maximum Nonathlete 1 10 195

Marathoner 162 185

athlete can increase output about sixfold. Individual

marathoners have been clocked at cardiac outputs as

great as 35 to 40 liters per minute
Effect of Training on Heart Hypertrophy and on

Cardiac Output. From the foregoing data, it is clear

that marathoners can achieve maximum cardiac outputs

about 40 per cent greater than those achieved by the

untrained person. This results mainly from the fact that

the heart chambers of marathoners enlarge about 40

per cent, and, along with enlargement of the chambers,

the heart mass enlarges 40 per cent or more as well

Therefore, it is not only the skeletal muscles but also

the heart that hypertrophy during athletic training

However, heart enlargement and increased pumping
capacity occur only m the endurance types, not in the

spnnt types, of athletic training.

Even though the heart of the marathoner U consid-

erohly-IFrger than that of the normal person, resting

cnnlifleomput->Ajlmngt.Ava<-tly.ihg game normal

However, this normal cardiac output is oehieved by a

large stroke volume at-a rrfue«l heart rate Table

84-2 compares stroke volume and heart rate in the

untrained person and the marathoner
Thus, the heart-pumping effectiveness of each heart

beat IS 40 to 50 per cent greater in the highly trained

athlete than in the untrained person, but there is a

corresponding decrease m heart rate at rest.

Hole of Stroke Volume and Heart Rate in Increas-

ing the Cardiac Output. Figure 84-10 illustrates the

approximate changes in stroke volume and heart rate

as the cardiac output increases from its resting level of

about 5 5 liters per minute to 30 liters per minute in

the marathon runner The atrCke volume increases from

105 ml to 162 ml, an increS^ ofabout 50 per cent, while

the he^rtrrate increases from 50 to 185 beats per minute,

an increase of 270 per cent. Therefore, the heart rata

increase accounts by far for a greater proportion of the

increase m cardiac output than does the increase in

stroke volume during strenuous exercise. The stroke

volume reaches its maximum by the time the wrdiac

output has increased only half way to its maximum
Any further increase in cardiac output must occur by

increasing the heart rate.

Relationship of Cardiovascular Performance to

Vo, Max. Dunng maximal exercise, both the heart rate

and the stroke volume are increased to about 95 per

cent of their maximal levels. Since the cardiac output is

equal to stroke volume times heart rate, one finds that

the cardiac output ia about 90 per cent of the maximum
that the person can achieve. This is in contrast to atout

65 per cent of maximum for pulmonary ventilation.

Therefore, one can readily see that the cardiovascular

system is normally much more limiting on VO, Mm
than is the respiratory system For this reason, it «
frequently stat^ that the performance that cm be

adueved by the marathoner mainly depends on his or

her heart, for this is the most limiting link in the

delivery of adequate oxygen to the exerasing muscles.
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Cardiac oulfful (Nten/minuU)

figure 84-10. Approximate stcoWe volume output and heart

rate at different levels of cardiac output In a marathon athlete.

Therefore, the 40 per cent advantage m maximum
cardiac output that the marathoner has over the average

untrained male is probably the most important physio-

logical benefit of the marathoner’s training program

Effect of Heart Disease and Old Age on Athletic

Performance. Because of the cntical limitation that

the cardiovascular system places on maximal perform-

ance m endurance a^letics, one can readily understand

that any tjT>e of heart disease that reduces the maximum
cardiac output will cause an almost corresponding de-

crease in auievablc muscle power. Therefore, a person

with congestive heart failure frequently has diihculty

achieving even the muscle power required to climb out

of bed, much less to walk across the floor

The maximum cardiac outputs of older persons also

decrease considerably—as much as a 50 per cent de-

crease between the teens and the age of eighty years.

Again, one finds that the maximum achievable muscle

power IS greatly reduced.

Next, coupling this vast rate of heat flow into the body
with a very hot and humid day so that the sweating
mechanism cannot eliminate the heat, the athlete can
easily develop on intolerable and even lethal situation
called luat stroke.

Heat Stroke. During endurance athletics even under
normal environmental conditions the body temperature
often rises from its normal level of 98.6'F to 102 to

103*F (37*C to 40°C). But, with very hot and humid
conditions or great excesses of athletic clothing, the
body temperature can then easily rise as high as 106 to

108®F. At this level the elevated temperature itself

becomes destructive to tissue ceils, especially destructive
to brain cells. When this happens, multiple symptoms
begin to appear, including extreme weakness, exhaus-
tion, headache, dizziness, nausea, profuse sweating, con-
fusion, staggering gait, collapse, and unconsciousness.
This whole complex is call^ “heat stroke,” and failure

to treat this immediately can lead to death In fact, even
though the person has stopped exercising, the tempera-
ture does not easily decrease by itself. One of the reasons
for this is that at these high temperatures the temper-
ature-regulating mechanism itself often fails. A second
reason is that the high temperature approximately dou-
bles the rates of all intracellular chemical reactions,

thus liberating still more heat
The treatment of heat stroke is to reduce the body

temperature as rapidly as possible. The most practical

way to do this is to remove all clothing, maintain a
spray ofwater on all surfaces of the body or continually
sponge the body, and blow air over the body with a
strong fan. Experiments have shown that this can reduce
the temperature either as rapidly or almost as rapidly
as any other procedure, though some physicians prefer
total immersion of the body m ice water containing a
mush of crushed ice if this could possibly be available.

BODY FLUIDS AND SALT
IN EXERCISE

BODY HEAT IN EXERCISE

Almost all the energy released by the internal metab-

olism of nutrients is eventually converted into body

heat. This even applies to the energy that causes muscle

contraction, (or the following reasons: First, the maxi-

mum efficiency for conversion of nutrient energy into

muscle work, even under the best of conditions,. la only

20 to 25 per cent; the remainder of the nutnent energy

is converted into heat during the course of the intracel-

lular chemical reactions. Second, almost all the energy

that does go into creating muscle work still becomes

body heat because all but a small portion of this energy

is used for (1) overcoming viscous resistance to the

movement of the muscles and joints, (2) overcoming the

friction of the blood flowing through the blood vessels,

and (3) other similar efTects--all of which convert the

muscle contractile energy into heat.

Now, recognizing that the oxygen consumption by the

body can increase as much as 20-fold in the well-trained

athlete and ^at the amount of heat liberated in the

body is directly proportional to the oxygen consumption

(as discussed in Chapter 71), one quickly realizes that

tremendous amounts of heat are injected into the inter-

nal body tissues during endurance athletic events.

As much as a S to 10 pound weight loss has been
recorded in athletes in a period of 1 hour during endur-
ance athletic events under hot and humid conditions

Essentially all this weight loss results from loss ofsweat.

Loss of enough sweat to decrease body weight only 3
per cent can significantly diminish a person’s perform-
ance. and a 5 to 10 per cent rapid decrease in weight in

this way can often be very serious, leading to muscle
craigpa^jlgusea, and other effects Therefore, it is essen-

tial to replace fluid as it is lost.

Replacement of Salt and Potassium. Sweat con-

tains a large amount of salt, for which reason it has
long been stated that all athletes should take salt

hot and humid days Unfortunately, overuse of salt

tablets has led to more harm than good. Furthermore,

if an athlete becomes acclimatized to the heat by pro-

gressive increase in athletic exposure over a period of 1

to 2 weeks rather than performing maximal athletic

feats on the first day, the sweat glands also become
acclimatized so that the amount of salt lost m the sweat

13 only a small fraction of that prior to acclimatization.

This sweat gland acclimatization results mainly from
increased aldosterone secretion by the adrenal cortex.

The aldosterone in turn has a direct effect on the sweat

glands to increase the reabsorption of sodium chloride
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from the sweat before it issues forth onto the surface of

the skin. Once the athlete is acclimatized, only rarely

do salt supplements need to be considered during ath*

letic events.

On the other hand, recent expenence by military units

suddenly exposed to heavy exercise in the desert has
demonstrated atill another electrolyte prohlcm—Uie
problem of potassium loss. This results partly from the

fact that the increased secretion of aldosterone during
heat acclimatization increases the loss of potassium in

the urine as well as some increase in potassium in the
sweat As a consequence of these new findings, some of

the newer supplemental fluids for athletics are begin-

ning to contain properly proportioned amounts of potas-

sium, usually in the form of fruit juices

DRUGS AND ATHLmS

Without belaboring this issue, let us list some of the

effects of^gs in athletics.

'Fml\e6ffeine can increase athletic performance. In

one experiment on a marathon runner, his running time

for the marathon was reduced by 7 per cent by judicious
use of caffeine in amounts similar to those found m a

cup or BO of coffee.

Second, use of male hormones (androgens) to

increase muscle strength probably can increase athletic

performance under some conditions, especially in women
and m men who are poorly endowed with normal testos-

terone secretion. Unfortunately, some of the synthetic

testosterone analog preparations can cause liver dam-

age, and, m men, any type of male sex hormone pr€^-
ration can lead to decreased testicu lyT

Junjtion. includ-

ing both decreased formation of sperm and decreased
secretion of the person's own natural testosterone In a
woman, even more dire effects can occur because she is

not normally adapted to the male sex hormone
Other drugs, such as amp^iamines and co^ne, have

been reputed to increase one's athletic pe'mrmance.
However, it is equally true that overuse of these drugs

can lead to detenoration of performance Furthermore,

experiments have failed to prove the value ofsuchdrugs
Some athletes have been known to die during athletic

performance because of interaction between such drugs
and the norepinephniie.Azid^pinephnne released by the
sympathetic nervous system during exercise. One of the
causes ofdeath under these conditions is overexcitabillty

of the heart, leading to ventricularjibnilation, which is

lethal within seconds.
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A (anisotropic) bands, 121

a wave, 154, 223
Abdominal compression reflex, 252
Abdominal contraction, during tabor

993
in cardiac output, 277

Abdominal recti, 4W-467
Absorption, air, 525
gastrointestinal See GastrotntesUnal
absorpUon.

neonatal, 1002-1003
tubular, 402—104

a-c interval, 229

Acapnia, 516
Acceleration, linear and angular,

623-625
Acceleralory forces, 532-534
Acclimatization, of sweating

mechanism, 853
to heat, 859
to low oxygen pressure, 530-532

Accommodation, of cell membrane, UO
of nerve fiber. 576
visual, 704-705, 732

Accommodation reflex, 733

Acetate, in vascular control, 243
Acetazolamide, 449, 460, 775
Acetoacetate ions, reabsorption of,

404-405
Acetoacetic aud, formation in liver,

821-622, 637, 927-928
Acetone, 928
Acetone breathing, 934-935
Acetylcholine, agonists and antagonists

of, 138-139
as neurotransmitter, 553
as nicotinic drug, 696
destruction of, 137

formation of, 138, 551

in action potential, 116
in autonomic nervous system, 688-690
in cardiac rhythnuaty, 170

in coronary blood flow, 298
in myastbema gravis, 139

in neostriatum-substantia nigra

system, 627
in neuromuscular transmission, 137,

144
m vasodilator system, 240
local nature of, 876
release of, 138
secretion of, 137

Acetylcholine receptors, 689-690
Acetylchohne-gated ion channels,

91-92, 137-138
Acetylcholinergic drugs, for Parkinson's

disease, 630
Acetylcholinesterase, 137, 551, 552, 689

Acetyl-coenzyme A(acetyl-CoA).incitnc
acid cycle. 23, 812

in fatty acid roetabobsm, 820-821
,

822. 837
Acetyl-coenzyme A carboxylase (acetyl-

CoA carboxylase). 823. 926
Achalasia. 762, 798
Achlorhydria. 775, 799
Acid, defined, 438

fixed. 448
metabolic, 448
Strang vs. weak. 438

Acid hydrolases. 15
Acid base balance, clinical abnor-

mabties of, 448-450
neonatal, 1002
renal regulation of, 444-448
respiratory regulation of. 442*444

Acid base buffers, 439-442
Acidophils, 885. 891
Acidosis, 438-439
chronic, ammonia buffer system in,

447
diabedc. 928, 934
effects on body, 449
m renal failure, 455
m shock, 330
measurement of, 450
metabolic, 448-449, 450, 458
renal correction of. 445. 449-450
respiratory. 448. 449-450
synaptic transmission effect of. 561
treatment of, 450
uremic, 448

Acini, 770. 772. 923
Acne, effect of testosterone on, 962
Acromegaly. 891-693
ACTH. See Adrenocorlicolropic

hormone (ACTH).
Actin, in ameboid locomotion. 24

in mitosis, 37
Actin filameDts, 121
m muscle contraction, cardiac, 150

skeletal. 124-126
smooth, 140, 141

molecular characlenstics of. 124
Action potendaKs). 106-110
acute subthreshold, 116
at axon hillock, 555-556
biphasic. 118
cardiac muscle, 151-152
electrocardiogram of, 178

cliatation of. 115-117
monophasic, 118

in cardiac muscle, 178
neuronal somal potential in, S59
plateaus in. 113
in cardiac muscle, 151

Action potential(s) {Continued)
in smooth muscle. 142

propagation of. 110-111
“re^arging" after, 111-112
recording of. 117-118
rhythmic, 113-114
skeletal muscle, 127
smooth muscle, 140. 141-143, 144-145
spike, 112

in cardiac muscle, 151

in smooth muscle, 142

vs. receptor potential, 574
Action tremor, 645, 647
Activation gate, 107
Activator operator, 34

Activator protein, 34
Activator substance, 34
ActiNe transport, 97-100
ATP in. 841-842
cellular, 19

gastrointestinal absorption by,
792-795

in resting membrane potential,

104-105
insulin in, 928
membrane potentials caused by, 103
secondary. 794
through tubular membrane, 400-401
thyroid hormones in, 901
vs. passive, 89

Adaptation, fight and dark. 7I6-7I7
of olfactory receptors. 749
of sensory receptors, 575-576
of taste, 748
of thermal receptors, 604

Addisonian crisis, 920
Addison’s disease. 427-423, 433, 435, 920
Adenine, in ATP. 23

in DNA, 27. 28

in RNA, 29
Adenohypophysis Se« Anterior

pituitary gland.
Adenosine, as local vasodilator,

232-233, 296-297.299
Adenosine diphosphate (ADP), control

of glycolysis and oxidation by, 615
formation of. 808
in energy release, 23. 844
in platelet plug. 77
in rate of ox> gen usage. 499

Adenosine monophospliate (AMP),
complex with amino acid, 32

formation of, 808
Adenosine triphosphate (ATP), 17

cellular function of, 23-24, 8tt
control of glycolysis and ozidauon by.

815
formation of, 22, 23
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Artenal pmsoro load, and cardiac out-

put, 15ft

Arlcnai piesaure rcflescs, 241

Arterial pressure reffuiation. 5

in cardiac output regulation. 274-275

in essential hypertension. 270

long term mechanisms for, 2 16

aldosterone In, 262-263

renal-body fluid system. 2S7-262
renm-angiotensm system, 262-264,
412-413

vs short-term mechanisms, 257
owrall system for. 246-247

rapid mechanisms for, 246

hormonal, 2.53-25i'5

intrinsic, 255
nervous, 217-253

va long-term mechanisms, 257
Arlenoles, afferent and efferent, 393, 394

blood flow through. 395

blood pressure in, 396

m glomerular fiUration rate,

399-400,412-413
characteristics of. 220
damping of pressure pulse in, 227-22,8

dilatation of, 242
edema from, 368

function of, 218

hepatic, B33

m microcirculation, 231, 348
resistance of, 219
terminal. 348

Arlenoeclerosie, 226, 836
from hypertension, 270
in diabetes, 935
in hypothyrwdism, 907
peripheral. 346

Arteriovenous anastomoses. 344, 850
Arteriovenous flsiula.cardise failure

from.SlD, 314-315
in eardisc output. 275, 276

Arteriovenous shunt See Arrenocenoue
fiituU

Arteiydesb bronchial, 287
coronary See Connary artery

dislcnsibillty of, 214
functions of. 218, 220
hepatic. 310. 341

pressure pulses in, 225-228
pulmonary, 287
umbilical, 985
uterine. 98b

Articulation. 478, 662

Arytenoid cartilage, 478
Arytenoid muscles. 478
Ascites, from liver "sweating,” 836
frum portal obstruction. 342-343, 380
m thiamine deflciency. 868

Ascorbic acid. 870
Asparagine. 832
Aspurtic acid. 832
Association areas, nuditory,6.53,741-74',

motor. 634
somatic sensory. 686-587, 653-654

thalamic, 653
visual. 653. 654. 727

Aster. 36
Aatereognosis, .5,86

Asthenia, in diabetes, 934
A«thma.68, 621
Astigmatism. 706-707
Astronauts Set Space phystology
Awxin, 647
Atelectasis. 294. 520-521
Atheromatous plaques, 826
Atherosclerosis. 826-827
ischemic heart disease from, 299-300

AtheroscleroM (Continued)

renal, 453
Athetosis, 629
Athletes Set Sports physiology.
Athletic framing. See Exerau.
ATP. See Adenosine triphosphate (A TP}
ATP synlheLase. 23, 614
Atnal contraction, in electrocardiogram.

178
Atnal fibrillation. 174

electrocardiogram of, 202-203
in mitral valvular disease. 321

Atrial flotter. 172-173, 202
Atnal natriuretic fact», 427
Atnal paroxysmal tachycardia, 201-202
Atrial pressure, left, 288, 291

right, 221-224
in cardiac failure. 307. 308
in cardiac output and venous return

curves, 282-284
Atnal pulsations, 228-229
Atnal reflexes. 250
Atnal sound. 156-157.317
Atnal syncytium, 151

Atnoventnculsr block, 171
abnormal rhythms la. l9ft-)99

complete, 199
partial, m atnal flutter, 172-173

Atnoventncular bundle. 151, 16.5. 168
premature contractions of. 200

Atrioventricular node. 165. 167-168
paroxysmal tachycardia of. 201-202
prematore contractions of. 200

Atnoventncular valves, 155-156,
316-317

Atnumtia). 150
as pumps, 153. 154

depolanzation of. 187
m mitral valvular disease. 321
in respiratory unit, 486
pressures m. 154-155. 288. 291
repolanzation of. 187-188
transmission of cardiac impulse

through. 167
Atrophy, muscle. l34
Atropine, for bronchiolar constriction

475
Attention, generabzed thalamocortical

system in. 669
Attenuation reflex, 735
Audiogram. 744
Audiometer. 743-744
Auditory association areas. 653. 741-742
Auditory cortex. 653, 741-742
Auditory pathway. 740-741
Auditory radiation. 741
Auditory receptive aphasia. 662
Auditory relay nuclei, 741
Auerbach's pteigs. 756-757
Auscultation, 317-318
Autonamane diseases. 67
Autolyris. of cells. 20
Aatomaboty, of body.7
Autonomte nervous aystein. 547. See

also Parosympathetie nervous
syitem: Symporhefic nervous
system

cicrulatory regulation by. 237-240
coronary, 298
pulmonary. 289

control of accoimnodation by. 704, 732
control of gastrointestinal tract by.
757-758

control of heart by, 160-161, 170-171
control of pupillary aperture by,
732-733

control ot swearing 1^, 652-653

Autonomic nervous system (Continued)

general organization of, 686-663
in homeostasis, 4
medullary, pontine, and mesen-
cephalic control of. 695

pharmacology of, 696-697
psychosomatic effects transmitted by,

685
stimulation of gastrointestinal secre-

tion by, 770-771
stimulation ofinsulin secretion by, 930

Autonomic reflexes, 694
for gastrointestinal activi^. See
C^tromteslinal reflexes.

in spinal cord, 617
Autoregulabon, in hypertension,

265-266
of arterial pressure, 260-261
of blood flow, 234-235

in capillancs. 349
of glomerular filtration rate, 400,
410-413

Autoregulatory escape, 342
AV Atrioventricular
Aversion. 680
Aviation physiology, acceleratory forces

in. .532-534

low oxygen pressure in. 529-530
temperature problems in, 534-535

Axon, 1J4.550
Aron hillock, 555-556
Axon tenninals. See rerminaifsl.
Axoneme. 26, 955
Axoplasm, 124
Azathiopnne, 75
Azotemia. 455

B cells. 61 -65
Babinski sign, 638
Bactena, lysosomal digestion of, 54
Bainbndge reflex, 250
Baldness, 962
Ballistic movements. 645-646
Baroreceptorts), 5, 247
adaptation of. 249
and body posture, 248
in blood volume control, 427
physiologic anatomy of, 247
response to pressure, 247-248

Baroreceptor nerves, hypertension from

sectioning of. 269
Baroreceptor reflexes. 247-249,694
in acute cardiac failure. 305
ui compensated shock, 328
oscillation of, 253

Barometric pressure, 528
Barrel chest, 521
Basal channels, in renal tubules, 401
Basal conditions, 8-t7

Basal ganglia, 626
damage to, 629-631
in limbic system. 676
motor functions of. 628-629
neuronal connections of, 626-628

Basel metabolic rate, 847-848
during pregnancy. 991
effect of estrogens on. 974
effect of testosterone on, 962
effect of thyroid hormone on, 901

Basefs), complementary, 30
DMA, 27, 28, 30
RNA, 29,30
vs. acid. 438

Basement membrane, of glomerulus,

397
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Basic electrical rhythm (DER), 755,

762-7G3
Basilar fibera, 736-737. 733-739
Basilar membrane. 735, 736-739
Basket cells, 643
Basolatcral nuclei. 632
Basophils, 51, 58
hepann release by, 82
in mfection, 65

Behanoral functions, amjgdala in.

681-682
chemical transmitter systems for,

683-684
hippocampus in, 6S2-G33
hypothalamus in, 677-681
limbic cortex in, 683
psychosomatic effects of, 6SI-6&5

Bends, 540
BER (basic electrical rhythm), 755,

762-763
Benberi, 863
blood (low in. 234
cardiac function in, 278, 310, 315
hypoxia in. 522

Beta cells, 923
Beta chains. 46
Beta globulins, 203
Beta oxidation. 820-621. 837
Beta receptors. 298, 337, 690
Bela waNes, 669, 671
Beta-amino-isobutync aciduna. 453
Beu cells, 635
Bicarbonate buffer system, 439-441
Bicarbonate lonls), absorption of, 793.

796

concentration of, 436
in carbon dioxide transport, 501
in pancreatic juice, 779-780
in Mliva, 772-773
ratio of chlonde to. 448
tubular reabsorption of, 406, 445

Biearbonato<hIonde earner protein, 601
BjJf, hihruhin excretion in, w-840
MCTtiion of, 781-784

Bile canalicuh.781,835
Bile ducts. 781.833
Bile salu. 782-783

emulsification of fat by, 788-789, 790
m absorption of fats, 795

Bibary pain, 600
Bilirubin, 48, 782
conjugated. 838, 839-840
excretion of. 838-840
free, 838, 839-840

Bmocular vision, 708
Bipolar cells, 720. 721
Bitter taste. 745-746
Bladder, anatomy of. 460

atonic, 462
automatic, 462
autonomic control of, 694
emptying of, 461-462
innervation of. 460-461
tabetic, 462
uninhibited neurogenic, 462

Blastocyst, 984, 989
Bleeding, excessive, 83-84
Bleeding time, 85
Blind spot, 728
Blood, acetoacetic and transport m,

821-822
acidity of, 502, 517
alkaline phosphatase in, 943
amino acids in, 829-831, 864. 915,

928-929
carbon dioxide concentration in, 507,

577

Blood (Continued)
carbon dioxide transport in, 500-S02
chylomicron removal from, 818-819
cleansing of. by liver, 341
by spleen. 343

conductance of, 212
fat exchange between adipose tissue
and. 8!^

glucose concentration in. See Blood
itlucose concentration,

hormone concentrations in. 878-879,
632-883

lipids in. effect of thyroid hormone
on. 901

transport of. 818-819
neonatal. 1002
oxy gen concentration of. 517
oxygen transport in. 491, 496-500
oxygen uptake by, 493-494
physical characlenstics of. 206-208
shunted. 491. 494

sludging of, 329, 333
i cnous admixture of, 494
viscosity of. 207-208

Blood clot See also Wood coagulation
dissolution of, 77
formation of. 77. 78-79
lysis of. 82-83

retraction of. 78-79

VICIOUS cycle of. 79
Blood coagulation See also Blood clot.

disseminated mtravoscutor. 84. 333
hver in. 838
mechanism of. 77-83

outside body. 35

prevention of. 82. 85
tests of. 85-86

Blood (low. 208-210 See also Circulo-

blood pressure effect on, 213-214
cerebral. 338

in shock. 327

coronary, in ischemic heart disease,

299-303
in shock. 327
measurement of, 302-303
normal, 295-296

effect of thyroid hormone on, W2
effect on interstitial fluid oxygen

pressure. 494-495

effect on metabolic use of oxygen, 499

in capillanes. 349-350

in different tissues and organs,

230-231
in exercise. 1015-1016

in shock, 327. 330
kinetic energy of. 157

laminar, 209-210

pulmonary, 289-291
measurement of, 517
obstruction of, 293-294

resistance of. 208, 211-214
streambne, 209-210
through intestinal vessels. 342
through kidneys, 393-396, 399, 408
Uirough liver, 340-342, 836

through placenta, 990
through skeletal muscles, 336-338

through skin, 343-345, 8M
through spleen. 343
turbulent, 209-210
velocity of, 210, 219

Blood flow control, acute, 231, 232-234
‘'autoregulatMO," 234-235

by nervous system. 237-241

cerebral. 235. 338-340
Coronary, 296-299

Blood flow control (Continued)

gastraintestmal, 342
humoral regulation, 241-243
in cardiac output regulation, 274

mechanisms of, 231-235
"metabolic,” 234
"myogenic," 234-235
oxygen demand theory for, 233-234
reflexes for, 241
renal, 235, 413
through liver, 341
through skeletal muscles, 337
vasodilator theory for, 232

Blood gases, measurement of, 517
in respiratory control, 507-511
abnormalities of, 514-515
during exercise, 611-513, 1015

Blood glucose concentration, and
glucagon, 931-932

effect of cortisol on, 914-915
effect of ^outh hormone on. 888, 889
effect on insulin secretion on. 929-930
fasting, 934
m diabetes, 933-934
m insulin shock, 936
regulation of. 932-933

Blood glucose-buffer system, 932
Blood groups. 70-74
Blood plasma See Plasma.
Blood poisoning, 326, 333
Blood pressure, 208 See also Arterial

pressure

abdominal. 222
cntical closing, 214
diastolic, 219. 225
measurement of, 245-246

effect on blood flow, 213-214
effect on vascular resistance, 213-214

high. See Hypertension,

in hepatic vessels, 836
intrarenal. 396
mean arculatory filling, 215
and blood reservoirs, 225
during exerose, 252

mean pulmonary filling. In left heart

failure. 309

mean systemic filling, after cardiac

failure, 306, 308
in cardiac output regulation, 276

in venous return, 281
measurement of, 210-211

reference level for, 224
systolic and diastolic, 245-246

pulmonary, 283. 291
renal, 396
standard units of, 210-211
static, 215

systolic, 219, 225
measurement of, 245-246

total tissue, 396
venous. 219,221-224
yield, 214

Blood reservoirs, aitenes as, 220

liver aa, 341, 336
lungs as, 289
spleen as, 343
veins as, 224-225

Blood sinuses, in placental formation.

985
Blood transfusion See also Transfusion

reactions

in shock. 334
Blood typing, 72, 73

Blood volume, 218, 383-384
aldosterone effect on, 912
and ADH secretion. 894

control of, 425-423
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Blood volume iConlmufd)
detertnmation of, 3S5
dunne preRnancy, 990*991

m aortic stcnosia and aortic regurgita-

tion, 320
in cardiac output regulation, 276. 278,

282, 426

in lungs. 288-289
in shock, 327
neonatal, 1001-1002
thyroid hormone effect on, 902

Blood brain bamer. 349, 317

Blood-cerebrospinal fluid barner, 377

Blood-clotUng factors. 79, 80-81, 83

Blue weakness, 718
DIue-sensitive pigment, 716
Body fluid compartments. 383-381

Body fluid volumes, changes in, 397-392

measorcmcnl of, 384-386
regulation of, 421-424

Body fluids See also Extracellular fluid,

//itrr*/itio///«id, Intracellular fluid

buffer systems of. 441-442

calcium and phosphate effects on. 940
conservation of, 421

in exercise. 1017-1018

In renal failure, 454-456
osmolality of, 3js8-389
osmotic equilibna in, 387-390

partition nf, 383^3.84

BiMy temperature, and food intake, 864
deep. 854. 856-637
detection of, 853-891
during exercise, 1017

m premature infant. 1004

m respiratory control, GI3
m shock, 3.2.1

mechanisms that decrease. 65->

tnechamsma that increase, SSS-&56
neonatal, 1003
normal, 849
regulation of, abnormalities of,

8.98.800

analysis of, 6-9
behavioral, 857
by hypothalamus, 241. 314, 679,
85J-837

in extreme cold. A56, 859-860
insulator system in, 849
set point for, 856-857

Bodywaler.intflkeis outputof, 382-383
regulation by hypothalamus, 679
total, 382, 3h6

Body weight, elfect of thyroid hormone
tm 901-902

Bohr effect. 49S. 986-987
Bone, absorption of, 912-943, 944-945
calaum in, 9tl-912. 914-945, 948
deposition of, 942. 913
diseases of 918-950
effect of estrogens on, 974
effect of testosterone on. 962
effect of vitamin D on, 946
fracture of 913
growth of. 889
phosphate in 911-942,944-915
structure of, 911

Bone fluid, 915
B<5ne marrow, aplasia of. 48, 68

macrophages of. 65. 56
red blood cell formation by, 43

Bone salts. 911

Rone stress. 913
Bony labynnth, 621
Botulinum toxin, and neuromuscular

transmission. 138
and swallowing disorders. 798

Boutons See T«>miRaffsj

Bowman's capsule, 393
pressure in. 398

Boyle’s taw, 537
Bradycardia, 197
Bradykinin, 242, 342. 345, 521
Bradypnea.SlS
Brain See also Crre5ni( Cortex.

scRvation of, reticular system for,

665-668
thalemocoitical system for, 668-669

behavioral fanchons of. See
Behainoml functions

intellectual functions of Se« Intel-

fectuaf functions.

Brain damage, from circulatory arrest,

335
neurogenic shock from, 332

Brain death, 667
Brain edema, 340. 514
Brain stem, connection of basal ganglia

to, 627-628
control of aubconsCTOus. stereotyped
movements by, 625-626

excitation ofantigravity muscles by,
620-621

in pain sensation. 595-596
motor functions of. 619-626
motor pathways to spinal cord, 620

Brain tumor, headache from,^
localization of. 670

Brain waves, 669.670
Braxton-Hicks contractions, 992
Breasts, development of. 994

effect of estrogens on. 974. 994
effect of progesterone on. 975. 994

Breathing See also Aespiretion
Cheyne-Stokes. 614-515
mouth-to-moulh. 478-479
onset at birth. 1^-1000
periodic. 514-515
work of. 469

Broca's area. 634, 662
Bndmann area 17.727
Bronchial slits, 475
Bronchioles. 474-475, 486
Bronchus(i). 474-475
Brown fst, 816. 8^
Brown-S8<]uard syndrome. 601-602
Brunner's glands. 784
Brush border, in carbohydrate

metabolism, 788
in digestion of peptides, 790
in reabsorption of protein, 4TO
in sodium transport, 400-401

Buccal glands. 772
"Buffalo" torso, 921
Bufferfs). acid base. 439-442
pK of. 440

Buffer nerves, 248
Buffer sj strais. aad base. 439
ammonia, 446-447
bicarbonate. 439-441
isohydnc principle for. 442
of body fluids. 411-442
phosphate. 441,446
protein. 441-442
riuaniitstive dynanucs of, 440-441
tubular, 446-447

Buffering power, 440-441
of respiratory system. 444

Bulboreticularfaaiitatory region, 612
Bulbourethtal glands. 954
Bulk flow, of water through membrane

channels, 96-97
through capillary membrane, 351

Bundle branchfes), 168

Bundle branch block, 171, 190-191

Bundle of ilis, 151, 165, 168

premature contractions of, 200
Bundle of Kent, 201-202
Bums, edema fromi 369

shock from, 332
Bursafe), 381

of Fabneius, lymphocyte processing

in. 61. 62
in tolerance, 67

Bypass surgery, 303

C cells, 947
c wave, 154, 228
Cachexia, 866
Caffeine, and athletic performance, 1018

Caisson disease, 540
Calcanne fissure area, 727
Caldiication. 941-942

metastatic, 949
Calcified plaques, 826
Colntonin, 877, 946-948
Calcium, absorption of. 793, 977-939,

945-946
exchangeable, 942, 948
excretion of. 937, 945
fetal metabolism of. 998
for hypoparathyroidism. 949
metabolic functions of, 872
required by infant. 1003

Calcium channels. volUge-Raied,
109-110

Calcium lon(s), activation of actin

filament by, 124
in action potential. 109-110
in blood coagulation, 81,85
m bone. 911-942, 944-945, 948
in cardiac failure, 308*309
an cardiac muscle contraction,

152-153,162
in extracellular fluid, 428-433.

937-

940, 944-946
ingastrointestinol muscle contraction,

756
in membrane excitability. 117

in neurotransmilter release, 6.51

m post tetanic facilitation. 560
in second messenger system, 861

in smooth muscle, 143-144

m vascular control. 243
released by sarcoplasmic reticulum,

127-129
Calcium ion concentration, and

calcitonin secretion, 946-943
and parathyroid secretion, 946. 948

effect of testosterone on, 962
effect on vitamin D metabolism.

938-

939
m extracellular fluid, 910. 944-946

m plasma, 939-940, 947-949
in nckets, 950
overall control of, 948
regulation of, 435-436

Calaum pulse, 129
Calaum pump, 98

in skeletal muscle. 129

in smooth moscle. 143

Calaum salts. 941-912
Calcium binding protein. 979
Calaum^odium channels. 109-110

in cardiac muscle. 151-152, 166

in smooth muscle. 142
gastrointestinal, 756

in synaptic membrane, 651
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Callus, 943
Calmodulla, 143, tsSI

Calorie, 844-845
Calorimetry. 845
CalM-qucslnn, 129
Canal of Schlemtn, 3T8. 379
Cancer, 33-39
Capaalation, of sperm, 957
Capiltarj-tica), blo^ (love in. 349-350
cannulaUon of, 353
carbon dioxide dilTubion to, 495-490
charactcnstics of, 220
fucvcUotv ot, 218
glomerular, colloid osmotic pressure

in. 393-399
in microcirculation, 231
Ijmphatic, 361, 364
obstruction of, 369. 3i^

muscle, dunnK exercise, 336
ox>gendiffu8iun from, distance of. 199

to cells. 495
to inierslitial fluid, 194-495

pentubular. ,395, 396
pulmonarj", 2M. 291-294
resistance of, 219
true, 231,.348

Capillary be-ds. 348-349
Klomcnilar, 395
hish pressure \s. low pressure. 393
pentubular, 395-396

Capillar>’ cxchancc, capillary and
inlcrsUlial fluid pressure in, 357-358

diffusion in. 3. 220-221, 3.'>0-3.')l

in lunKS, 202-293, 372
tn potential spaces, 379-380
Surlmtrequihbnum for, 358-359

Capillary fluid shift, 255
Capillary membmne, diffusion ihrouph.

3,220-221.350-351
fluid movement through, 352-339
imbalances at, 359, 366
pores in, 34U

Capillary permeability, 242
in edema, 369-370
in potential spaces. 380
m shock, 329
relative 350-331

Capillary pons. 349, 350-351
Capillar) pressure, averago, 349

functional, 354
in edema. 368. .•i72-373

in potential spaces, 380
measurement of. 353-354
penpheral. in cardiac failure. 311

pulmonary. 288. 291, 292-293, 371-373
Capillary pulsation, 228
Capillary system, 348-319
avek’a^e function of, 349-350

Capillary wall, 349
CarbAchol, 138
Carbaminohemoglobin. 501

Carb[ih>drate(8), absorption of, 794

as protein sparers, 863
coiliiposition of, 787
ewitent in different foods, 861

deiblction of, 866
diJcslion of. 787-788
fai^panng effect of, 823

formation of, 816-817
in .tell, 12
in pell membrane, 14

ntitded for growth hormone effects. 808

truelycende synthesis from, 822-823

Carbphydrate metabolism, 22

blow glucose in, 817
cenltral role of glucose in. 809

duifing exercise, 1012-1013

\

Carbohydrate metabobsm {Continued)

effect of cortisol on. 914
m Cushing's syndrome, 921

effect of growth hormone on, 888-889
effect of insulin on. 924-926
effect of thyroid hormone on, 90!
energy release in. by glycolytic path*

way. 811-816
by phosphogluconate pathway, 816

formation of carbohydrates. 816-817
glucose transport through cell

membrane, 809-810
Uver ttv. 837
rate of, 862-863
“switching” between Iipid metabolism
and. SJO

Carbon dioxide, at high altitudes,

528-529
concentration of, in alveoli. 485.

490-492
in blood. 507, 50.8

in cerebrospinal fluid, 507
in extracellular fluid, 444

diffusion of, 495-496
capacity for. 489
through placental membrane. 987

disMlved. 500.601
effect on oxygen hemoglobin dis-

sociation curve. 498
tn acid base balance. 442
in cerebral blood flow regubtion, 339
in vascular control. 235. 243
regulation of. 5
rcleasi' of. by phosphogluconate

pathway. 816
in citnc acid cycle. 812, 813

removal of 4

toxicitv. tn deep sea diving, 339
transport of, 500-502

Carbon dioxide dissuaation curve. 501

Carbon dioxide pressure, 493-496, 301

dcterromation of. 517
in Cheyne-Stokes breathing, 514-515
in deep sea diving. 539
in entrapped air. 525
m hypercapnia, 523
in respiratory eonlrol, direct effect,

506-508
dunng excrase. 311-513

vs oxygen feedback control. 509-510,

511

Carbon dioxide-alveolar ventilation

stimulation curve. 514
Carbon monoxide, combination of

hemoglobin with, 500
diffusing capaoly for. 490

Carbon monoxide poisoning, 500. 518.

543
Carbon tetrachloride, 453
Carbonic aad, dissociation of, 440, 444,

501
Carbonic anhydrase. 42, 444. 501

Carbonic anhydrase inhibitors, 449. 460

CarboxypolypepUdase. 242, 778-779,790

Carcint^ens, 38
Carcinoid tumors, 242
Cardiac. See also Heart

Cardiac arrest. I75-I76
circulatory arrest from, 333

Cardiac arrhythmias, 171-176

electrocardiographic interpretation

of, 197-203
Cardiac contractility, 160-161

assessment of, 163-164

Cardiac eyrie, 153-157
electrocardiogram of. 179-180

volume-pressure diagram in, 169

Cardiac depression, in progressive
shock, 328

Cardiac edema, 311-312, 368
Cardiac failure, acute, 305-307, 309, 310

bilateral, 305
cardiac reserve in, 312-313
Cheyne-Stokes breathing caused by,
515

chronic, 306-307, 310
circulation in. 305-309
pulmonary, 289, 291

compensated, 305-306. 307, 813
decompeasated, 30&-309, 314-315
defined, 305
edema in, 308, 311-312, 320, 368
from hypertrophy of heart, 324
from thiamine deficiency, 868
graphical analysis of, 313-315
high cardiac output, 310, 314-315
low cardiac output, 273, 274, 300.

305,310-312
physiological classification of, 312
severe, 307, 308-309
unilateral, 305. 309-310. 320

Cardiac function, after myocardial in-

farction, 302
regulation of, 157-164. 238, 239

Cardiac function curves, 161
Cardiac glands, 774 ,

Cardiac impulse, transmission of.

167-169
Cardiac index, 272
Cardiac massage. 175*

Cardiac muscle, action potentials in,

151-152
electrocardiogram of, 178

as syncytium, 150-151
contraction of. 152-163
and coronary blood flow, 295-296
duration of. 253
efficiency of, 157
energy for, 167

strength of, 160-161. 163-104
hypertrophy of. 319-320, 324
physiology of, 150-153

Cardiac output, after acute myocardial
infarction, 300

age and, 272
aldosterone effect on, 912
and arterial pressure load, 158, 246,260

and circulatory shock. 326, 327
at high altitudes, ^1
blood volume and, 282
calculation of, 157
defined. 209. 272
dunng pregnancy, 990
high. 278
m heart failure, 310. 314-315

in exercise. 272
analysis of, 283-284
and pulmonary circulation, 290-291

sympathetic nervous systeni m, 338

with heart hypertrophy, 273.

1016-1017
in hypertension, 265, 266, 267
low. 277-278
measurement of, 284-285
metabolism effect on. 272
normal values for. 272
of new born, lOOi
oxygen consumption and, 297
skeletal nerves and muscles in. 232
sympathetic nervous system and,
273,282-283, 338

thirst and, 431
thyroid hormone effect on, 902
veins in. 251-252
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thiamine deficiency and. N.i

Cane*. 932-033

Canna. 475

Carnitine. B2D
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CaroUd bodie*. 2-*.

Carotid »ino». 247

Carotid .inn* •ynrope.. 49

CaroUd wnu* •yndfome. 197.m 249

earner protein*. 13-14

bearbonale-chlonJe^^l

in artive tntn»p'iTt. 9*

in facilitated diffusion. 92-^^

of *lucn»e. 8l0

I \ to renal tubule*. 401.444

. Carrier ••»*. 5''A ‘41

Cartilare. trowth of.

r4rtf*U'in.9‘'*3

CataUie. Id

Cal8r»tU,Tti7

in control

Cc*l*^«mnliaiion, 3.3, ^*^b, l „
Cell membrane. 11 Peo also A/embron

potentraffzl

accommodation »i*

a* electrical capacitor. 10

1

carbohydtateain.l4
eompruitlon of, 12-14

diffuaion through. 89-93

ClucoM tran»|»rt tb««h. 809-810

lipid barrier of. 12-13. bo

nuclear. II. 18

o*mosi8 ocro«». 94-9*

permeability of. 93.

protein* in. 13-14. fW-89

rrplcniihmcnt of. -2

Cell volume. Na'-K pump

«f.9»
Cellular heeU. active traniport

throuRh. 90-100

Cementum,95l
Central lacteal. 731

CenUal nervous ayslem or

calatory ceRulatton by.^-241
fnncuonal level* of. W3-B49

in acido*i* and alkalosis, 449

in homeosUsi*. 4

iarbemic rrsponse in. 2.50-2 »l

in shock, 32!i

o«iIloltonof.2M
neuronal pool* in. »3-560

pain signal trtn.mls*mn nu 8? ‘->^9^

•men tranimisamn into. 7.X)-.01

avmpalhetlc vaeoconstnetor system

control by, 239-2 to

aytiapMw in. See

toste tranamistion into, . 17-74S

thiamine deficiency and. 86^83
thytmd hormone effect

\esubalar apparatus ana. bSi-fii-i

Central vein, bl'i
ooi oo.

Central venoa* pr^urv. " ’

Central wmutee, of bver. 310

Centrifusal accelemtory f^. 532-533

Centrifugal nerve fibers. 566

CentrioUs, 16. 36

Centromere, 36

SSltUr hmisphere.^. 640

Cerebellar nystagmus. 647

Cerebellum, 63S-639

anatomical functional area* of.

639-641

clinical abnonnaliiiM of.647

damping function of. M5
m movement
„,„reb.l cirebiW

Cerebral circulation, ^-340
S^^bral cortex. See also Bmin;Holr

conwetions v;ith ^sal ganglia.filT

functions controlled by. 548

in hearing. 741-74-

in pain sensation. 59b

intellectual functions of. bee

//iteHeeeoo//i"’eh'>''*

memory storage by. 548

physiologic anatomy of.

vasomotor center control by, .40

CerebrareAt"'®'®®- , _
Cerebral

CereVrJ::SWd«CSrh374-m
carbon dioz.dAcencentraUonK

ST

Cerebrospinal fiuW «

headache from Jew. 602-6M
Certbrov ssculsr oV*®”-CeremvBscuiar ••-r- •

center depressiCn m* ®‘4

Cham terminating

Cheilosis. 869 ^
Chemical potential 18^
Chemio«motic mechaniam. ot

mitoehondna. 8l3-8t4

Chetftoreceptorts), 572 \
arterial pressure control

m respiratory control. .54^5” .g
Chemoreceptor reflex, osall^®-
Chemoreceplor Ingger zone.'P

Chemocazis by neutrophils o’?:

phages, 53, 66. 65

in ameboid locomotion. 25

positive vs negative, 25

Chenodeoxycholic acid. 782. 78i '

Chewing. 759-760 \ .

Cheyno^tokes brealhing. 514-51
|

Chief cells, 774. 944 Vj

Child, growth and development i\

Chills. 858-859
I

Chloride channels, m poitsynapt]

membrane, 551

Chloride ion<8». absorpUon of. .j

alkalosis from loss of. 449

in action potential, 110

,
inhibitory poslsynapUc potei

556
tubular reabsorption of. 405

Chloride ion concentration, acros

neuronal somnl membrane, 5

extracellular fluid. 436

plasma, 448
Chloride shift, 501

Chlorthiazide, 460

••Chokes.” 6t0
Cholecalcifcro1.87l.938
Cholecystokimn, 758. 765

as vasodilator, 342
chemical composition of. 777

inhibiuon of eating by, 864
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ilecjstokinin (Continued)

ihibition of gastnc secretion by, 778
ical nature of, 876
gulation of bile release by, 782
‘/fulation of pancreatic secretion by,
780-781
>Iecy6tokinin-S, 886
)lera toxin, 784-785, 802
)!esteroI, 825-826
igestion of, 788
rogenous vs. endogenous, 825
1 cell, 12
1 cell membrane, 13

1 chylomicrons, 818
ecretion of. 782, 783-784
olesterol deposits, 826
olesterol esteris), 788, 789-790
olesterol ester hydrolase, 790
olesterol esterase, 779
olic acid, 782, 825
olme, 825
olme acetyltransferase, 551
oUnergic blockers, 696
olinergic nber8,inautonomicnervous
system, 688-689

obnesterase, 137, 551, 552, 689
ondroitin sulfate, 21, 941
orda tympani, 747
ordae tendineae, 156
ordamesoderm, primordial, 33
orea, 629
orionic gonadotropin. See Human
cAononic gonadotropin.

oroid, 713
oroid plexus, secretion by, 373
nmatic aberration, 732

'i. 36
romatin material. IS
mmosomes, 18, 36
laughter, 37
Lvision of, 955
eplication of, 36-37
wx, 955, 933
ironaxie, 117
lilomicrons, 795, 796, 818-819
lyoe, 762. 763, 766
eutraliration of. 780
aTnotrypan, 778-779, 790
motiypsinogen, 779

i
xy body, 378
ry ganglion, 732

,78'y movement, 25-26
espiratory passageways, 475

.5y muscle, 690, 704

y nerves, 732
)(>-' processes, 378

(u). 25-26
spt'actory apparatus, 749

stibular apparatus, 621-622
792line. 777, 800

»te gyrus, 676, 6S3
an rhythm, of glucocorticoid

oW’fetion, 919
r fibers, 690. 704
Uon. See also Blood (low

s*ss-al. 338-340
t. 55eral, 236-237

•eart, 299-300
lortal obstruction, 342
ary. See Coronary circulation.

eous, 343-345

g exercise, 337-338
corporeal, 324
w, 218
ral regulation of, 241-243

jt "diac failure, 305-309

Circulation (Continued) \'
in valvular heart disease, 319e^321
nervous regulation of. See
Sympathetic nervous system, .

circulatory regulation by.
peripheral, 218
pulmonary. See Pulmonary
circulatory system.

reflex regulation of, 24L
splanchnic, 340-343
splenic. 343
storage areas of. 215
systemic, ^>6, 218-219
venous, cardiac, after acute myo>

caidial infarction, 300-301

cross sectional area of, 219
volume-pressure curves m, 214-215

with congenital heart defects, 321-324
Circulatory arrest, 333
Circulatory capacity, and blood volume

control, 427

Circulatory shock, causes of, 326-333
defined, 276, 326
effects of. 333-334
from aldosterone. 912

m diabetes, 934

in heat stroke, 859
renat ischemia caused by. 453
stages of. 326-327
treatment of, 334-335

Circulatory stress, shift of Wood flow

in. 341,345
Circulatory system, as circuit,^
at birth, 1000-1001

during pregnancy. 990-991

effects of anemia on. 49

effects ofcentnfugal acceleratory force

on. 533
effects of polycylheima on. 49-50

fetal. 997-998. 1000

m acdunatizaUon to high altitude, 531

portal, 340-343
pulmonary. See Pulmonary

circulatory system
transport of extracellular fluid by, 3-4

Circus movement. 172-175

Cirrhosis, of liver, 342, 836

Cisterna magna, 375

Citrate ion. as anticoagulant. 81, 85

in control of glycol>8i8, 815. 9^
in fat synthesis and storage. 926, 928

in vascular control, 243

Citnc acid cycle, 23, 8X2-813
CitruUine, 8^
Clasmatocytes, 55
Clearance, free water, 417

metabolic, ofhormone, 882-8S3

osmolar, 417, 422

para aminohippunc acid, 408

plasma, 407-408

tests of renal, 458-459

Climactenc, male, 964

Climate, effect on metabolic rate, 846

Climax, fem^e, 980

Climbing fibers, 642

Clitons, 980
Clonus, 612
Clot. Sm Blood clot.

Clotting factors. 79. 80-81, 83

Clotting time, te-66

CNS See Central nervous system (CA'S).

Coacuvalion, of motor neurons, 6U
Coagulation. See Blood coagulation.

Coarctation, of aorta. 236. 321

Coated pits. 19

Cobalamin. 869

Cocaine, as membrane stabilizer, 117
in athletic performance, 1018

Cocarboxylase, 867

. Cochlea,' 734
” conduction of sound to, 734-735
frequency detenmnation by, 739
functional anatomy of, 735-737
loudness determination by, 739-740
organ of Corti m, 738-733
resonance in, 736-737
transmission of sound in, 737-738

Cochlear duct, 621
Cochlear nerve, 738
(Tochlear nuclei, 740
Codons, 29, 30
Coenzyme A, 870. See also Acetyl-

coensyme A (aceiyl-CoA).

Colchicine, 37
Cold. See also Temperature,

effect on skin circulation, 345
effect on TRH and TSH secretion, 904
exposure to extreme, 856, 859-860
in Raynaud’s disease, 343-346

Olid receptors, 603-605, 854
Colitis, ulcerative, 768, 803
Collagen, 790
CoIIa'gen fibers, 941
Collagen monomers, 941
Ojllateral circulation, 236-237
in heart, 299-300
m portal obstruction, 342

Collecting duct, 394, 400
hydrogen ion secretion in, 444
osmolal concentration in. 417
potassium secretion by. 420
rcabsorplion by, 403-404
sodium transport through, 419-420

Collecting tubule. 394, 400
osmolal concentration in, 417
potassium reabsorption by, 420
potassium secretion by, 420
reabsorption by, 403, 419
sodium transport through. 419-420

Colloid. 897
Colloid osmotic pressure, albumin in,

208 831
in glomerular capillanes, 398-399
interstitial fluid, 353, 357
plasma. 221, 352. 353, 356-357

in edema, 369, 380
in fluid volume excretion, 422-423

Colon. See also iarge intestine.

absorption in, 796
irritable, 802, 803
movements of, 767-769

Colony-stimulating factor, 57
Color blindness, 716-720
Color vision, cones in. 716, 718
ganglion cells in, 7^
nervous eastern interpretation in, 718

theoncs of, 718
visual cortex in, 726-727

Colostrum, 994
Coma. 667

diabetic, 923, 935
hepaUc, 837
uremic, 455

Commissure of Probst, 741
Communication. 662
CompensaUon, for acute cardiac failure,

305-306. 307,313
in control system, 8

in mitral valvular disease, 32!

in shock, 32G-328
Compensatory pause, 200
CompcuUve binding assays, tA2
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Compitnnent. &‘l-54, 60, 6-l-6o

Complex ceUj. 726
Compliance, delayed, 216, 368

in intcrautial apaccs, 3C7

pulmonary, 463-469

and mIbI cap-icity, 471

decreased, 518
vascular, 214-216

and pressure pulse, 223-226
Compliance worlt, 469
Compressed air sickness. 540
Concentration, mental, 656
Concentration difference, across

neuronal somal membrane, 654
effect on diffu«ion, 93-94, 481
through capillary membrane, 33^

for water, 94

in N'ernst equation, 102
Condensation. 787
Conductance, of blood, 212-213
Conduction, decrcmental, &36-559

electronic. 720
heat loss by, 831-852

tn heart. 185-171

one way, .549-530

saltatory, 114-115
velocity of. 115

in cardiac muscle, 152
m skeletal muscle, 127

Conduction deafness, 743, 744
(inductive membrane, 114
Conc8.7n-712
m color vision. 716, 716
stimulation of, 720-721

Congenital onomnhes, of heart, 321-324
Consaouaneas, 636-661
Consolidation, of memory 660,683
Constant field equation, 102

Constipation. 802
headache from, 603

ConstnetoT waves, 762-763
Contact junctions, 144

Contact lenses, 707
Contnicoption, 981
Conlractmnts), abdominal, during

labor, 933
in cardiac output, 277

after denervation, 134

blood flow during, 336
Bmxton Hicks, 992
cardiac muscle, 152-153

Btrial, electrocardiogram of. 178
duration of, 1,53

efficiency of, 157
energy for. 137

strength of 160-161.163-164
vcntncular, electrocardiogram of,

178

damping function in. 610
duration of, heart rate and, 15.3

effiaency of, 130
energy for. 129-130, 841
hunger 763, 863
initiation of. 126-129
isometnc vs isotonic, tHO-131
isovolumic, 155, 159
labor 992-093
maximum strength of, 1.32

mictunlion 461

molecular mechanism of, 122-126
of lungs 446-467
power of. 1009, 1010
premature, 17.5, 199-201
segmentation, 765, 766
senes elastic component of. 130-131
"servo" control of, 611

Contrsetionfs) ICantinufd)

sketstai iDuacle. 131-f33
sliding mcchaniaoi of, 122-123
smooth muscle, 140-141

tonic conlractioo. 146. 756
without action potentials, 145-146

summatiMi of, 131-132
synchronous, Poricinje system in. 170
tetanic, 336
velocity of. 126
“walk along” theory of, 124-123

Contrast, vtsual. 722, 726
Contrast enhancement, cortical control

of, 591
lateral inhibibon in. 666-567, 588

Contrecoup. 374-37S
Control systems, aulomaticity of, 7
charactensucs of. 5-6
examples of, 5
gain in, 6
in premature infants, 1004
negabve feedbock in, 6
physical principles of. 7-10
positive feedback in, 6
symbols used in, 7-8

Conus medulians, 803
Convection, heat loss by. 6.51

Convergence, of signals, ^5
Convulsions. 570. 674
Cord See Spinal cord
Cord nghbng reflex. 616
Cordotomy. 596
Corona radista, 97t, 983
Coronary artery, blood flow control in.

296-299
blood flow measurement in. 303-304
m ischemic heart disease. ^-303
current of injury from, 194- 195

normal blood flow in. 295-296
spasm of, 299

Coronary circulation, control of. 296-

299
m ischemic heart disease, 299-303
m shock, 327
messuremeot of. 303-304
normal. 295-296

Coronary shock. 276, 300
Coronary sinus. 295
“Coronary sleal" syndrome. 302
Coronary thrombosis. recovery from. 195
Carpus albicans. 971
Corpus cailoaum. 6K, 662-663
Corpus loteum, 971-972. 987-988
Correebon, in control system, 6
Cortex, ad^nal. 909-910

hormcmes of See Adrenocorlieat
hormones

primary atrophy of, 920
agranular. 651-632
auditory. 653. 741-742
cerebellar. 641-643
cerebral See Crrebrof cortex
hmbic, 676-677. 683
motor See Jlfotor cortex,

of cytopfasm. 14
cdfactory. 751
renal. 393
Eomabe sensory, SS4-567, €52-654
temporal, TZJ
visual. 653. TC5.728. 730

Cortieofugal pathways. 590-691
Corticomedial nuclei, 682
Corticopontocerebellar pathway, 640
Corucorsbral tract, 636
Corticorubrospirial system, 636
Corticospinal tract. 632, 635. 636

Corticosteroids See Adrenocortical
hormones.

Corticosterone, 910, 911, 914
Corticotropes, SSH
Corticotropin. See rirfrenororticofropie

hormone (ACTH)
Corticotropin-releasing factor (CRF),

886,917-918.919
Cortisol, 877,914

anti inflammatory effects of. 916-917
chemical formula of, 910
effect on ACTH secretion. 918
effect on carbohydrate metabolism,
914-915

effect on fat metabolism, 915-916
effect on gluconcogenesis, 617, 914
effect on protein melobohsm, 915
formation of. 910
m stress, 916
secretion of. 909-910
excessive. 920-921
loss of. 920
regulation of, 917-919

transport of, 911
Cortisol binding globulin, 911
Cortisone, 910, 914
Cough reflex, 475
Coumanns, 85
Countercurrent mechanism. 414-417

Coupled reactions. 808
Cramps, 598-599, 617
Creabnme, concentration of, 459

in chronic renal failure, 4M, 4SS
reahsorption of, 405, 406

Cretinism. 907-908
CRFicorticotropm releasing factor). 886,

917-918. 919
Cncoarytonoid muscleo, 478
Cncopharyngeal muscle, 760
Crisis, febnle, 659
Cnsta ampullans, 622
Critical closing pressure, 214
Critical frequency, 132
Cross bndges, myosin, 121, 123, 124-12%

Crossed extensor reflex. 614-615
Cross-eyedness. 731
Cryptorchidism. 958. 96-5

Crypts of Lieberkuhn, 770. 784-785

CSF (cerebrospinal fluid), 374-377
carbon dioxide concentration in. 507

CSF pressure, 376
headache from low, 602-603

Cubotdal epithelioid cells, 897
Cumulus oophorus, 970
Cuneate nucleus, ^3
Cuneorcrebellar tract, 641

Cupula. 622
Curare. 138
Coranfbrm drugs, 139

Current of injury, 192- 195, 301

Cushing reaction. 251
Cushing's syndrome. 920-921

Cutaneous circulation. 343-345
Cyanide poisoning, 522
Cyanocobalamm (vitamin Bn), 869

in fetus. 998
in red blood cell formation, 45

Cyanosis, 323-324, 522
Cyclic 3',5’-adFnosine monophosphati

(cyclic AMP). ACTI 1 effect on, 9

1

formation of, 8U
m hormone mediation, 880-881
in parathyroid stimulation. 916

in platelets. 76
in renal tubules, 416
in smooth muscle contraction, 145
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Cyclic 3'.5'-adenosinc monophosphate
(Ocbc AMP) (Confjnurd)

in thyroid hormone secretion. 903
Cyclic Kuanosinc monophosphate, as

second messenger, Btil

Cyclosponn A. 75

Cystic duct, 7S1

Cvstinuna, cssenUai. 458

Cyslometrogrom, 46t

Cytochrome oxidase, 814
Cytochromes, 814
Cytoplasm, 11. 14-18

Cytosine, in DNA. 27. 23
in R\A. 29

Cytoskeleton, 16

Cytosol, 14

Cytotrophoblast cells, 985

Dale pnneiple, 553
Damping, by cenbcllum, 64.5

by stretch reflex. 610
Dark adaptation, 716-717
Dead space, 473
anatomic. 473
physiologic, 473, 491, 492. 518
m emphysema, 519-520

Deafness, 743-744
Deamination, 8.32-8.13, 837
Decarboxylases, 813
Deceleratory forcea. 534
Decerebrate animal. G06, 620-621
Deabel.740
Decidual cells, 985. 988
Decompensation, m heart failure.

303-309, 314-315
Decompression, of di\cr. &19-54I
Decrementai conduction, 553-559
Deep cerebellar nuclei. 64 1 ,

642
Deep sea diving, change in density of air

in. 541
decompression in, 530-541
effect of rapid ascent in, 539-541 542
effect of rapid descent in, 541-542
effect on volume of gases, 537
high partial pressures in. 537-541
relation of depth to pressure in, 537

SCUBA. 542
sea level volume of sir in, 541

Deep sensations, 560
Defecation, 768-769
control of. 602
paralysis of. 803

Defecation reflexes, 76S-763
Defense pattern, 240-241
Defervescence, 859
Defibnllation, of ventricles. 174-175
Deflection plates, 118
DegluUlion, 760-761
Dehydration, effect on extracellular

fluid. 391
intracellular. 431
shock from. 332

7 Dehydrocholesterol, 938
Dehydroepiandroslerone, 920, 961. 988

Dehydrogenase. 812-813
Deiodinase enryroe, 899
DelU cells, 923, 932
Delta waves. 669, 670, 671-672
Dendnte(s). 5.50

role m synaptic transmission. 558-559
Denervation, muscle, 134
Denervation supersensitivity. 693-694
Dense bodies, 141
Dental lamina, 951

Dentate nucleus. 641
Dentinal tubules, 951
Dentine, 951
Dentition, 951-952
Deoxyadenyhe acid, in DNA. 28
Dcoxycyttdyhc aCid, m DNA. 28
Deoxy guanyhc aad, in DNA, 28
Deoxyribonuclease, 778-779
Deoxyribonucleic acid (DNA), 12

in mitochondnon, 17-18
m nucleus. 18

proofreading of. 36
repair of, 36
replication of. 35-36
structure of. 27-28

transcription of 29-33
effect ofgrowth hormone on. 887-888
effect of insulin on 928
effect of thyroid hormones on, 900

Deoxy nbose, in DNA. 27. 23
Deoxythvmidylic acid, in DNA. 28
Depolarization, atnal. 187

in gastrointestinal smooth muscle, 756
membrane. 106

venincular. 185-187
without action potentials. 143

DepoIanzaUon waves. 177-178
prolonged. 196

slow conduction of. I95-196
Dipression.norepinephnneand serotonin

systems in 683-684

IX-pth of focus. 705
Depth perception. 708 725
Dermatomes. 591

Desmolase. 918
Desoxycorticosterone. 910. 911

(klrusor muscle. 460. 461
Deuteranope. 718-720
Development, behavioral. 1005

feta). 997-999
of child. 1005

of premature infant, 1004

Dexamethasone. 910
Dextran solution, in shock, 334

a Dextnnase. 768
Dcxlnns. a limit, 787
Diabetes, odrenal, 914-915

pituitary 889
Diabetes insipidus. 427. 894
nephrogenic. 458

Diabetes mellitus. atherosclerosis with.

827
coma in. 928. 935
diagnosis of. 934-935
eUalogyof, 933
fat metabolism in. 823. 823

from growth hormone. 888

m giantism. 891

infants of mothers vvith, 1004

juvenile, 933
ketosis in, 822
matunty-onset, 933
pathological physiology of. 933-934

respiratory acidosis from. 449

treatment of. 935
vB pituitary diabetes. 889

Dialysis. 455-457

Diamox, 449, 460
Diapedesis, 53, 56
Diaphragm, 4W
Diarrhea. 785, 802-803
metabolic aodosis from, 448

Ehastasis. 155
Diastole, 153

in clinical usage. 157

V entricles in, 155, 295

Dielectric, 104
Diet, for endurance training, 1009
high fat. 822, 827
of diabetic, 935
saturated fat. 825, 827
taste preference m control of, 748
unsaturated fat, 825

Dietary balances, 861-863
Differentiation, of cells, 33. 37-38
Diffuse junctions, 144
Diffusing capacity, at high altitudes, 531
diseases that affect. 516, 519
of athletes, 1014-1015
of respiratory membrane, 489-490

Diffusion, camer-mediated. 92-93
cellular, 19
defined, 89
facilitated, 92-93

in renal tubules, 401
of glucose, 810, 925-926

gaseous. See Gaseous diffusion.

gastrointestinal absorption by, 792,794
membrane potentials caused by,

101-103

net rate of, 93-94, 481, 483
of oxygen. See Oxygen diffusion.
of water, net, through cell membrane.

94-97
through capillary membrane. 350
through lipid bilayer, 90

simple, 89-90
through capillary membrane, 3,
350-351

through cell membrane, 89-93
through placental membrane, 9S6-987
vs active transport, 89
vs filtration, 3^

Diffusion coeffiaent, 483. 488
Diffusion gradient, 483
Diffusion potential, 101-103, 103
Digestion. 787-790
by cell, 20-21
m newborns, 1002-1003

Digestive vesicle, 20, 54
Digitalis, effect on T wave, 196

for decompensated heart disease, 309,
314

Diglycendes, 795
Dihydrotestosterone, 960, 961, 963
1,25 Dihydroxycholecalnferol, 871,

938-939
Diiodotyrosme, 898, 899
Dusopropyl fluorophosphate, 139, 696
Diluting segment, of distal tubule, 402,

403
Dilution pnneiple, 384-363
Diodrast, 403
Diopter, 702-703
Oipalmitoyl lecithin, in alveolar

surfactant. 487
Dipeptidases, 790
2.3-Diphosphoglycerate (DPG), 498
Dipole layer, 104
Disacchandes. 787. 788. 8I0
Discharge zone, 564
Disseminated intravascular clotting, 84,

333
Dissociation, degree of, 440
Dissociation curves, carbon dioxide, 501
oxygen hemoglobin. 496, 498-499

Distal tubule, 394, 400
diluting segment of, 402, 403
late. 403.417,419. 420
osmolal concentration in, 417
osmosis through, 401
potassium excretion by. 420, 421
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Disul tQbat« (Cbnttnitfifl

potAssicm reabsorption by, 420. 421

sodium reabsorption by, 419
Bodinm transport through. 419-420

EhsMnsion, and ponstalas, 75S
vascular, 214-215

Distrartibilily, 656
Diuresis, osmotic, 934
water. 262. 430-431

Diuretics. 459-460
alkalosis cau-ed by. 449
for essential hypertension. 270

for cardiac failure, 309
loop. 4^-460
osmotic. 459

Diiergence. signal, 564-565
Direr's paralysis. 540
Dving See Deep sea duing
DXA- See Pearynbanuctcfc aeidfD\Ai
DNA ligase. 36
DNA polymerase, 36
Dominant hemisphere, 654-653
Donnan effect. 356-357
L-Dopa 630
Dopamine, 553

in neostnarum-sobstantio mgra path
way. 627. 630

in echizophrenia. 694
Dorsal colunn-lemniscal 8>steta, bS2
anatomy of, 5S3-S54
IS position sense, 583-569
MnMQons transmitted by, 582-593

somauc ossoaation areas in, 586-587

somatic sensory cortex in, S84-5S6
transmission in. 587-588

Dorsal horns, pain inhibitory complex
in, 697

Dorsal motor nucleus, of vagusner>e, 239
Doml respiratory group, 504-505
Dor«al spinocereWll.'ir tract, 640-641

Down'fetiutation of receptors. 879
dP dt iword, 163-1G4
DPO (2.3diphosphoglycerHte}. 498
Dnnking, temporary relief of thirst by,

432
threshold for, 432

£>rugt. acel> Ichohnergic, 630
adrenergic 6%
antidepressant, 684
antihictaminic. 335
cardiotonic 309
cholinergic blockers. 696
curanform, 139
for myasthenia grans, 139
panghomc blocking. 696-697
muscanmc. 696
neuromuscular junction and. 13.8-139

nicotinic, 696-697
parasympathomimetic, 696
sympathetic blocking, 303
sympatholytic. 334
sympathomimetic, 334, ,333, 690, 696
thrombocytopenia from sensitivity to,

84

tranquiliier. 681
used by athletes, lOlS
vasoconstrictor. 241-242
I asodilatot. 242-243, 270. 302-303

Ductus arteriosus, 322, 1000 See also
Putent duetus orienosus

Ductus \enosus, tOOO. 1001

Duodenocotic reflex, 768
Duodeoum, control of stomach emptying

by 764-765
in intestinal phase ofgastnc secretion
778

Duodenum (Contmnftf)

ionic absorption in, 7S3
Dwarfism. 891
Dynein, 26
Dynorphin, 597
DysarAna.647
Dysbanam. S40

Dy sdiadoehbltinoata. 647
Dyslexia. 654. 662. 728
Dysmenorrhea. €01
Dysmctiis, 647
Dyspnea. 522-523
emotional. 523
in asthma, 531
in low cardiac reserve, 312-313
neurogenic. 523

Ear. 734-740
Eardrum. 734-7X»
Eating. 759-762
Eclampsia. 991
Ectopic focus. 17.V 199-200
Ectoplasm. 14. 16

ID ameboid locomotion, 24-23
Eddy currents. 210
Edema, brain, 340. 514
brawny, 368
cardiac. 311-312.368
cerebral. 532
defined. 366
extracellolar. 4^
free fluid in. 352
from abnormal capillary dynamics,
36S-370

from kidney retention of fluids, 370
gel-matns m. 370-.371

hypoproletneiruc. 1004
in cardiac failure. 308.309.311-312,
368
m chronic renal failure. 454-455
m nephrotic syndrome. 45S
interstitial Huid pressure in. 366-368
Ultra-eheolar. 292
intracellular, 4.S5

nonpitting. 368. 916
nutritional. 369
peripheral. 311. 86S
pitting. 36.8

pulmoftary. See Pulmonary edema
safety factors in. 292-293, 36S, 372
stretch of tissue spaces in chronic.
J67-368

Edinger-Wrstphal nucleua, 732, 733
Effectors. 547

receptors of. 6S9-690
Efferent arlenoles. 393. 394
blood flow Ihrovgh. 3X>
blood prepare in. 396
in glomerular filtration rate. 399-400
412-413

Efiiciency. of heart. 157
Euithoven's law. 181
Einthoven's triangle. 181
Ejaculation, 989-960
Ejaculatoryrdoct, ^4
Ejection fraction, 153
Ejection pened, 16S. 159
Ejection presBure. 157
Elastic fibers, in langs. 467
Elastic modulus. 317
Elastic recall,4^
Elastic worit, 469
Electrical altemans. 199
Electneal axis, of heart, 188-191

Electrical neutrality, principle of, lOj
Electrical potentiaKs), in cardiac cycle

179-180
inside neuronal soma. 555
\ectars as, 183

Electneal potential difference, across

neuronal somal membrane, 554
effect on diffusion, 94

Electrocardiogramfs), decreased voltaee

of. 191
in canliac arrhythmias. 197-20.1

in cardiac cycle, 154-155, 179-180

leads in. 11^182
methods for recording.

normal. 177-179

lane calibration of. 178-179

vectonal nnalyuiis of. 183-188

voltage calibration of. 178-179

zero reference potential of, 193
Electrochemical jfradient. in renal

tubule, 401
Electrnconvulsii e therapy. 684
Electrode, mdi^erenl. 103. 181

Electroencephalogram, 669-671)

in epilepsy, $74
III sleep and wakefulness, 671

Electnutemc pump. 103, 104-106

Electrolytes, ratrogen effect on, 975
in cell, 11

progesterone effect on. 975
secretion in gastrointestinal tract.

771-772,796
tesiastmne effect on. 963-963

Electromotiye force, 94
Electromyogram. ]3t-I35
Electron transport chain, 814
Electreolfactogram. “49

Electroionic current, 558-559

£JephaaU.i8is, 369
Embolism, air. 293, 542. 543

fat, 293
pulmonary, 64, 293

Embotnad). 84.29.3.299
Embryo. Sre also Fetal, Fetus,

implantation of. 984-985
intrauterine nuCntion of, 98,3

primary organizer of. 38
Emission, 95^960
Emmetropia, 705
Emphysema, blood flow in. 23>V294

chronic pulmonary. 519-520

electrocardiogram in, 191

respiratory membrane in, 488
ventiiation perfusion ratio in, 491-492

Enamel, 9,51

Enddinstolic pressure, 159

Enddiastohc Nolume, 155, 159

End feel. See Tcrminal(s).

Endocochicar potential, 739
Endocrine glands, in infant. 1003-1001

overview of, 876-878
Endocytosis, 19-20
Endolymph. 622. 7.39

Endometrial cycle, 975-979
Endometriosis, 9S2
Endoplasm. 14
in ameboid locomotion, 24-25

Endoplasmic matrix. 15

in protein synthesis, 12
Endoplasmic reticulum. 14-16

agranular, 15, 21
granular. 15, 21

nbosome attachment to. 15, 32

role in cell synthesis, 21-22

smooth, 15,21
vesicles of, 21-22
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EndorphinB, 886
in pain control system, 597, 684
secretion vnth ACTH, 919

Endotoxins, disseminated intravascular

clotting from, 84

m fever, 858
m shock. 330, 333
released by ischemic tissues, 329-330

End plate, 136
End plate potential, 137-138
End systolic volume, 155, 159
Endurance, 1009, 1010
Energy, aerobic, 842-843
anaerobic, 815-816. 842-843
ATP in, 841-842
cellular, 22-24, 843-844
coupled reactions for. 808
for cardiac contraction, 157
free, 808
in foods, 808, 861-863

' in obesity, 865
phosphocrealine as storage depot for,

842
proteins in, 832.833
release of, cellular control of, 843-844
from glucose, 811-816
trigljccnde control of, 823-824

requirements for various actmtiea,
845-846

tngl>cende8 m. 820-823
Enkephalins, 866
at neurotransmitters. 553
in pain control system, 597, 684

Enteric lipase, 789
Enteric nervous system, 756-758. 770
Entenlis, 7^, 602
Enlerogastric reflex, 764, 778
Enterogastrone, 765
Cnterohepatic circulation, 783
Enterokinase, 779
Entymefi). 11. 12,27
cascade of, 880, 931
converting, 242, 254
effect of thyroid hormones on, 90Q

,

gastric, 775
hydrolytic. 15-16
in metabolic reactions, 843-844
in small intestine, 785

!> oxidative. 23
I

pancreatic, 779
proteolytic, in blood coagulation, 80

I m phagocytosis, 54
m saliva, 773
in sperm. 955, 958, 983

Enzyme activation, 34-35
Enzyme inhibition, 34, 35
Enzyme regulation, 33, 34-35
Eosinophilfs), effect of cortisol on, 917

in infections, 51, 57-58
Eosinophil chemotactic factor, 58, 521
Ependyma, 377
Ephedrine, 696
Epididymis, 954
in spermatogenesis, 956-957

Epilepsy, 674-675
neuronal circuits in, 570

Epinephrine, as adrenergic drug, 696

j derivation of, S78

I

in control of bronchioles, 475
in cutaneous blood flow regulation,

.
344-345

in fat utilization. 824, 930
in hypertension, 267
in muscle blood flow regulation, 337
in vasoconstrictor system, 241. 253
phosphorylase activation by, 811

Epinephrine (Continued)
release of. 692-693. 876

Epithalamus, 676
EPSP (excitatory postsynaplic potential),

555
summation of, 558
11me course of, 557

Equatorial plate,37
Equilibnum, cerebellum in, 643-644

in blind flying, 534
maintenance of, 621-625

Equilibrium point, in arterial pressure
control, 258-2^

in cardiac output and venous return,

262
Erection, female. 980
male,^9

ErgocaKiferol. 871
EryUiema.916
Erythremia. 49
Erythrobta£((s). 43. 45
Erythroblastosis fetalis, 49, 72-73
jaundice in. 1002
spleen in. 343

Erythrocytes See Red bloodcells.

Eryihrogenesis. 42-45
Erythropoietin. 44-45, 455
Esophageal sphincter, lower. 761-762
upper. 760

Esophageal vancosities.342
Esophagus, disorders of. 798

in swallowing, 761
pamm, 600
secretion in. 774

Estradiol. 956. 972-977
E8triol.972

Estrogen(8).877, 972
and athletic performance. 1008, 1009

and blood cholesterol. 825
chemistry of. 972
degradation of. 972
effect on FSH and LU. 977-978

effect on sexual characteristics.

974-975
effecton utenne contractility, 991-992

in breast development, 975, 994

in endomelnalcycle.976
inlibido.684

in menopause, 979
in spermatogenesis, 956
intracellular functions of, 975
produced by ovaries, 968
produced by testes,Ml
secreted by corpus luteum.972
secreted by placenta, 988
suppression of fertibtyby.981

synthesis of, 972
tran£portof,972

Estrone, 972

Ethacrynic acid, 459-460
Ethynodiol.981
Ethymyl estradiol, 981
Eunuchism, female, 979
male, 965

Eupnea,516
Evans blue dye. 385
Evaporation, heatloss by, 8S1
Excjtabihtycurve.ofnervefibcrs, 116-117

Excitation, electrical events during,

553-556
inhibition of, 117, 552
mechanisms of, 115-117

of action potential, 115-117

ofcardiac muscle, 165-171

of skeletal muscle fibers, 127, 137-138

ofsmooth muscle, 143, 144-146

Excitation (Continued)
receptors in, 550, 552
refractory penod for, 1 17

role of dendrites in, 558-559
threshold for, 1 16, 556, 559-560

Excitation-contraction coupling, in
cardiac muscle, 152-153

in cardiac failure, 308-309
in skeletal muscle, 126-129
in smooth muscle, 143-144

Excitatory postsynaptic potential
(EPSP), 555

summation of, 558
time course of, 557

Excitatory receptors, 550, 552
insmooihmuscle, 144, 145

Excitatory state, 659-560
Excitatory stimulus, 564
Excited zone, 564
Excitement, hypothalamus in, 681
Excretion, 4

fluid volume. 421-424
of calcium, 937, 945
of excess solutes, 414-417
of excess water, 413-414
of phosphate, 937, 945
of potassium, 420-421

of sodium, 419-420
of urea, 417-419
through placental membrane, 987

Excrose, aerobic energy during, 842-843
artenal pressure during, 338
blood flow during, 336, 337-338
body fluids and salt in, 1017-1018
body heat in, 1017
bradycardia and, 197

cardiac output regulation m, 272, 273,
276-277,283-284, 338

cardiovascular system in, 1015-1017
dissolved oxygen in, 499-500

,

effect on energy output, 865

effect on glucagon secretion, 932
effect on metabolic rate, 845-846
mean circulatory filling pressure
during, 252

muscle vasodilatation in, 276
muscles in, 1009-1014
obesity and, 865, 866
oxygen transport dunng, 497
oxygen uptake dunng, 494

oxygen-diffusing capacity dunng, 489
oxjgen-heraoglobmdissociation curve
dunng, 498-499

pulmonary circulation in, 290-291
respiration in, 1014-1015
respiratory control dunng, 511-513
sympathetic nervous system in,

276-277, 337-338
water loss during, 383
with diabetes, 935
with valvular lesions, 321

Exercise test, 312-313
Exocytosis, by cells. 20, 22

of chylomicrons. 793
of secretory vesicles, 771

of synaptic vesicles, 551

Exophthalmos, 905-906
Expansion, of lungs, 466-467
Expiration, mechanics of, 466-467

ventral respiratory group in, 505-506
work of, 469

Expiratory reserve volume, 470, 471

Extensor spasm, 638
Exteroreceptive sensations, 580, 623

Extracellular fluid, calcium in, 937-940,
944-946
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Endorphins, 886

b pam control system, 597, 684

secretion with ACTH, 919

Endotoxins, disseminated intravasculaT

clottmg from, 84

m feier, 853

in shock. 330, 333

released by ischemic tissues, 329-330

End plate, 13S

End plate potential, 137-138

End-systolic volume, 153, 159

Endurance, 1009, 1010
Energy, aerobic. 842-843
anaerobic. 815-816, 842-843

ATP m. 841-842

cellular, 22-24, 843-844
coupled reactions for, 808
forcardbc contraction, 157
free, 808

m foods. 808, 861-863
in obesity, 865
phosphocreatine as storage depot for,

842

prolcms in, 832-833
release of, cellular control of, 843-844
from glucose, 811-816
tnglyceride control of, 823-824

requirements for various acti>'ities,

845-846

triglycerides in, 820-823
Enkephalins, 886
w neurotransmitters, 553
in pain control system, 597, 684

Enteric lipase, 789
Entenc nervous system, 756-758, 770
Ententis, 785, 602
Eateiogastnc reflex, 764, 778
Enurogastrone, 765
Enterohepalic circulation, 783
haienjlunase, 779
Ettt>Tne{8), 11 . 12, 27
*n«ade of, 880, 931
wnverling, 242, 254
effect of thyroid hormones on, 900
patric. 775
hydrolytic. 15-16
in metabolic reactions, 843-844
m small intestine. 785
oxidative, 23
Paticreatic, 779
proteolytic, in blood coagulation, 80
in phagocytosis, 54
m sabva, 773
m sperm, 955, 958, 983

nsjme activation, 34-35
nsinie inhibition. 34. 35
Myme regulation, 33. 3i-35
nsinophiKs), effect of cortisol on, 917
in infections, 51,57-58
I'Sinophil chemolactic factor, 58, 521
:P«ndyma. 377
;Phednne, 696
Pididymis, 954
,'n spermatogenesis. 956-957
Piiepsy, 674-675

,

Peoronal circuits in, 570
Pinephnne. as adrenergic drug. 696
?envation of. 878
iri control of bronchioles, 475
in cutaneous blood flow regulation,

.
344-345

in fat uuhzauon. 824. 930
•n hypertension. 267
in muscle blood flow regulation, 337
‘n vasoconstrictor system, 241, 253
pnosphorjlase activation by, 811

Epinephrine (Continued)

release of, 692-693, 876
Epithalamus, 676
Ei^P(exdlatorypostsyiiaptic potential).

555
summation of, 558

time course of, 557
Equatorial plate, 37

Equilibrium, cerebellum in, 643-644

in blind (lying, 534

main tcnance of, 621-62a

Equilibrium point, in arterial pressure

control, 258-260

in cardiac outputand venous relum,

232
Erection, female, 980

male, 959
Eigocarciferol 871

Erythema. 916
Erythremia 49

Erythroblastfs). 43. 45

Erythroblastosis fetalis, 49. 72-73

jaundice in, 1002

spleen in, 343

Erythrocytes See Red blood cells

Erythrogenesis. 42-45

Erythropoieun,41-45,455
Esophageal sphincter, lower. i6l-lb£

upper, 760
Esophageal varicosities. 342

Esophagus, disorders of. 798

in swallowing. 761

pain m.600
secretion in. 774

Estradiol. 956. 972-977

E8tnol.972
Eslrogenfs), 877.^2
and alhleuc performance. 1003, 1009

and blood choJe$terol,825

chemistry of, 972

St'fe"ltandlH.977-978
effect on sexual charactenslics.

effet on uterine conlracUlil^WI-992

in breastdevelopment.975.994

in endometrial cycle, 976

inlibido,684

in menopause, 979

in spermatogenesis. 90b

intracellular funcUonsof.9io

produced by ovanes. 968

produced by testes. 961

^reUdbycorpusluU^.972
secreted by placenta.9M
suppression of fertility by. 981

synthesis of.9W
transport of,972

Estrone, 972
Ethacrynic and. 459-460

Ethyn^iof.981
Ethynyl estradiol. 981

Eunuchism, female, 979

male, 965
Eupnea,5l6
Evansblued>e,3»
Eyfltwration.hcatl^by. Ilfcil7

5o3-5n^
inbibilionof.n7.»-
mechaniBmsof.ll5~lW

Excitation (Continued)

receptors in, 550, 552

refractory period for, 1 17

role ofdendntea in. 558-559

threshold for, 116.556,559-560

Excitation-contraction coupling, in

cardiac muscle, 152-153

in cardiac failure, 308-309

in skeletal muscle. 126-129

in smooth muscle, 143-144

Exatatory postsynapuc potential

(EPSP).555
summation of, 558

time course of, 557
Excitatory receptors, 550. 552

m smooth muscle, 144, 145

Excitatory state, 559-560

Excitatory stimulus, 564

Exated2onc,564
Excitement,hypothalamu8in,681
Excretion, 4

fluid volume, 421-424

of calcium. 937, 945

of excess solutes. 414-417

of excess water, 413-414

of phosphate. 937, 945

of potassium. 420-421

of sodium, 419-420

of urea, 417-419

through placental membrane. 987

Exercise, aerobic energy during, 842-843

arterial pressure during. 338

blood flow during, 338. 337-338

body fluids ond salt m, 1017-1018

body heal in, 1017

bradycardia and, 197

cardiac output regulation in, 272, 273,

276-277, 283-284.338

cardiovascular system in, 1015-1017

dissolved oxygen m, 499-500

effect on energy output,

effect on glucagon sfcrelion, 932

effect on metabolic rate, 845-846

mean cirtulalory filling pressure

during, 232
muscle vasodilatation in, 2i6

muscles in, 1009-1014

obesity and, 865, 866

oxygen transport during. 497

ox>gen upwke during, 494

oxygen-diffusing capacity dunng, 489

ox>gcn hcmoglobindissodalioncurve

during. 498-499

pulmonary circulation in. 290-_Jl

respiration in, 1014-1015

respiratory control dunng, 5U-513
avmpalhcuc nervous B>stcm in.

276-277. 337-333

Haler loss dunng. 3h3

with diabetes, 9-T5

wilh valvular lesions, 321

Exercise lest, 312-31.1

Exocjtosis, by cells, M. -2

of chylomicrons. 793

of secretory v esiclcs, 771

of8>-napuc vesicles. .551

Exophthalmos. 905-906

Expansion, of lungs. 466-4G7

ExpiraUon. mechanics of. 4f^4b/
^

ventral respiratory group in,

work of. 469

Exturatory reserve vo.ume. 4.U. l.l

Extensor sp.v»m. 63.3 .

Exleroivccptive sensation*.

ExtraceUularfluid.calciomin, '.tT-OW.

944-946
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Extracellular fluid (Con/in««f)

carbon dioxide concentration in, S

components of, 3. ftfi, 3fl()-387

defined. 2-3,

effect of aldosterone on, fHl-912
effect of saline solution on, 391

effect of water on, .390-.t9l

in ortenal pressure regulation.

259-262

in blood volume control, 426

in hypertension, 263
measurement of. 386
nutnents tn 4.88
osmolality of, 428-433
oxygen concentration in, 5

phosphate in, 9t0, 944-916
potassium concentration in, 433-435

shifts between intracellular fluid and,
387-392

sodium concentration in. 428-433, 694
transport of. .3-4

volume of. control of, 428
vs intracellular fluid, 3, 88

Extracellular fluid compartment, 38.3

Extracorporeal circulation, 324
Extraction ratio, 403
Extrafusal muscle fibers, 608
Exlrapyramidal system, 636
Extrssystole, 178

electrocardioeram in, 199-201

Eye(s), as camera, 703-T01
aulononuc control of, 690
focuaing; of, 732
headache from disorders of 603
movements of, control of, 634. 728-729
fixauon, 739-7,31

optics of, 70J-70S
TMueed, 703-704
repressed. 731
stabilltation of, 623. 625

Face recognition, eS-'i-CVI

Facial nerve, 747
Facilitated diffusion, 92-93

in renal tubules, 401
of glucose, 810, 92.5-926

Facilitated zone. 564
Facilitation, of neurons, 538, S&t
centrifugal control of, 566
m memory formation, 548. 658-660
post tetanic 560, 658
piesynaptic, 658

F-aetm, 124

Factors, blood slotting, 79. 80-81. 83
vs hormones, 886

Fahraeus Lindqvist effect 207
Fainting, emotional, .332

in caidiac failure. .305, 306
neurogenic shock from, 332

Fallopian tubes, 968
effect of estrogens on. 974
entry of ovum into, 983
progesterone effect on, 973
transport of ovum m, 981

Far-sightedness, 70.5-706

Fasciculalion, muscle. 185

Fast channels, in action potential, 1 10,

113

in cardiac muscle. 131

in sinoiitnal node rhythmicity, ICG
Fastigial nucleus, 646, 641
Fasting blood glucose level. 931
Falts) See also /./pidfs;.

absorption of, 795-796

Fat(s) (ConfiRtted)

as protein eparers, 662
brown, 646,

ciirliohydralefarmalion from, 616-817
composition of. 787
depletion of, 866
digeaUon of. 786, 7!K)

homogenized, 391-392
hormonal regulation of utilization of,

824
m different foods, 861
metabolism of See Lipid melabolitm
neutral See Triglyeendet
saturated, 8^
aiomach emptying and, 781-76.5

storage of. abnormalities in. 86.5

effect of insulin on, 926-9^
importance of, 823

synthesis of, from glucose, 816
hydrogen in, 816
importance of. 823

unsaturated, 825
Pat cells. 820
Fat deposits, 820

effect of estrogens on. 974-97.5

Fat depots, 820
Fat embolism. 293
Fat sparer. 926
Fatigue, at neuromuscular junction. 138
muscle, 13.3, tOH
of reflexes 614.615
synaptic .560

m duraiion of reverberation, 565
n nervous system stabilization.
670-571

Fatty acids, absorption of 795. 796
conversion of acetyl CoA into. 822
degradation of, 820-821
diffusion into fetal bl<K«1. 087
entry into mitochondria. 620
free. 789. 793.819
metabolism of. 22
mobilization by cortisol, 915-916
nonestenfied, SI9
plasma. 928
structure of. 787. 818
transport of, 819
triglyceride fnrmaPon from, 822-823

Fear. 6.*^). 684
Feces, formation of. 796
Feedback, aldosterone. 427-428
gaslrointestinal, 861
in control system. 8.
in ileocecal iphincter control, ^7
in iron absorption. 47
in spermatogenesis. 9C4
in testosterone secretion 964
negative, in control systems. €

in glomerular filtration rote.
412-413

in hormone secretion, 879
of operon, 34
osmosodiom receptnr-antidiuretic

hornwne system. 429-431
positive, in brain edema. .340
in Gontnd system. 6
in progipsaive shock. 328, 330

sensory, of motor functions, 6.37.
648-649

tubuloglomerular, 4II-4I3
Feedback gain, for body temperature

control, 8-56

for pressure contred. 257
In control system. 6
in respiratory center, 615
in sensory pathaays. 591

Feeding center, 863
Femoral thrombosis, 84
Fenestrae, 319, 397
Fenn effect. 125
Ferritin, 47, 838
Fertility, female, 981-982
male. 957-958
seasonal, 966

Fertilization, 9.58, 983-934
Fetal zone. 988
Fetus, blood supply to, 98.5-987

growth and development of. 997-993
human chorionic gonadotropin in,

953. 969, 988
testosterone in. %l

Fever, 8.58

and metabolic rate, 816
chnractenatics of, 858-859
hypothalamic thermostat in, 853
rheumatic. 67, 318

Fibnllalion. 172
Btnal, 174

electrocardiogram of, 202-203
tn mitral valvular disease, 321

chain reaction mechanism 0^173*174

muscle, 115

Purkinje system and, 174

ventricular, 174-17,3

after myocardial infarction, .302

circulatory arrest from, 3.35

etectrocardiogram in, 203
vulnerable period for, 173-174

Fibnn, antithrumbin action of, 82
formation of, 78-79

Fibnnogen. conversion to fibnn, 78-79

in seminal vesicles, 957
plasma. 2fl9. 831

nbnnolysm, 82, 83. 976
Fihnn-stabilizing factor, 76. 78

Fibroblasts, in blood clot formation. 77

Fck procedure, 234
Melds of Forel, 211
Fields of vision, 729
Fifth nerve, 747
Fight or flight reaction, 695
Fllanasis 369
Flllrotinn, glomerular, dynamics of,

.39.8-399

m cardiac failure, 306
net 359
vs diffusion, 358

Filtration coefficient, of capillory

exchange, 359
renal, 399

Filtration fraction, from pLisma
clearances. 468

of glomerular filtration. 398
Filtration pressure, at capillary

membrane. 358
pulmonary. 371-372
renal. 399

Fixation movements, 729-7,31

Fagellum, 25
Flatus, 796, 805
Flavin adenine dmucleotide, 868
Flavin mononucleopde, 868
Flavoprotein, 814
Flexing movements. 626
Flexor refiex, 613-614
Flocculonodular lobes, 623, 639, 640

Flower spray ending. 608
Flowmeters. 208,' 284
Fluid balance, neonatal. 1002
Fluid exchange See Capillary exehangi
Fluid retention. 262-263
edema from. 370
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fluid retention (Continued)

effect of testosterone on, 962*963
in cardiac failure, 306-307. 308, 309.

3U-312
in chronic renal failure, 454-4S5
in Goldblatt hy-pertension, 268-269

Fluid space, 386
Fluid %oIuine, changes in, 3S7-392
in arterial pressure regulation,
259-262

in hi-pertension, 265
measurement of, 384-366
regulation of, 421-424

Fluids, body. See Body fluids

Fluonne, 872, 953
9a-FluorocQrti6ol. 910
Fluorosis, 872
Flush, in fever, 859
Flutter. 172
atnal, 172-173, 202

Focal length. 702
Focal line, 701
Focal point. 701
Folds of Kercknng, 791
Folic acid, 869
in fetus, 998
in red blo^ cell maturaUon, 43
in uhite blood cell maturation, 52

Folium, 641
FeUicle(g). ovarian. 968-970. 978
thyroid, 897

FolUcU'Stimulating hormone (FSH),
877. 884

in follicular grovsth. 968-970. 977, 978
in male sexual function, 963-964
in menopause, 979
tn spermatogenesis, 956

Follicle-stimulating homone releasing

^ hormone (PSHRH), 977
Foodis). digestion of. 762-765, 787-790
energy available in. 661-863
energy release from, 608
ingestion of. 759-762
regulation of intake of, 663-866

Food stores, depletion of. 866
Foramen, of Luschka, 375

of Magendie, 375
of Monro, 375
ovale, 1000, 1001

Forced expiratory vital capacity, 477
Forced expiratory volume, 477
Forward progression, 626
Fovea, 708, 711 720
Frank-Starling law. 157-160, 273, 338
”ee fatty acid, 789, 795, 819
Free fluid, m interstitium, 1^2
Free fluid pressure, 354-355

in edema, 371
in Jungs. 371
in l>mph flow, 363
positive, 367-368

Free fluid spaces, 370
Free fluid vesicles, 352
Free nerve endings, 562, 580
as pain receptors, 593

Free water clearance, 417
Freon toxicity, in submarine. 543
Frequency, of sound, 737-738, 739. 742
rrChJjch’e sjudrome, 965
Frostbite, 860
Fnictobe, absorption of. 788. 794
in seminal vesicles. 957

FSH See Folhele ttimulaling hornwne
(FSH).

FSHRII (follicle-stimulating hormone
releasing hormone). 977

Functional residual capamty, 471, 472
484

in asthma. 52l
in newborn, 1001

Furosemtde, 4^-460
Fusiform layer, 651
Fusion, of flickering light, 717
of visual images, 725. 731

G cells, 776
G force. 532-533
GABA (gamma-aminobutyncac»d},553

in neostnatum-substantia nigra
pathway, 627. 629

G-actin, 124

Gain See Feeddack gain
Galactose. 788. 794
Gallbladder, 781-782
pain in, 600

Galloping reflex. 616
Gallstones. 783-784. 801
Gamma chains, 46
Gamma giobulins, 208
Gamma motor nerve fibers, 608
brain areas for control of. 612
control of static and dynamic
responses by, 609

in voluntary motor activity. 611
Gamma motor neurons. 607

Gamma amiaobutync aod (GABA), 553

in neostnatum-substantia mgra
pathway, 627, 629

Ganglion cells, 7^-725
Ganglionic blocking drugs. 696-697

Gangrene, gas. 543
shock from. 333

Gap junctions, 140. 549
in gastrointestinal wall, 755

Gas concentration, in alveoli. 485.

490-492

m fluid. 482
Gas gangrene. 543
Gas pressures, 482-483. 490

Gas volumes, actual vs sea level, 537,

541
effect of depth on. 537

Gaseous diffusion, capacity for. 489-490

concentration gradient in. 481

molecular basis of. 481

net, 483
physics of, 481-483
pressure gradient for, 483

through fluids, 483

through respiratory membrane. 482,

488-490
through tissues. 483
ventilation perfusion ratio and.
490-492

Gases, blood, abnormalities of. 514-515

dunng exercise, 511-513. 1015

in respiratory control. 507-511

measurement of. 517
body, effetl of high parual pressures

on. 537-541

Gastric, See also Stomach.
Gastnc amylase. 775

Gastric atony. 801

Gastnc atrophy. 799
Gastnc barrier. 799
Gastric glands. 762, 774

Gastric inhibitory pepUde, 753, 76S. 773

Gastnc lipase. 775, 768

Gastncm ucosa,mpemiaous anemia, 45
Gastnc pain.OW

Gastric secretion, 774-778
Gastnn, chemical composition of, 777

effect on ileocecal sphincter, 767
effect on stomach emptying, 763-764
in gastrointestinal blood flow control,
342

regulation of pancreatic secretion by,
780-781

secretion of, 774, 776
Gastntis, 793-799
Gastrocolic reflex, 768
Gastroentenc reflex, 766
Gastroesophageal sphincter, 761-762
Gastroileal reflex, 766
Gastrointestinal absorption, anatomical

basis of, 790-792
effect of aldosterone on, 912
in large intestine, 796
m premature infant. 1004
in small intestine, 792-796
mechanisms of, 792
neonatal. 1002-1003
of calcium. 793, 937-939, 945-946
of phosphate. 937, 939, 945-946

Gastrointestinal glands, 770-771
Gastrointestinal hormones, 771

effect on insulin secretion, 930
Gastrointestinal reflexes, 757-768
defecation, 788-769
duodenocolie. 768
enterogastne. 764
gastrocolic, 768
gastroenteric, 766
gastroileal, 766
penstaltic, 759
peritoneointestmal, 769
renoinCesUnal, 769
somatointestina). 769
vesicointestinal, 769

Gastrointestinal secretion, by
esophagus, 774

by large intestine, 785
by pancreas, 778-781
by small intestine, 784-785
by stomach. 774-778
of bile. 781-784
of electrolytes. 771-772, 796
of saliva, 772-774

Of water. 771-772, 779-780
Gastrointestinal tract, 754
amino acids absorbed from, 829-830
autonomic control of, €91, 694,
757-758

blood flow through, 342
digestion in, 787-7M
disorders of, 798-805
effect of thyroid hormone on, 902
feedback to feeding center. 864
fetal, 993
gases in, 805
hormonol control of, 758
in ingestion of food. 759-762
innervation of, 756-753
iron absorption from, 47
lipid transport from, 818-819
motility of, 754-758
mucus in, 772
nutnenls supplied by. 4

obstruction of, 804-805
shock from, 33l

thiamine deflaency and. &G8
types of movements in, 7M-759
wall of. 7r>4-756

Gating, of proii-m channels. 91-92, 137
Gel fluid. .352

Gelatmase, 775
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jrowlh hormone (GII) (Cbn(murd)
metabolic effects of, 887-8S9
physioiogical functions of, 8S7-fe93

secretion of, abnormalities of, 891-893
regulation of, 8S9-691

jrowth hormone inhibitory hormone
(GHIH). See Somatostatin.

SroKth hormone releasing hormone
(GHRH). 8S6, 890

Gaanethidine, 690
Suanine, in DNA, 27, 23
^inRNA.29
3ut. See £or^e intestine;Smotf intestine

gynecomastia, 966

11 zone, 122

Habituation, 659, 681
Hair, end-organ of, 531
estrogen effect on, 973
testosterone effect on, 961-962

Hair cells, in auditory system, 735.
738-739

in vestibular apparatus. 621-622
Haldane effect, 501 -502
Jland movements, control of. 63^
Haptens, 61

Haptoglobiri, 74
Haustrations, 767
Haversian canal, 943
Hay fever, G8
Head factors, for feeding. 864-663
Head orientation, detection of, 621-622
Head rotation, control of, 634
detection of, 623-625

Headache, ^-603
Head-down posiUan, 334
Hearing, abnormaliliea of. 743-744
central auditory mechanisms, 740-743
cochlea in. 73S-740
frequency range of, 740
ossicular system in. 734-735
threshold for, 740
tympanic membrane in, 734-735

Heart. See also Cardiac.
abnormal rhythms of. 171-176
collateral circulation in. 299-300
conduction in. 165-171
congenital anomalies of, 321-324
effectiveness of, 279
ezciUUon of, 165-171
Frank-Starling law of. 157-160, 273,
338

hand pumping of, 175
hypereffective, 279
hypertrophy of. 319-320. 324
hypoeffective, 279
m cardiac output regulation, 272-274,

.
276,279

in exerase, 276m shock, 328. 331
lactic and use by. 816
left. 150
^lure of, 309, 312. 320

overloading of, 310
parasympathetic control of, 160-161,

170. 238,691-692
right, 150. 287

failure of. 309-310. 312
sympathetic control of, 238. 691
temperature effect on, 162

Heart attack. See Cardiac failure.
Heart block. 171
abnormal rhythms from, 198-199
bundle branch, 190-191

Heart block (Continued}
complete, 199
incomplete, 198-199
of Purktnje system, 192

Heart failure See Caj-dioc failure.

Heart murmurs. 318-319. 323
Heart muscle See Cardiac muscle.
Heart rate, and duration of contraction,

153
atnal reflex control of, 230
effect of thyroid hormone on, 902
in cardiac pumping, 158, 160
m electrocardiogram, 179

in exerase, 1016
porasympathebc control of, 233
vasomotor center control of, 239

Heart sounds. 156-157.316-319
Heart valves function of. 155-156

lesions of. 318-321. 324

i>c3mng of. 318
Heartbeat, strength of. 902
Heartburn, 600
Heart-lung machines, 324

Heart lung preparation. 162-163

Heat. See also Temperature
acchcoatizabon to. 859
body, dunng exercise. 1017

loss of. 8^852
production of. 850. 654-856

in energy release. 844

maintenance. 130

transfer to body core. 850

iieat stroke. 859. 1017

Helicotrema. 736. 737
Hebum, in deep sea diving. 539, 541

liehum dilubon method. 472

Helper cells, 63, 66

Kematoent, 206-208, 384

at high albtudes. 531

Hemianopsia, bitemporal. 725

homonyrnous. 728

Hemibalhsmus, 629
Hemoglobin, adult. 498

carbon dioxide with, 501

carbon monoxide with. 500

concentration of, 42

effect of interstitial fluid oxygen

pressure, 495

destruebon of. 48

feUl. 498. 986

foTToatian of, 46

in cyanosis, 522

oxygen binding with, 46, 496-497,

501-««
at high albtudes, 529, 530-531

oxygen-buffering funebon of, 5,

497-

498
per cent saturation of, 496

transport of, 42

Hemoglobin dissociation curve, 496,

498-

499
Hemoglobin S, 48-49

Hemolysis, 48-49

in transfusion reacbons, 71-72, 74

Hemophilia, 80, 83

Hemopoiesis, by spleen, 343

Hemorrhage, from hypertension,

270-271
in thrombocytopenia, 83-84

shock caused by, 327-332,333, 33o

thirst caused by, 431

Hemosiderin, 47

Hemostasis, 76-77
Henderson-Hasselbalch eqiiauon, 440

Henry’s law. 482

Hepann, 58, 82, 85

Hepannase, 85
Hepatic. See also Liver.

Hepatic arterioles. 835
Hepatic artery, 340, 341
Hepatic cellular plates, 835
Hepabc coma, 837
Hepatic congestion, 836
Hepatic duct, 781
Hepatic sinuses, 340
permeability of, 341

Hepabc sinusoids, 835
Hepatic vascular system, 836
Henng Breuer inflation reflex, 505
Henng's nerve, 247
Hermaphroditism, 1003
Herpes zoster, 601
Hexagonal reference system, 184
Hexamethonium, 283, 696
Hexokinase, 81O
Hexosemonopbosphate shunt, 48
hGH (human growth hormone). 891
High albtude, and respiratory alkalosis,

448
and tissue oxygenation, 43
effect on respiratoiy control mecha-
nisms, 510

oxygen pressure at. 528-532
radiation at, 535

Hilus, 55
Hippocampus, 676, 682

in learning, 682-^
in memory, 660-661
in rage. 681

Hirschsprung’s disease, 802
Histamine, as vasodilator agent, 242
in allergic reaction, 68
in anaphylacbc shock, 332-333
in asthma, 521
in control of bronchioles, 475
in gastric secretion, 776-777

Hisbocytes, tissue. 55
Histones, 36
Hives, 68
HLA antigens, 75
HMW kinogen, 80
Holistic theory, of thoughts, 637
Homatropine, 696
Homeostasis, 3-5
Horizontal ceiJa, 720. 721

Hormone(s), blood concentrations of,

878-879. 882-883
chemistry or. 878-S79
female, 963-.969

general, 876
in arterial pressure regulabon,
253-255

in athletic performance, 1008-1009,

1018
m regulation, 4-5
in smooth muscle contraction, 145
inhibitory, 679, 885. 886
local, 876
mate, 960-964
mechanisms of action of, 879-882
metabolic clearance rate of. 862-88<1

nature of, 876 c
overview of. 876-878
releasing of, 679. 883. 886
secretion of. 878-879

rate of, 879. 883
storage of, 878-879
vs. factors. 866

Hormone receptors. 876. 879-880
Hormone-sensibve cellular lipase,

819
Homer's syndrome, 733
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Humiin chononic Ronadotropin, 9S3
dunnt; pniinancY, 95')

fffcft on corpu» lotpum, 972, 957-95A

effect on fetal tesfex, Wv)

effect on feta I ovane». ^9
for lack of ovulation. 9S1-992

Hotnanchnnonicaomatomammoiropin.
ft77. 919.991

Human chononic thyrotropin, 959

Human itro^th hormone (hGH).
691

Humidincatien. of air. 461
Humoral rcRuIalinn. of circulation.

211-2n
Huneer. 759,66.1
jrlucosLitic Iheoryof. 661

hj-pothalainic restulation of 679
Hunger center. 663
Hunger ctintrnctjons. 7M. 663
Huntington’* chorea, 629
Hyaline membrane di»e.n«e 467,521,

1000
Hyaluronic acid, 21, 911
Hyaturonida*c. O-o,!. 95S. 9'^
Hydrocephnlu*. 176-.377
fhdrnchlonc and secretion of, 774»775
Hydrocortisone 5!re Cortiiof
Hydrogen, in citne nod cycle, 812-613

in fat •ynlhesu 816
loniution of, 813-8H
release of, by phosphogluconntc path

unj 816
dunng Bl}-coly!iii(. 813

Hydrogen bonding, m DNA, 26
in protein*. 829

Hydragen inn(i), countcrtnin*port of.

dnwiation oftnrbonic acid into. 501
effect on OX} gen hemoglobin dusocia-

tion curve. 498
in cerebral hli>od flow regulation, 3.70
in uxidaeive phnsphoryla lion, 813-814
in mpiraiory control, 506-.Mi
tntFrnciiim with bicarbonate ions, 445
transport into unne 416-447
tubular secretion of. 406

active mechanism of. 401
aldosierone effect on. 912
by collecting ducCi. 404
regulation of. 444-445

Ibdrogcn ion concentration, defense
sgvinsl changes in 41'>

effect iin alveolar ventilation, 41.1-441
m acidosis nnd nikaloiis, 4 W-43.9
renal regulation of. 411-448
tissue, 215

llydrogeri peroxide.in neutrophils and
macrophoges, 51

in til) raid hormone formation, 898
Hydrolases, 1.5- 16

Hydrolysis, m digestion. 787
in small intestine. 788
of tnglycende*. 818-819. 820

Hydrostatic preasurr. 222-221
in bulk now. 96-97, 151
in regional pulmonary blood (low,
219-291

Hydroxyapatites, 9tl-912. 952
6 H}-dmxjSot)nc acid. 82>-622, ft>K

25-HydmxychoIecoIctfeToI, 918-9T9
irvHydroxydehydroepiandrostrrone.

DM
Hydrox}! ion*, in neutniphils and

mareophage*. 54
_ln va*cMlarri>nttol.245

> Hydtnxyprugrstrrunr, 973

17'HjdroxystcnMd*. 920. 921

5-Hydrax)tryptainine See ^croton/n.
Hyperadrenalism, 920-921

i typerolgesia, 593, 601

ilyperahmeniotton. 303
Hyperbaric pressure chamber, 524
ilyperhaiism, 517
Hyperbihrubinemia, physiological. 1002
Hypercalcemia. 910. 949
Hypercapnia. 516, 523
in oxygen Aerapy. 524

Hypercholesterolemia, familial. 827
liypercomplex cells, 726, 727
Hypereffective heart, 161

Hyperemia, active. 2.34

reactive, 231
in coronary aystem, 297-299
in akin circulation, 34.5

Hypercstrinism, 973
Hyperglycemia, in giontism, 891
liypcrgonadism. male, 065-966
Hypennsulinism. 9.36

Hyperkalemia, 912
Hypermelropia. 705-706
Hyperopia. 705-706
Hyperosmolality, of medullary intersti

<ia( fluid. 4(4-416
Hyperparathyroidism, 9-19

Hyperphagta. 863
Hyperplasia, 133
fibromuscular, 451

Hyperpnea, 616
Hyperpolanration. 116
after action potential, 659
atneuromuscular junction, 145
in familial periodic paralysis, 134
m gastrointestinal smooth muscle, 756
inhibitory postaynaptic potential.

in smoatnal fiber, 166. 170
Hyperpyrexia. R59
Hypertension, atherosclerosis with, 627
basic muses of, 264
defined, 261
effects of. 270-271
essential 269-270
GoMhIatt. 26.8-269

in (nxeimo of pregnancy. 269
malignant, 271
neurogenic. 269
pulmonary. 520
renal, 457
spontaneous. 269
vasoconstrictor. 266-269
volume-loading. 264-266, 268-269

Hyperthyroidism. 90.5-906

cardiac failure from. 310
cardiac output in, 278

Hypertoninty. 390. 391
Hypertrophy. mediae. 189-|9n. |9i_i92

from exerciie. 1016
m congenital heart disease, 324
in valvular hcort disease 319-.320
324

muscle, 133-134, 1013
1 lypoadrenohsm, 920
Hypocalcemia, 910
Hypocopnia, 516
(lypnchiorh^na, 799
Hypocffcrtive heart. I6|
Ilypogastnc ganglia, 757
Hypogaslncnervea. in labor pains 993
Hypoglycemw, 936
Hypoglycemic shock. 928
Hypogonadism, female, 979-DW>
male, 9^1

Hypokalemia, 912
Hypoparathyroidism, 948-949
Hypophosphatemia, congenital, 950

renal, 4^
;JypwphywaJ stalk. S34, 893
Hypophysis See Pituitary gland.

Hypopnea, 516
Hypotension, arterial, 412-413

renal, 457
Hypothalamicinbibitoryhormones.flflS,

Hypothalamic releasing hormones, 885.

Hypothalamic thermostat, 653-857, 858

Hypothalamic-hypophysial portal

system, 885-M7
Hypothalamus, and limbic system,

676-678
behavioral functions of. 679-681

diffuse stimulation of, 210-241

endocrine functions of. 678-679
in ACTH secretion. 917-918
in female monthly rhythm. 977-978

in food intake regulation, 863
in growth hormone secretion. 890-891

in obesity, 865
in prolactin secretion, 995
in shivering, 855
m temperature regulation. 241, 344,

8.53-851,8.58

In TSH secretion. 903-904

in vasoconstriclion, 239
in vasodilatation, 210

pituitary gland and, 884-887, 963-964

posterior, 893-695
vegetative functions of. 678-679

Hypothermia, artinnal, 660
Hypothyroidism, 906-908
BtheroBclerosis with, 827

Hypotonia, 647
Hypotoninty, 390, 391

Hypoventilation, alveolar, 518

hypercapnia from, 521
Hypovolemia, shock caused by. 327-312,

353, 335
Hypoxia, 516, 522-523
anaerobic energy during, 812

and erythropoietin formation. 44

at birth, 999
at high altitudes. 529-530

Cheyne-Stokes breathing in. .515

effect on synaptic transmission. 661

ovygen therapy for. 523-52

1

types of, 522-624

I (isotropic) bands. 121

IgE. 64.6.5, 521
IrG.64. 71

fggo dome receptor. .581

IgM.64.71
Ileocecal valve. 766-767
Ileum See also Smai/ infesh/ic

absorption in, 793
Immune reactions, in transplantation.

74-73
of blood. 70

Immune response, primary vs

secondary, 63
Rh. 72-73

Immune system, nwcroplisge* in, 54

of infant. lOai
suppression of. 75

Immune tolerance, 67
Immunity. 60-67

effect of cortisol on, 917
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Immunity (Continunf)

oronatal. 1003

Imraunostobuhns, (>3-lV4

in allenoe*. 63
Impcviance matching. 734*735
lapbnUUuo, uf zygote, S34-1^S5

Imsnn. 75

I
InAcutaUon Kute. 107

I
Inanition, bOti

I

InappropnaU AUH M-crtuun. syTidromi.'

I

of. 427. 431

I

lontura. 156

I
at tnd of ayctole. ‘225

I
locus. 731
Indicator dilution method, 2b4-2H.5

Indocyonine Kreen, 341, 836
loductr aubaUnev. 34
Inductions, in cmbouKcneau. 38
IrJact. Sc« aI»o \cvne{e
endocrine problems m. 1003-1004
immunity in. 1003
nutrition of, 1003
premature, 1004-1005

Infarct, antenur wall, 194
myocardiaL Sec J/yvcnnfia/ tn/arr-

tion.

poalcrior wall. 194
rupture of. 301

Infection, Sn also fnflammatiu/i
ctrebrutpmal fluid pretaure in. 376
pua formation sn.57
rtsiaUnce to. 51*59

Infenur collicuUrcummiMurc. 741
Inferior obliquva, 728-729
Infenor olivary nuclei. 635
Infenor recti. 7'2S-729
Infertility, female. 931-982
male, 957-958

InTiniU {tain principle. 258-259
Innanunabon.cumplemcnt system in. 65
cortisol in, 916-917
macrophtiKc and nrutrvphil response

to. 56-57
Information, 562
Information processing, &17-548
Ingestion, by cells, 19-20
of food. 759-762

Inhibin, m females, 972. 977
in males, 956. 964

Inhibition, allostenc, 815
lateral. 506-567
m dorsal column-lcmniscal system.
587-588

in visual perception, 721. 722
of neuronal pool. 564
pnsUynaptic, elcctncal events in, 556

receptors in. 550. 552
Presynaplic, 556-557

in pnmary memory. 653
reciprocal, 615
recunent, 607
surround, 588

Inhibition circuit, lateral, 566-567
reaprocal.565. 614

Inhibitor substance, 34
Inhibitory hormones. 679, BS.'i, 886
Inhibitory neuron, 565

. Inhibitory postsynaptic potential

,

(IPSP), 556
summation of, 558
time course of, 557

Inhibitory receptors, 550, 552
in smooth muscle. 144, 145

Inhibitory state, 559
Inhibitory lone, 564
In;iiry current. 192-195, 301

Innervation, reaprocal. 615
Inositol, as second messenger. 881

in phospholipid fonoalioa, 825
Inspiration, control oC 504-506
mechanics of, 466-467
work or.4<»

Inspiratory capacity, 470
Inspiratory rump. 50i5. 506
inspiratory reserve volume, 470, 471

InsuLitor system. 849
Insulin. 887
and growth hormone. bbS-S89. 929
chemistry uf. 923-924
fur diab<4es. 935
tn carbohydrate metabolism. 924-926

in fat metabolism, 926-928, 930
in fat synthesis. 823
in glucuse transport. 810
in protein metabolism. 834. 92.H-929

M-cretion uf. 923
absence of. 927-928
control of. 929-9JO
effect of somatostatin on. 932

Insulin control system. 9-10
Insulin preprohormone. 924
Insulin shock. 936
Intellectual functions, analytical opera

lions. 661-662
cummumcaUon, 662
of specific cortical ureas. 652-656
thought, consciousness, and memory.
656-661

transfer of information to opposite
hemisphere. b62-66t

Intensity, of ncarol signal. 562-563
of stimulus. 574. 576-577

Intention tremor. 645. 647
Interatnul septal defect, 321
Intercalated discs. 150
Intercellular deft. 349
Intercosuls. cktemal. 466
internal. 467

Interference paltems. 727. 731

Interleukin. 63. C6
tntermediolateral horn. 687. 732
Internal environment. 3-5. 387
Internal sphincter. 460
Intemcuron8.607
Intemudal pathwrays. 165, 167

Interphase, 16. 35
Interpositus nucleus, 641, 644-646
Interstitial cells of Leydig. 960
tumors of. 965

Interstitial fibrosis. 518
Interstitial nuid. and interstitium,

351-352
blood exchange and. 83, 352-359
calcium in. 939-940
carbon dioxide pressure in, 496
colloid osmotic pressure of, 353, 357
cumposiUun of, 3
gel'Riatnx in, 370-371
medullary, hyperosmolahty of.

414-416
of brain, 377
oxygen diffusion to, 494-493
protein concentration in, 363
control of, 365
in edema safety factor, 368

pulmonary, 371-372
volume of. 386, 428

Interstitial fluid compartment, 383
Interstitial fltud pressure, 353

control of, 365-366
in lymph flow, 363, 364, 365
in tightly enclosed tissues, 355

Interstitial fluid pressure (Contjnued)

measurement of. 354-355
negative. 364, 3^

in edema safety factor. 368
m lungs. 292-293

of kidney, 396
positive. 367-368
pulmonary, 371-372
subatmosplienc. 356

Interstitial nucleus. 626
Interstitial spaces, “dry" state of. 366

flow of fluids through. 3. 358
gel m. 370-371

pressure-volume curve of. 366-367
IntersUUospinal tract. 620
Interstitium, 351-353
Intervcntncular septal defect. 321, 323
Intestinal See also Gosirointe^tina/

Intestinal lipase, 785
Intestines See l^rge iniestine, Smai/

intestine

Intra-alveolar pressure. 457
Intracellular canalicuh, 774
Intracellular fluid, components of. 3. 88.

386-

387
defined. 2. 88
nutnents in, 88
phosphate buffer in. 441
shifts between extracellular fluid and,

387-

392
vs extracellular fluid, 3, 88

Intracellular fluid compartment, 383
Intrafusal muscle fibers, 607, 60S
Intragel pressure, 354
intralaminar nuclei, 590
Intramural plexus. 691
Intramyocardia) pressure, 296
Intraocular fluid, 377-3^
intraocular pressure, 378-379
Intrapleural pressure. 467
fntrarenal pressure.^
Intraventricular block, incomplete, 199
Intrinsic factor, deficiency of. 869

secretion of, 774. 775
vitamin B, and, 45, 799

fnufm. tubular transport of. 405, 406
Inulin clearance, 407, 408
Involuntary fixation mechanism,

729-730
Involution, of corpus luteum, 972
of uterus. 994

Iodide ion. oxidation of, 698
Iodide pump, 898
Iodide trapping, 69S
decreased, 904-905

Iodides, and thyroid activity, 905
ingestion of, 897

lodinase, 893
Iodine, in formation of thyroxme,

897-898
ingestion of, 897
metabolic functions of, 872

lodopsm, 712, 713
lonCs), absorption of, 792-793, 796
and lipid bilayer, ^
hydrated, 90
in saliva, 772-773
osmotic effect of, 388
tubular transport of. 405-406

Ion channels. See F/vCein cAanne/s.
Ion gating, 91-92
lothalamate, radioactive, 407 .

IPSP (inhibitory posUynapticpotential) <

556
summation of, 558
time course of, 557
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Iron, absorption of, 47. 733

daily loM of. 47

dunnjf pregnancy. 930

frtal metabolism of. 93^

metaboiism of. 46-4S. 873

qiunutyin body, 4fi

rrRuJation of. 47-43

riHjuirrd by infant, 1003

storage of 4l>*47, 838

transport of. 46-47

Iron sulfide proteins, 814

Irritable colon ayndrome. 602, 803

imtnnlreceptor#. of air«oi». 475,813
ischemia, ns cause of pain. 631, ,598

in Raynaud's disease. .31>

myocardial, in aortic \alvular disease.

320
sientncular fihriUation from. 174

of cardiac muscle. 194-195, 196
of vaeomotor center, 250-251
renal 45.3

Ischemic heart disease, 293-30.3

Ischemic response. CNS. 250-251
in shock, 328
oseill.-ituin of, 253

Islets of l,nngerhnns, 023
hormones of, 877

Isoatrate ions 926
Iiuifrafts. 74
Isogravimetrie method, for measuring

capillary pressure, 353
isohydne principle. 442
IsomatiBse, 78-5

isometnc contmclion, IhS, 159
Isometric relaxation, 155, 169
IsoproptI norepinephrine, 6'}0

Isoproterenol, 896
Isosmotic absorption, 793
Isosihenuna, 4^
Isotonieily. 390. 301
Isnvniumetnc method, for measuring

cn pillary pressure, 354
Isovnlumic conlrnctlon, 165, 159
Iso>ulumic relaxation, 155, 159
Itch 1582

J point, 19.3

'J' receptors. 513-514
Jacksonian epilepsy, 675
Jaundice, 8.19-040

hemolytic. 74, 830-840
neonawl 1002
obstructive. 8.19. 840

Jejunum Sec also 5maff intesri/ic

ionic absorption in. 793
Joint cawliM, .381

Joint receptors, 58.S-589

of neck 62.5

Joint rot.ition. 588-.5fi9

Junctional feet, 127

Junctional fibers. 167
Junctional poccnti.'it. 141-145
JustaKlomcrular cells. 412

erythropoieltn formabon by, 44
rrnin secretion by. 2.5-1

Juxtaglomerular ctimplex. 40,3, 41 1 -4 12
In blocii flon control, 2ik5

KBllulin.242.343
Kal!ikrTin,242.3<'
Keratoennus. 707
Kcmieterus, 73

Ketogenesis, 833
Kftogenicen'ect. of corticotropin and

glucocoTticoids, 824

of coriistd. 915-916
of insulin lack. 937-928

n-Ketoglutaric acid, 8,33

Ketone bodies, 822, 928
Ketosis. 822
from growth hormone. 888
from insulin lack. 928
m 8tarvabon,866

IT-Ketosteroids, 922
Kidneyfs) See also Rrttal, Tubular
acid'baae regulation by, 444-450
anntomy of. 393-394
angiotensin effect on. 262
arbncial, dialysis udth, 455-157
hypertension is ith.2M

atnal reflexes to. 2,50

blood flow through. 395-396
and glomerular filtration rate. 399
control of. 235.413
measurement of. 408

clearance by. 458-459
concentrabng mechanism of, 414-417
countercurrent mechanismof, 414-417
l.l^i4!ihydroxycholecalciferol forma,

tion in, 938
diluting mechanism of, 413-41

4

diseases of. 4.52-458

hypertensive. 457
vascular, 4S3-45t

erythropoietin formotion by, 44
excrehon by. See Excretion

fetal. 993
fluid retention by. See Huid retention

fluid volume regulation by, 421-424
glomerular flUraUon in.^ (7/omeru

lar filtration.

in arterial pressure control. 257-262
in cardioc failure, 306-307, 308, 309
in homeostasis. 4

m hypertension. 267-268, 457
in newborns. 1002
in sh^k. 334
pain in. 601

renbsorplion by. See Ktabsorption
salt retention by. 262-26-3

in cardiac failure. 806
secretion by. See Tubular terrttion

Kidney disease. 452-458
hypertensive, 4.57

vascular. 453-454
Kidney failure. 452-457
Kidney function, in cardiac failure,

306-309
in newborns, 1002

in shock, 334
tests of. 453-459

Kidney shutdown, after transfusion
reaction, 74

Kidney stones. In hyperparathyroidism,
9)9

Killer celts. 66
Kilogrnm«aIoTie, 844-8 15
Kinesiology, 133
Kinesthesia. 58,3. 589
Kineiorbore,37
Kin] ns. 242

In gastrointestinal Mood flow.
312

Kinocttlora,622
KlOver Rucy ayndrome,
Knee4etk.6t2
Korolkofl sounds. 245
Krebs cycle, 23. 812-813

Kupffer cells, 55, 835, 836
in blood cleansing, 3^11

Kussmaul respiration, 934
Kwashiorkor. 862. 890

“Labeled line” principle, 573
Labor, 992-994
Labor contractions, 992-993
Labor pains, 993-994
Lactase, 785, 788
tnctation, 994-996
Lacteal, central, 791
Lactic Dcid, anaerobic glycolysis,

815-816, 1010. 1011-1012

m shock. 330
Lactic dehydrogenase, zinc in. 672
Loctose, 787
Lactotropes. 8SS
Laminar blood flow, 209-210
Longendorf preparation, 162
Langerhans' cells, 985
language function 655
Laplace, law of, 214, 297
Large intestine Sec also Colon.

absorption in. 796
disorders of, 802-803
obstruction of, 805
secretions of. 785, 793

Larynx, 478
Late distal tubules, 403
osmolality in, 417
potassium secretion In, 420
sodium reabsorption In, 419

Lateral corticospinal tracts, 635
lateral geniculate body, 724, 72S

lateral hypothalamus, behavioral

functions of. 680, ^1
m food intake regulation. 863
vegetative functions of. 676-679

laterol inhibition, 666-567
in dorsal column-lemniscal system.

587-588
in visual perception, 721. 722

lateral lemniscus. 740-741
Lateral motor system. 636
Lateral olfoctory area, 751
Lateral recti, 729
Lateral spinothalamic tract, 590
lateral vestibulospinal tract, 620

LATS flong acting thyroid stimulaWr),

Lcad(s), electrocardiographic, 180-1“-

Bxisof, 184
increased voltage of, 191

potentials in. I8t-185
Learning, hippocampus in, 682-683

reword and punishment in, 681

Lecithin. 782, 624
Left nlrial pressure, 288, 291
lamniscal system Sice Dorsal column-

lentmscal system.
Lengthening reaction. 613
Lensfea). concave, 701

contact. 707
convex, 700-701, 702
corrective, 706-707
cylindrical. 701-702. 706-707
depth of focus of. 705
focal length of. 702
formation of image by, 702
refroctivc power of, 702-703
TtfTWrtive printiTflrt

sphencol. 701-702
Leprosy, 543
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zukemia(s), 5d-59
^ukocytes. concentrations of, 51*52
Kenrsis of, 52

Lfe span of. 52-53
properties of, 53-58
l>pcs of. 51

jeukocyioBis, 56
xukorrhea, 977
,e>etB>’stemb. 133

icydig cells, OGO
tumors of, 965

il. See Lutci/iiZiog hormone ILHi.
jbiJo, hy-pothalamus tn, 6o0
neuronal stimulus for, 959
sex hormones in. 684
th>Toid hormone in, 903
jgand gaUng. 91-92, 137
Light, adaptation to, 716-717
flickering, fusion of. 717
intensity changes of, 722-723
refraction of. 700
ultraviolet, C03
white. 718

Light reflex, pupillary. 733
Limbic cortex, 67G-677, 6S3
Limbic system, amygdala, &!il-682
behavioral functions of, 679-681
functional anatomy of, 676-677
hippocampus, 682-653
hypoihabmus. 677-681
limbic corUx, 6U
major output pathway of, 677-681
regulation of food intake by. 863
reward and punishment function of.

680-681
Uminal aone, 564
Linear accelcniuon, 623
lanes, detection of. 725-726
Upases, honnono-sensiUve cellular. 819
hormone sensitive tnglycende. 824.
927

m phagocytosis. 54
intestinal, 786
lipoprotein, 818-819
tissue, 820

Upid(s). See also Fatit), Tngticendea
dubulving of, 20-21
in cell, 12
m liver, 820, 901
plasma, 927
symthesu of, 21
transport in blood, 818-819
.types of, 818

Upid barrier (lipid bilayer), of cell

membrane, 12-13
diffusion through, 901
protein transport through. 83-S9

Lipid metabolism, and atherosclerosis,
826-827

and carbohydrate metabolism, 930
cholesterol in. 825-826
cortisol in. 915-916
fat deposits in, 820
growth hormone in, 888
in cell. 22
insulin in, 926-928
hver in. 837
phospholipids in, 824-825
rate of. 862-863
thyroid hormone in. 901
tnglycendes in. 820-824

Lipid nephrosis, 455-456
lipoprotein, 795, 819
Upoprotein lipase. 818-819
Lapostauc theory, 864
lipotropin. 597, 919

Liver. See also Hepatic
acetoacetic aad formation in,821-822
ammo uetd synthesis by, 638
bile secretion by, 770, 781, 838-840
blood flow through, 430-432, 636
blood storage m. SM
hlood-cleansing fiuiction of, 341
arrhbsis of. 342. 836
deloxiflcatton function of. 838
faUy. 927
glucose bufler function of. 837
glycogen storage in. 810-811.924-926
in bte^ing disorders. 83
in blood coagulation. 838
in newborns, 1002
in shock. 330
insulin effect on. 924-926. 927
intercellular clefts tn, 349
iron storage by. 838
hpids in. ^0. sot

lipoprotein formation in. 619
lobules of. 835
lymph flow from, 836
macrophages in, 55. 835, 836
metabolic functions of. 836-838
nutrients supplied by. 4

physiologic anatomy of. 635-836
proteins in. 915
reservoir function of. 341

tissue macrophage system of, 836
urea formation by. 833, 837
vitamin storage by. 638

Load, and veloaty of contraction, 126

in isotomc contraction, 130

Load reflex. 610
•Lochia." 994
Locomotion, ameboid. 24-25
aliary, 25-26

Locus ceruleus. in depression. 683
tn nSM sleep. 673
in rtticul8ractJvating»y8ten,667-668

norepinephnne release by, ^3
Long acting thyroid stimulator (LATS).

905
Loop of Henle, 393. 400

as countercurrent "raulUpber,” 416
ascending limb of, 393-(^4, 403, 4 17

descending limb of, 393, 403
osmolal concentration in, 417
potassium reabsorption by. 420
sodium reabsorption by. 419
thin and thick segments of. 403

Loudness. 739-740
LRH (luteinizing hormone releasing

hormone), 866
in male sexual function, 963-964
in ovanan cycle. 96ft 977

Lubrication, female, 980
male, 959

Luminosity, 727
Lumirhodopsin. 714
liingis). See also Pulmonary,

Respiratory system,

as blood reservoir, 289
at birth. 999
blood flow through, 289-291
obstruction of. 293-294

blood volume of, 288-289
capillary exchange of fluids in.

292-293, 372
carbon dioxide removal by, 4
compliance of. 468-469
constneted. 476
diffuse sclerosu of, 294
expansion and contraction of, 466-467
interstitial flmd dynamics in, 371-372

Lungfs) (ConUnued)
massive collapse of, 520-521
negative interstitial fluid pressure in
292-293

removal of one, 293
Lung capacity, total, 471
Lung disease, chronic obstructive

491-492
Lung recoil pressure, 467
Lung volumes, 517
Lupus erythematosus, 67
ILutein cell, 971

LuteinizaU'on, 971
Lutcinization inhibiting factor. 972
Luteinizing hormone (LH), 877, 884
in male sexual function, 963-964
in menopause, 979
in ovulatory cycle, 968, 969-972,
977-978

in spennatogenests, 936
Luteinmng hormone releasing hormone

(LRH), 886
in male sexual function, 963-964
in ovanan cycle, 96S, 977

Lymph, chylomicron transport in, 796
flow of, 363-365
as edema safety factor, 368
from liver, 836
from lungs, 371

formation of. 363
Lymph channels. 361
Lymph duct, 361
Lymph nodes, 363
macrophages of, 55
organization of. 55

Lymphatic capillanes See Lymphatics.
Lymphotic capillary pump, ^4
L^pbatic pump. 363-364, 3^
m drainage of potential spaces, 380

Lymphatic system, 361-365
in potential spaces, 379-3SI
perivascular spaces as, 375-376

Lymphatics, 36l
afferent, 55
collecting. 363, 364
eflerent, 55
external compression of, 364
intnnsie pumping by, 364
obstruction of, 369, 380
pulmonary, 287-2^

Lymphoblasts, 63
Lymphocytes, 51

activate, 60
B, 61-65
clones of. 62-63
cortisol effect on, 917
genesis of, 52

life span of. 52-53
T.See Tcellfs)

Lymphoid tissue. 61

lymphocyte spread to, 62
T cell release from, 65-66

Lymphokines, 63, 66
Lysine, and insulin secretion, 930
Lysine monohydrochlonde. for

alkalosis, 450
Lysis, of antigen, 64, 65
of blood clots, 82-^

Lysofemn, 20
Lysosomes, cell, 15-16

digestion of foreign substances by,
20-21. 54

formation of, 22
stabilization by cortisol. 916-917

Lysozyme, in cell, 20
in immunity, 60
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mrMii? iContinueJ)

in inf«<tion. 5t

IaUc comrlf*. “2

Machinery murmur, 323
Microcytp. 45
Mocromotor uniiy, J5|

Mncroph.ifrrt*) octivatjnn of. 66
alveolar. f>5 477

fix«1.5.5

m immune system.

in lymphocy te activabon. 63
phaRocytosis by. 54

properties of. 53-54
response to inflammation. S6. 57
tissue. 52. 54-56

Macrophage mifTrationinhihiUonfactor.
66

M.icula. relinnl. 711

vegtibular. G21 -622, 623
Macula denia, 411

Magnesium, in vascular control, 243
metabolic functions of. 871-872

.Magnesium ion concentnition.
regulation of, 436

Magnet renetion. CIS
Mognocelluhr portion, of red nucleus.

636
Malleus. 73-1

MalnuCntion. effect on metabobe rate.

517
Mutucriusion. 952, 95J
Mnlonyl CuA, 822
Mflltase. 785. 788
Maltose, 787. 788
Mflltotnoee, 787
Mammillary bodies, 679
Manic-depressive psycho«ea.

norepinephnne and serotonin
ystcRis m, G84

Mannitol. 407 4.50

Manometer. 211

Marxinalion, of leukocytes, 53, 56. 57
Mark dme refles, 616
Mass action effect, 240. 815
M.nss dischiirRe, 69I-693
Mass movements, of sm.iU intestine,

7f.7-7tyt

Mass rcfle*. C17
Mast cells, 58, 6.5

hepann release by. B2
.M.isiication, 759-7GO
Maturation, of ovum, 983
of sperm, &S6

M.-iturntinn factor, in red blood cell

formttion, 45
Maturation failure, in red blood cell

production, 45
Maximum breathing capacity, in deep

sea diving, 541
Maximum expiratory flow, 476-477
Mean artennl pressure. 24t-24S
Mean nrcukilory filling pressure, 215
and blood reservoirs, 225
during exercise. 252

Mean electrical axis, of ventricles.
168-191

Mean pulmonary filling pressure, in left

heart fuilure, 309
5feafi liflS vector. 188.191
.Mean svstemie filling presaurc, after

cardiac fuHure. 1^, 309
in cunliur output regulation, 276

ous telorn, 2Sl

Mechanoreceptive aensation. detection

of. 580-581
thalamus in. S90
transmission of, in anterolaterai

system. 582. 583. SK'l-SdO

In dorsal cuinmn-lemniscal system,
582-5S9
m peripheral nerve fibers, 581-582

Mechanoreceptora. 572
adaptation of, 575-576

Meconium. 998
Medial forebrain bundle, 677
tn pain control system, 597
m reward. $80

Medial geniculate nucleus, 741

Medial temniscus, 582, 583. 584
Medial longitudinal fasciculus, tn eye

movements. 729
in steRotyped body movements, 626
in vestibular system. 62J

Medinl motor system, 620, 636
Medial olfactory area. 754
Medial recti, 728
Mvdial vestibulospinal tract, 620
Median eminence. 679. 885-886
Medulla, adrenal. 692-69 ). 909

in vasoconstriction. 210
neural stimulation of. 687. 876

autonomic control by, 695
pyTsmids of. 633
renal. 393.414-416

Medullory reticulospinal tract 620
Medullary sinuses. .SS

Megacolon. 802
Megaesophagus. 798
Megakaryocytes 51
genesis of. 52
platelet formation from. 76

Megalobiasts. 45. 48
.Nfetosis, 955
Meissner's corpuscle. 580-564
Meissner’s plexus. 756-757
Melanin, in Addison's disease, 9^

in reuna. 712-713
secreted with ACTH. 949

Melanocyte-slimolntmg hormone
<MS4I>. 919. 920

Melanorytn, 949
Melatonin, 966
Membrane, nuclear. II, J8
of cell See CeW mrmhraw
oftnilochondnon. 47
permeability of. 93
postsynaptic, in memory. €o9

receptors on. 551-552
synapur excitation of, S55

replenishment of. 22
respiratory, 486-490, 518
selectively penneoble. 95
"short nrcuiting" of. 556

Membrane channels St* Protnn
ekannfts

Membrane potentialfs) See also /Ictioo
pQirnUaUt)

drfiiied, 101
from active transport. 103. 401- IDS
from diffustoo, 101-103
In smooth muscle. 141
measurement of. 103-101
phyiK-s of, 101-104
recording of. 117-118
resting, 10(-I06

in cardiac muscle, ISI
in skeletal muscle, 127
of neoranal socna,B33-5U
of stnoalnal fiber, 166

slow wave rhythm of. 142-443

Membrane stabilizing factors. 117

Membranous labyrinth. 621

Memory. 656-657
consolidation of, 660, 683
physiological basis of, 658-661

reward and punishment in, 681

searching for, 660

storage of, 548
transfer lo opposite hemisphere,
662-663

types of, 657-658
Memory cells, 63, 66

Menarehe, 978-973
Meningitis, headache from, 602
Menopause, 979
Menorrhagia, 903
Menstru.il cycle See Ocarian cyc/e

Menstruation, 976-977
irregular, 979-9S0
prevention of, 087-988

Mercunc ion, 453
Meridional fibers, 690, 704
Merkel’s discs, 581
Mesencephalon, autonomic control by.

695
Mesenchymal tissue, 983
Mesenteric g.nnglia, 757
Mefodemal axis, of embryo. 38
Mesolimbic dopaminergic system, 684

Messenger RNA, 30, 31-32
Mestranol, 981
,Metaholator, 845
Metabolic clearance rate, of hormones,

882-883
Metabolic mass to tissue vasculanty

preporlionalitv, 217
Metabolic rate. 844-648
basal, S47-848
during pregnancy. 991
effect of estrogens on, 674

effect of testosterone on. 063

effect of thyroid hormones on. 900-901

neonatal, 1003
Metabolism, ATP in. 23-24.808-809,

Wl-813
carbohydrate See Carbohydroie

metabolitm
during lactation, 995-996
during pregnancy. 990
effect on interstitial fluid carbon

dioxide pressure, 496
effect on intersUtial fluid oxygen

pressure, 495
enzymes in. 843-844
fetal. 998-999
growth hormone effect on, 887-889

m action potential. 111-112
in cardiac output. 272, 274-275. 27G

in coronary blood flow control,

296-298,299
in cutaneous blood flow regulation, 34o

in exercise, 276. 1009-1014

in hypovolemic shock. 33.1

m newborns, 1002-1003
lipid. See Ltpid melaboli^nt

mitochondria in. 22-24
of minerals, 871-872
of oxygen, 22. 499
protein Protein metabolitm

rate control of, 81.1-841

substrate in. 844
thyroid hormone in. 684, 901

vitamin, 867-871
effect of thyroid hormone oi

fetal, 99S-‘t99
Mela phase, 37
Metarhodopsm. 714

>n.90I
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MeLirtenolcs. 201, 348
Mrthacholmc. 138.696
Mclhoxaminp, 696
.Melh>l mercaptan, 750
Mcth)lpredm8one, 910
Micelles. 782. 783
“ferrjinR" role in absorption, 769,

790, 795
formation of, 789

Microcirculation, 231-232
Microfibrnents, 16

in mitosis. 37
Microglia. 55
Microtubules, 16
MicronlH, 746, 791-792
Mictuntion, 400-462
Micturition contraction, 461
Micturition reHex, 461-462
Micturition mu^cs, 461
AlfFfmOllenan inhibitory factor), 956
Migraine headache, 603
Migrating myoelectric motor complex,

759
Milieu mtfrieur, 3
Milk ejection, e^ect of oxytocin on,

895, 995
rcgulauon by hypothalamus, 679

Milk letdown. 695. 995
Mineral metabolism, 871-872
Mineralocorticoids, 909. 910
deficiency of, 920
functions of, 911-914

Minute respiratory volume. 472, 474
Minute ventricular output curie, 159
Miosis, 733
Mitochondnon(ia). 17-18
chemiosmotic mechanism of, 813-814
effect of thyroid hormone on, 900-901
energy extraction by, 22-24
entry of fatty acids into, 820
in muscle fiber, 122
m terminals, 5^

Mitosis, 18, 35, 36-37
Mitotic apparatus. 36
Mitotic spindle, 16, 36
Mitral cells, 75l
Mitral regurgitation, 319. 320-321, 324
Mitral stenosis. 319, 320-321, 324
Mitral valve, 155

lesions of, 319, 320-321
Mixing movements, 758
in colon, 767
in small intestine, 765
in stomach. 762

Modiolus, 736
Molar concentration, in osmotic

pressure, 95
Monoamine oxidase, 689
Monoamine oxidase inhibitors, for

depression, 634
Monocytes, 51
genesis of, 52
life span of, 52
properties of, 53-54
response to inhammation, 67

Monoglycendes, 789, 795

[

Monoiodotyrosine, 898, 899
' Monosacchandes, 787, 788, 794
Monosynaptic pathway, 609-610
“Moon face," 921

,
Morula. 984, 989
Mossy fibers, 642
Motor aphasia, 662
Motor apraxia, 634
Motor area, primary, 632

excitation of spinal cord by. 636-638
removal of, 638

Motor area (Confi/iuetf)

t»ix>graphical map of. 633-638
supplemental, 633-634

Motor association area. 634
Motor axis. 547
Motor cortex, anatomy of, 632-833

effect of lesions m. 638
fiber pathways to and from. 634-635
in vasoconstriction, 240, 241
in vasodilation. 240
somatic sensory feedback to, 637
\erlical columnar arrangement of
neurons m. 636-637

Motor engram, of rapid motor patterns,
649

Motor functions, 547
cerebellar control of. 643-647
cortical control of. 632-638
of basal ganglia. 626-631
of brum stem, antigravily. 619-621

in subconscious, stereotyped

movements, 625-626
vestibular sensations, 621-625

ofspinalcord Sec Spina/cord re//cxes.

sensory feedback control of, 64^649
voluntary, initiation of, 649

Motor neuron, alpha. 607
anatomy of, 550
antenor. 607
gamma, 607
spinal, 637-638

Motor umUs). 131, 607
asynchronoussummadoR of. 132

Mounuin sickness, 532
Mouth, digestion in. 787-768
dryness of. 431-432

Movementls). ballistic, 645-646
cerebellar control of. ^3-647
circus, 172-175
flexing, 626
hand, 634

of colon, 767-769
of eye, control of, 634, 728-729

fixation. 729-731
oplicokinetic, 730
pursuit, 730-731
raising, 626
rapid motor paltems. 649
rotational, 626
sensory engrams of. 648
stepping, 616
stereotyped. 625-626
turning, 626
walking. 616, 626

Movement receptors. 576
Moving parallax. 708
MSI! (melanocyte stimulating

hormone). 919, 920
Mucin, 772
Mucopolysaccharides. See

Pfoleoglyeans.
Mucosa, 754
Mucous cells, gastrointestinal, 770, 784
Mucous glands, simple vs. compound,

774. 784
Mucous neck cells, 774
Mucus, importance of. 772
in large intestine. 7^
in respiratory passageways, 475
m small intesUne, 784
in stomach. 774, 775-776

Mullerian inbibitoryiactor(MlFX 956
Murmurs, 318-313, 323
Muscarinic drugs, 696
Muscannic receptors^ 689-690
Musclefs), cardiac. Sw Cardiac muscle.
contraction oil See Coatraetionfs}.

Muscle(s) (Continued)

effect of athletic training on. 1013
effect of insulin on glucose metabolism

in. 925-926
effect of testosterone on, 962
effect of thyroid hormone on. 902
endurance of, 1009
glycogen storage in, 810-811, 925
m exercise, 1009-1014

metabolic systems of, 1009-1014
red, 131

skeletal. See Skeletal muscle
smooth. See Smooth muscle.
strength of, 1009
white, 131

Muscle control, muscle receptors in,

607-613
Muscle cramps, 598-599, 617
Muscle fatigue, 1.33, 1011

Muscle fiber, fast vs. slow twitch, 131,

1013-1014

skeletal, 120-122

excitation of, 127, 137-138
Muscle impulse. 111

Muscle jerks, 612
Muscle length, and spindle receptor

excitation. 608-609
feedback control of, 610

'Muscle pump,” 223
Muscle receptors, 607-613
Muscle spasm, as cause of headache, 603
as cause of pain, 594. 598-599
drugs causing. 139
from lesions of motor cortex, 638
spinal cord reflexes causing, 617

Muscle spindle, 133, 607, 608
continuous discharge of, G09

ID voluntary motor activity, 611-612
innervation of, 608
receptor function of, 608-609
signal averaging function of, 610
structure of. 608

Muscle tension, active vs. resting, 126
detection of, 612-613

Muscle tone, inhibition by basal ganglia,
62S

of skeletal muscle, 132-133

of smooth muscle, 146

Muscle tremor, effect of thyroid hormone
in. 902

Muscle twitches, 130-131

Muscle weakness, from hypokalemia,

912
Muscular dystrophy, swallowing dis-

orders in, 793

Musculans mucosae, 754-756. 766

Musculoskeletal system, in

homeostasis, 4

Mutation, 36, 38

Myasthenia gravis, 129

swallowing disorders in, 798

Mydriasis, 733
Myelin sheath, 114

degeneration of, 863
Myentenc plexus, 756-757, 758-759, 768

Myenteric reflex, 759

Myocardial infarction, 300
acute, death from, 300-301
heart function following, 302

recovery from. 301-302, 307

old recovered, 195
subendocardial, 300

Myocardial ischemia, in aortic valvular^

disease, 320
ventricular fibnllalion from, 17

Myocardium, in decompensated
failure, 308-309
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Mjpcafdiura iConlinued)
infirction,

yr?
M>Oppilliclial Cflh. 5M’*

Mjufibnh. 121-12J
MyvReDir mtchamsm. 413

MjTJk.'l<ibin. 46

Mvtfpta. TOO
M>asin in nm«l>oid Irjcomotion. 24

in mitosin. 37
of. 123

M>o9in (ro*s brideps, 121. 123. 121-12:>

M)«im filnmenls, 121

chamcterstics of. 123-124

in mu»clp conlruction. cardiac. IW)

skclrul. 124-126
irTnooth 141), 141

M>c.sin head. 123-121

in fikclc)n\ miiftcW, 123

In smooth muiiele. 143-144

Mjotalir nfflex, 603-610, 612

cmbfllum in, 644
Myjcfdemn 907

NAD IwfohTiamidf ndenine
dmucloolldc), 812-814. 868

NADI’ (nicolmamida adjoins
dinucicoude |>hoaphat«), 816. 868

NaKATPasc. 901
Na K pump Sec Sodium potassium

pump
Natnuirsia, {or easenlial hypertension,

270
from diareticB, 4'j9

prrssurv, 457. 2.*)8'2C0

Natriuretic factor atnnl.427
Nausea, 864
N«ar-ei|{hicdne*i. 706
Neck, joint receptors of. 625
Neck rfflcxes. 6i5
Necrosis tissue in severe shock, .330

tubular, acute renut failure in. 4'/i-4S3
from *h«k .3.34

Negutive feedback, in control tyslcm,
0

in Riomcrulnr filtration rote.412-413
m hormone secretion 879

of operon. 34

Nrocercbellura, (>39

Nencortex.677
Neonate See also /n/'an(

adjustments to estmulrnnc life.

999-1001
cyanosis in. 32.1-324, 522
nutntion of. 1001
special functional problems in,

llVU-lOOt
Neosticmine. 139, 696
Nnmtrintum. 627
damoKe to, 629
function of. G28

Nephrons S<^ also Tubu/ej.
cortical. 391
function of. tfik*!

in renal f.iilun*. 453-454
juetameilolkry. .394. 414
structure of, 391

Nephrcucleroais, hrniftn, 453-454
Nephrosis, edema in, 369
hpoid, 457-458

Nephrotic syndrome. 457-458
Nemvt e«iuaUfin,ftl. 102.554
Nemsi ix,irntisl. lOl, 102

deafness, 743.714

Ner\-e flberts). centnfugal. 566

excitahility curve of, 1 16- 1 17
"fast“ and “alow" pain, ^4
Kamma motor. See Gamma motor

neife/i6crs.
heat production by, 112
myehnated, U4
physiolomcat clauiiflcation of,

578-579
"rcchafRinR'' of. 111-112
saltatory Cfinductian trt, 114-tlS
siRnal transmiMion in 111-115,

562-563
transmission of tactile sensations in.

581-582
unmyelinAted, 114

“Nerve" Ras. 139
Nerve impulses. Ill, 112,562
and aiRna) strensth. 562-56.1

energy for condoction of. 8(1-842
rate of. 574-575
transduction of sensory stimuli into,

573-576
Nervi engentes, 687
Nervous system See also Aalonomie

nertous system. Ctntrat nervous
system tCNS)

effect of thiamine deficiency on,
867-668

enlenc. 7.56-758. 770
fetal. 998
general design of 546-&f8
m arterial pressure regulation
247-253

in homeostasis, 4
information processing in. 547-548,
562

integrative portion of. 4. 5(7-548
memory and. 549
motor portion of 4 547
penphernl m alkalosis. 449
sensory portion of. 4 . 516-517
stabilitntion of. 569-571
vs electronic computer. 549

Neural adaptation, to light. 717
Neurogenic hypertension. 269
Neurogenic shock. 332, 335
Neurohypophysis. 884. 893-89.5
Neuromuscular junction. 136
drags affecting. 138-139
fatigue of. 138
of skrletoi musete. 136-139
of smooth muscle. 14 (-143
physiologic anatomy of. 136-137
safety factor at. 138

Nroromuscular transmission, 136-139
Neuron, anatomy of. 550
dynamic, 637
excitatory stale of, 559-960
facilitation of. 558. 651
cenlnfugal control of. 566

firing rate of, 559-560
inhilntory, 5^
motor, alpha, 607
anatomy of, 550
anterior. CD7
gamma, 607
spinal, 6^-638

postganglionic. €87-588
drugs stimalabng. 896-697

posUynapbc, 549. 551-SK
preganghonic. 637-688
presynapbe. 549-531
stabc. 637
synaptic fandiona of. 549

Neuronal circuits, inhibitory, feedback.
570

Neuronal circuits (Contmued)
gross control by. 570
lateral, 566-567
reciprocal, 565

instability and stability of, 569-571

osallatory, 567-569
reverberatory. 567-569

Neuronal columns, 726
Neuronal excitation, etecincal events

during, .‘j.63-556

receptors in, 550, 552
role of dendntes in. 658-539

threshold for, 556, 559-560
Neuronal inhibition, electrical e\enl»in

&36
receptors m. 550. .5.32

Neuronal pools, signal transmission in,

56.3-569

Neurophysma, 891
Neurotensin, 886
Neurotransmitters, at smooth muscle

neuromuscularjunction, 144

defined. 548
excitation by, 116. 551, 632

inhibition by. 531, 552
release of. .350-5.31, 553
removal of, 5.32

substances that function ns, 652-553

synaptic modulators, 5r>2

synthesis of. 551
Neutrsluation, of antigen, 61 63

NeutrophiKs). phagocytosis by. 54

polymorphonuclear. 51
properties of. 53-54

response to milammation, 56-57

Neutrophilia, 56 , 67
Niucin, 868
Nicotinamide adenine dinucleolide

(NAD*), 812-814. 868
Nicotinamide adenine dinueleotids

phosphate (NADP‘), 816, 868

Nicotine 138
Nicotinic acid, 868
Nicotinic drugs. 696-697
NicoliniL receptors. 689, 690
Night blindness, 714
Nigrostnatal tract, in Parkinson's

disease, 630
Ninth nerve, 687
N'llralee, xeabsocption of, 405, 406

Nitrogen balance. 862
Nitrogen narcosis. 6.77

Nitrogen pressure, in deep sea diving,

M7. .3J9-641
in entrapped air. 625

Nitrogen volume, in deep sea diving.

539-540
Nilroglycenn, 302
Nitrous oxide, in coronary Mood flow

measurement, 307-304
Nociceptive reflex, 613-614
Nociceptors, 572
Nocturnal emissions. 939
Nmlat fibers, 167-168
Node of Ranvier. 114

Norepinephrine, as adrenergic drug,

696
as neurotransmitter, .3,>7

ot smooth muscle neuromuscular

junction. 144
denvabon of. 878
general nature of. 876

in action potential. 116

in anaphylactic shock, 335

in autonomic nervous system.

688-690, C92-691
In brain acbvntion, 684
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Norepinephrine (ContinucJ)

in cardiac failure, 300
in cardiac impulse transmission. 171

m control of hronchioJes, 475

in coronary blood flow, 293
in cutaneous blood flow regulation,

W4-345
m depression, fK%J»684

m fat utiliralion, 824
in hjpertension, 2G7
in muscle blood flow ri-gulalion. 337
m vasoconstnetor sjstem, '238'24l

artenal, 253
secretion of. 909

Norethindrone. 931

Norelhynodrel, 981
Norgcstrcl, 981
Nose, in smell, 749-750
respiratory functions of, 477

Nuclear bag fibers, 603
Nuclear chain fibers. G03, 609
Nuclear envelope, 18
Nuclear membrane, 11, 18
Nuclear pores, 18

Nucleic acid, 19
NucleolubO), 18

nbosome formation in, 31
Nucleoproteins. 12
Nucleotides. IlNA, 28
RNA. 29-30

Nucleus. 11

evolution of, 19
structure of, 18

Nucleus ambiguus, 505
Nucleus of the troctus solitarius. in

respiration, 504
in sleep production, 672
m taste, 747

Nucleus parabrachialis, S03
Nucleus precommUsurahs, 626
Nucleus retroambiguus, 50.5

Nutrient demand theory, 233-234
Nutrients, absorption of, 794-796
capillary diffusion of, 350-351
energy extraction from, 22-24
in exercise, 1012-1013
in extracellular fluid, 4

Nutrition, during pregnancy. 990
of embryo, 983
of infant, 1003
of newborn, 1001

Nutritional regulation, 863, 864
Nystagmus, cerebellar, 047
pathologic, 731
vestibular mechanism for, 625

0 A-B blood groups. 70-72
Obesity, 824, 865-866
caused by cortisol. 916
hereditary, 824. 865
psychogenic, 865

Occlusion, 951
Odontoblasts, 951
Odor bhndness, 750
Ohm’s law, 208
Oleic add, 818
Olfaction, 748-751
Oligomenorrhea. 903
Olivocerebellar fibers. 635
Olivccerebellar tract, 640
Oncogenes, 38
Oncotic pressure, 221, 356
On-off response, to light intensity,

722-723
Oocyte. 983

Oocyte maturation-inhibiting factor,

969
Opening shock load, 534
Operator, artiv'ator, 31

repressor, 33-34
Opercular insular area, 748
Operon, a3-34
Ophthalmoscope, 70S-709
Opiates, m pain control a>stein, 597
Opsins, 716
Opsonization, 20
by neutrophils and macrophages,
53-54
m complement cascade. G5

Optic chiasm. 724
destruction of, 728

Optic disc, 728
effect of high cerebrospinal fluid

pressure on. 376
Optic nerve, destruction of 728
m visual palliway, 724
signals Iransmilled through. 722-723

Optic rudiation. 721
destruction of. 728

Optic tracts. 724. 725
lesions of. 728

Optical tnstrumenU. 708*709
Opticokinetic movements. 730
Optics, of eye 703-708
physical pnnoplesof. 700-70.1

Orbitofrontal area, 676, 68J
Organ of Curti. 735. 738-739
Org.m transplantation, 74
Organelles, evaluation of. 19

of cjtoplasm. 14-18
Orgasm, female. 980-981

male, 960
OnentaUon, afh€ad.6'2t‘622
of lines and borders. 726

Ornithine, 833
Oscillatory circuit, 567-569
Oscillometer, 245-246
Oscilloscope, cathode ray. 117-118
electrocardiogram recording with, 179

Osmolality, 95-96, 388
extracellular fluid, 428-433
m vascular control. 213
of body fluids. 389-389. 390-392

Osmolar clearance. 417
Osmolanty, 96. 388
Osmule, 95-96. 388
Osmoreceptors. 429-431. 694
Osmosis. 387-388
across selectively premeablc
membranes, 94-97

rate of, 33S
through tubular epithelium, 401

Osmosodium receptor, 129-431
Osmotic diuresis, 422
Osmotic equilibrium. 389-390
Osmotic pressure. 95-96

colloid See Colloid osmotic pressure

total, 356, 389
Osmotic pressure gradient. 96-97, 331
Osmotic regulation, of ADIl production,

893-895
Ossicular system, 734-735
Osteitis fibrosa cystica, 949
Osteoblasts, 941, 942, 943, 943
Osteoclasts, 942-943, 943
Osteocytes. 941
Osteocyric membrane system, 943
Osteoid, 94]
Osteolysis. 945
Osteomalacia, 950

in renal failure, 453
Osteon, 943

Osteoporosis, 950, 974
Osteoprogenitor cells, 943, 945
Ostium, of fallopian tube, 98.1

Otoliths, 621

Otosclerosis, 744

Oval vvindow, 736, 737
Ovarian cycle, 969-972
anovulatory, 978
fertile period of, 981
psychic factors in, 977
regulation of, 977-979
suppression dunng nursinjf. 995

lh>raid hormone effect on. 903

Ovanan follicle, 968-970, 978
Ovanan hormones, 968
abnormalities in secretion of. 979-980
functions of, 972-977
interplay with hypothalamic pituitary

hormones. 977-979
relaxm, 989-990
target tissues of. 876

Ovanes. 968
Overdnve suppression, 170, 199

Overflow dnbbling, 462
Overshoot potential, 151

Ovulation. 970-971

lack of. 978, 981-9S2
suppression of. 9SI

Ovulatory surge 971
Ovumla), fertilization of. 983.*984

implantation of, 984-985
maturation of. 983
number of. 968

pnmordial. 968
transport of, 983 984

Oxalate ion, as anticoagulant. 81, 85

Oxaloaceue acid, 812
Oxidases 16

Oxidation, beta, 620-821
control of, 815

m energy release. 129-130

of acetil CuA, 821
of dcaminated ammo acids. 633

of fatty aads, 820-821
Oxidative enzymes, 23
Oxidative phosphorylation, 813-814

Oxidizing agents, in neutrophils and
macrophages, 54

Oxidizing free radicals. 638-539, 543

Oxygen, alveolar, 289
energy equivalent of, 845
hemoglobin bmding of. 46, 496-497,

501-502
at different altitudes, 529. 530-531

m blood flow regulation, 3cut«.

232-234
arterial, 250
long term, 236

pure, breathing of, 529, 542
recycling of, 535

Oxygen concentration, arterial. 503-509,

513
in alveoli, 485. 490-492
in extracellular fluid, 5
in regulation of vasomotion. 349

Oxygen consumption, in exercise. 1014,

1016
myocardial, 297-298

Oxygen debt, 843, 1011-1012
Oxygen deficiency, m alveolar

ventilation. 509-511
in cerebral blood flow regulation, 339 -

in irreversible shock, 331
in respiratory control, 509-511

Oxygen demand theory, 233-234.
296-297

Oxygen diffusion, capacity fur.
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Oxygen diffusion {Continued)

from capillaries to cells, 49*5

from capillaries to interslilial fluid,

494-493

in athletes, 1014-1015

through placental membrane, 996-987

Oxygen, Ftck method, 284

Oxygen poisoning, 500

in deep sea diving, 537-539

Oxygen pressure. 493-49C

and rate of oxygen usage, 499

at high altitude, 528-532
determination of, 517

in deep sea diving, 537-5'i9

in entrapped air. 525

in respiratory control 606,508-511

Oxygen therapy, for hypoxia, 523-521

for shock, 334

hyperbaric, 543

in premature infant, 1004-1005

Oxygen transport, abnormalities of, 518
end red blo^ cell production, 43-44

effect of high oxygen pressure on,

637-533
in arterial blood, 491

in dissolved state, 490-500

in exercise, 494, 497

m pulmonary blood, 493-49-1

Oxygen utilization, at high altitudss, 531

by cell, 499
Oxygenators, 321
Oxygen-hemoglobin dissociation curie,

496, 496-499
Oxyntie ceils. 774

Oxyntie glands. 774-775
Oxyphil cells, 944
Oxytocin, 877, 884

chemicfll nature of, 693
effect on uterus. 895, 992
fetal, 992
in female orgasm, 980
in milk ejection, 695. 995

P 4000, 795
P vectorcardiogram, 188

P waves. 154, 177 178. 187
Pacemaker, abnormal (ectopic). 169-170

artificial. 199

S-A node as, 169-170

Pacemaker waves. 143

Pacinian corpuscle, adaptation of,

575-576
in joints, 588. 589
receptor potential.of, 574
stimulation of, 581

PAH (para aminohippunc acid), as
measure of plasma flow, 408

transport by renal tubules, 405, 406
Pam, abnormalities of, 601-602

acute, 592,694-595
detection of, 593-594
headache, 602-603
localization of, 596, 599-600
measurement of, 592-593
'parietal,” 599, 600-601
purpose of, 592
referred. 598. 600
slow. 592, 591-596
thalamus in. 590
transmission of. 594-596
visceral, 598-601

Pam control system, 596-598
Pam inhibitory complex, 697

psthways, 594-596

Pain n-ceptors. 593-59

1

in thermal sensation, €03-501
Poin reflex. 613-614
Pam threshold, 592-59)
PaleoceTtbeUam, 639
Poleocortex. 677
Palmitic acid, 818
Poncreas, hormones of, 877

piiin in, 600
physoiogic amitaniy of, 9*23

secretions of, 770, 778-779
Pancreatic amylase, 779, 788
Pancreatic lipase, 779, 789
Pancreatic polypeptide. 923, 932
Pancreolilis, 779, 801
Panhypopituitarism. 891
Panting. 513. 853
Pantothenic acid. 870
Papillae, of Vater. 801

renal. 391
Papillary muscles, 156
Papilledema, 376
Para ftmmohipponc acid (PAII). os

measure of pinsmn flow, 408
transport by renal tubules, 405, 406

Parachute jumps, 531
Parafollicular cells, 9 17

Parohippooampal gyrus. C7C
Parallax, moving. 708
Paralysis, diver's. 540

familisl penodic. Il7. 131
from (hiamme deficiency. 1*68

of respimtory muscles. 471
Paralysis agitans 629-631
Paracdfactury area, 676
Parasympathetic nervous sistem,

bladder control by, 460-461
bronchiole control hy. 475

cholinergic and adrenergic fibers in.

683-689
denervation supersensitivity with,
C93-691

effects on specific organs. 690-692
excitatory and inhibitory effects of,

690
gastrointesUnal innervation by. 757
heart control by. 160-161. 170,238
m coital lubrication. 959. 980
in defecation. 768
m erection, 959. 980
in gastroinlestinol secretion. 7TO-771
in pancreatic secretion, 780
in pupillary light reflex, 733
m salivary secretion. 773
mass slimulaticm by, 694-695
physiologic anatomy of, 687-688
receptors ofeffectororgansin, 689-690
stimulus rate in. 693

Parasympathetic potentiators. 696
Parasympathetic tone. 693
Parasympathetic transmitters. 688
Parasympathomimetic drugs, 696
Parathormone See Panthyrmd

hormone
Parathyroid gland, diseases of, 9 18-950
during lactation, 996
dunng pregnancy, 989
physiologic anatomy of, 944

Parathyroid hormone, 877, 943-9 16
control ofealaum ion concentration

by, 436, 948
for bypuparathyroidiam, 949
m calcium absorption, 793
in phosphate ion concentration, 436
in vitamin O metabolism, 938

Parathyroid pouoning, 949

Paruvcntncular nuclei, 679

P.ir.Tvertehral sympathetic chains, C87

Parietal cells, 774
Parietal pathway. 600
Parietal peritcincutn.38Q

Parkinson's disease, 629-631

Parotid gland, 772
r.irnxysmnl tachycardia. 201-202

Pars intermedia, 884. 919
Partial pressurt'(s). 482
alveolar, 48.5, 490
effect of high, 637-541

high altitude effect of. 528

in deep sea diving, 5.37-541

Portuntion, 991-991
Parvncellular portion, ofred nucleus. 6.16

Passive transport, in renal reabsorption,

401-402
P.ist pointing, 647
P.1tent ductus arteriosus, abnormal

pressure pulse contours in, T26

at birth, 322, lOOO

closure of, .'K'i, lOOI

hypertrophy of heart in. 324

machinery murmur in. 323
persistence of, 322-323

surgery for, 323
Pellagra. 868
Pelvic nerves, 687
bladder innervation by. 460. 461

in defecation, 757, 768
Pelvis, renal, 393.391
Penis, 958-959
Pentagostnn, 777
I’entolinium. 698
Pepsin. 775, 790
Pepsinogen, 774, 775
Peptic cells, 774
Peptic ulcers, COO, 778, 799-801
Peptidases. 785. 872
Peptide chains. 829
Peptide hormones, 878

in gastrointesUnal blood flow, 342

Peptide linkage, .32-33. 787, 790, 829

Peptidyl transferase, 32
Penaquedttctft! gray area, in pain con

trol system. 596-595
Pencardial cavity, 380
Pencardial fluid. 191

Penlymph, 739
Perimetry, 728
Pcnodic breathing, 514-515
Periodontal membrane, 951

Penphernl nervous system, in alkalosis.

449
Peripheral regulation, of food intake,

86-1-865

Penpheral resistance See Vascular

resistance, total peripheral

Peripheral resistance unit, 211

Penpheral venous pressure, 221-222

Penstalsis, 758-759
antral. 763
in colon. 767-768
in esophagus. 761
in small intestine. 766
in stomach, 763
primary vs secondary, 761

Penstaltic constrictor rings, 763

Peristaltic reflex. 759
Peristaltic rush, 766
Penstaltic waves. 766
Peritoneol cavity. 360-381
Peritoneointeslinal reflex. 769
Peritonitis, abdominal muscle spasm in,

617
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Peritonitis (Continued)
chemical, 80l
septic shock from, 333

Peritubular capillary network, 394,
395-396

Perivascular space, 375-376
Periventricular nuclei, in pain control

system, 597
in punishment, 680, 681

Permeability, capillary, 242
in edema, 369-370
in potential spaces, 380
in shock, 329
relative, 350-351

of membrane, 93
selective, of cell membrane, 95
of protein channels, 91

Permissive level of pumping, 272-274,
276

Peroxidase, 893
Peroxisomes, 16
formation of, 22
in neutrophils and macrophages, 54

pH, 439

calculation of, 440
intracellular, 439
measurement of, 450
of blood, 502
determination of, 517
in respiratory control, 508, 509-510,
511

of extracellular fluids. 442-443
of unne. 448

PhagocyUc vesicle, 54
Phagocytosis, 19, 20
by neutrophils and macrophages, 31,
53-64

in complement cascade, 63
Phagosome, 54
Pharyngeoesophageal sphincter, 760
Pharynx, in swallowing, 760-761
Phasic receptors, 576
pH-bicarbonate diagram. 450, 459
Phenoxybensamine. 696

;
PhentolamiQe, 696

I Phenylephrine, 696
: Phenyllhiocarbamide, 746

Pheochromocytoma, 267
Phlorhizin, 794
PhonaUon, 478
Phonocardiogram. 154, 318, 319
Phosphagen system, 1009-10X0, 1011
Phosphate, absorpUon of, 937, 939,

945-946
excretion of, 937, 945
fetal metabolism of, 998
in ATP, 23
in bone, 941-942, 944-945

[

m irreversible shock, 331
reabsorption of. 405, 406

Phosphate bonds, high-energy, 23, 29
Phosphate buffer system, 441, 446
Phosphate concentration, m extra-

cellular fluid, 940. 944-946
m rickeU, 950
regulation of, 436

Phosphocreabne, 129. 842, 1010
Phosphofructokinase, 815, 924, 928

*• Phosphogluconate pathway, 816
Phospholipase, 779, 790
Phospholipids, 824-825
absorption of. 795
digesUon of, 789-790
formation of, 825
in blood clotUng. 79-80

Phospholipids {ConUnued)
in cell membrane, 13, 826
in chylomicrons, 818
on platelets, 76, 80
uses of. 625

Phosphoric aad, in DNA, 27-28
Phosphorus. 872
Phosphorylase. 811, 924
Phosphorylation, of glucose, 810

oxidative, 813-814
Photopsms, 716
Physiology, categories of, 2
defined, 2

Physostigmine, 139. 696
Pia mater, 375, 377
Piezoelectnc effect, of hoae deposition,

943
'

PIF (prolactin inhibitory factor), 886,
995

Pilocarpine, 696
Piloerecbon, 855
Pineal gland, 966
Pmocyiic channel, 349
Pinocytic vesicle, 19. 20, 349
Pinocytosis, by cell, 19-20
in viUi, 791
of secretory vesicles. 138

Pitch, 739
Pituitary diabetes. 889
Pituitary factor, unideotiflcd, 914
Pituitary gland, 864-885
anterior. 884

cell types in. 685
in pregnancy, 989
psychosomatic effects transmitted

by. 685
hypo^alamic control of. 679, 885-887,

963-964
neural stimulation of. 876
posterior. 684. 893-895

Piluiiary hormones, 877. 884
Pituitary stalk, 884,893
pK. 440
Place principle, 739
Placenta, anatomy of. 985-986
blood flow through, 990
estrogen secretion by. 877. 988
function of. 985-987
permeability ofmembrane of. 986-987
progesterone secretion by, 877.

988-989
separation and delivery of, 993

Placental lactogen. 989
Placental villi, 985-986
Planning function. 646
Plaque, dental, 952
Plasma, 88. 208. 383
calaum in. 939-940. 947-948
fluid movement between interstitial

fluid and, 352-359
loss of. hypovolemic shock from,
331-332

phosphate in, 940
potassium concentration in. 421
transfusion of. in shock, 334
urea concentration in. 418
volume of. 383, 385

Plasma ceils, 51
antibody formation by, 63
genesis of. 52

Plasma clearance, 407-408
Plasma colloid osmotic pressure, 22,352,

1^, 356-357
m edema. 369, 380
in fluid volume excretion, 422-423

Plasma membrane, 121

Plasma proteins, binding of thyroid
hormones with, 899

carbon dioxide combined with, 501
cortisol effect on, 915
formation of. 837
m edema, 368-369
in nephrotic syndrome, 457-458
metabolic roles of. 831-834

Plasma substitutes, 334
Plasmablasts, 63
PLasmtn, 82-83
Plasminogen, 82
Plateletls), 51

charactenstics of, 76-77
genesis of. 52
in clot retraction. 78-79
life span of. 53
low level of. 83-84

Platelet plug, 76. 77
Plethysmograph. body, 516-517
Pleural cavity, 380
Pleural effusion, 191

Pleural pressure. 467
Pneumonia. 520
Pneumotaxic center. 504. 505
Poiseuille's law. 212
Polar body. 983
Polarography. 517
Polycythemia, 49-50
Polydipsia, 9.34

Polymenorrhea. 903
Polymorphonuclear cells, 51. .52

Polypeptides, in immunity, 60
Polyphagia, 934
Polynbosomes ,32

Polysaccharides, 787
Pulyuna 934
Pons, autonomic control by. 695
Pontile nuclei, 640
Pontine reticulospinal tract, 620
Pontocerebellar fibers, 635
Pontocerebellar tracts. 640
Po-Pto

. Va/Q diagram, 490-491

Pores, capillary, 349, 350-35J
cell membrane, 13

nuclear, 18

Portal circulatory system, 340-313
Portal obstruction, 342-343
Portal venous pressure, 342-34J
Portal venules. 835
Position sense. 580. .588-539

of scratch reflex, 617
Positive feedback, in brain edema, 340

in control systems. 6
in progressive shuck. 328, 3.30

Positive supportive reaction, 615
Postcentral gyrus. 584. 585. 747

Posterior piluiUiry giand. 884. 893-09.3

Postenor pituitary hormoneh. 877 884

Postganglionic neurons. 687-688

drugs stimulating. 696-697

Poslsynaptic inhibition, cli-ctncal

events, in, 556
receptors in, 550. 5.52

Poslsynaptic membrane, in memory, 6.'»9

receptors on. 351-552
synaptic excitation of. 5.*>5

PosLsynopuc neuron, 549. .V>l-5.'»2

Poslsynaptic poicnUals. cxotauiry, 5.5,5

inhibitory, 5.56

summation of. 555, 557-558, ,559

time course of, 556
I’ost tetanic faaiitaUon. 560, 653
Post tetanic potentiation theory, of

pnmary memory, 658
Postural reflexes. 615-616
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Postural reflexes {Conlinurd)

M-stibuldr. 623
Postxirc, nnd barorcceptor*. 21S
cerebellum in. &n*CU

Potassium channels. 01

in postaynaptic membrane, 631

m Binootrini fibers. 166

vallaRc Ksted. 100-108
Potassium ion(a). and membrane eieit

ability, 117
excretion of, 420-421
in brain intersUUnl fluid, 077

m excitatory postss-naptic polenli.nl.

555
in heart function. 162
in inhibitory postsjTinptic potentioN

5.56

in saliva, 772- 773
m vascular ronlral, 241
Nernst potential for. 101, 102, 105

tubular secretion of. 401, 401. 403-406,

434,011-312
Potassium ion concentration, across

neuronal sorn.nl membrane. 5>4
effect on nldosleronc secretion 91J
reflation of 411-1 15

Potassium loss, durins exercise. 1018
Potassium sodium "leak" channels. 105
Potential enerw of pressure, 137
Potential spaces fluid circuialion in.

379-381
Power Idw. 677, 739-740
Power stroke. 125
Pi’ colls. 923. 932
P q interval. 179

prolonged, IBS
P K interval, 179

prulenged, IBS
Praciolnl,696
Precapillary sphincter. 231. 2.33. 348
Precentral gyrus, &33
Precipitation, (rravtutiena!. 477

of antigen. 61
turbulent. 477

IVecursor secretion, of sweat gland, S32
Predictive functions, tetcbellum in.

646-647
IVednisone. 910
Preeciampsia 991
Preferential channels, 231, 348
Prefrontal areas, ew
Preganglionic neurons 687-689
Pregnancy, hormonal factors in.

987-990
response of mother's body to. 990-991
toxemia of, M9, 991

Pregnanediol. 973
Preload. 159
Preluniirhodopsin, 714
Prelymphatics, 381
Premature contractions, 175, 199-201
Prematunty, 100-1-1005

Premotor area, 632-633, 634
Preoptic area. 679. 85.3-851

Preprohorraone, 678
Prepynform area, 761
Presbyopia, 701-705
Pressoreceptors. 247
Pressure. See also Arlerial pressure:

Blood pressure. Capillary
pressure

ntnal. lcn,28S, 291

right. 221-224, 282-284. 307, 308
barometne. 528
cerebrospinal fluid, 376

'closing, 214

Pressure (CsrnlinaeJl

gas. 492-48.1. 490
glomerular. 399
inlerstitiai See JritersMuil fluid

pressurr,

tntra alveolar, 467
intruocular. STl-.T??

inlnipltural. 467
mtrarena). 396
mKhnnurtcepUve sense of. .V*0

oncotic. 22). .156

«.motiC. 95-96. 3*8

rollout SreColU»doemfitlipreifure
total. STiO 3.4'J

IKvtentiAl energy of, 107

pulmonary wr^ge 2.*8

reabsorption, 3.5*

respiratory. 4G7-46H
stillc. 215
vnpor. of molrr. 48i-4jCl

At high altilude.

vrnlriculat. 15*- iW 2b.v

water. 517
wedge, 28.*

yield. 214
Pn-ssure bufrer system .MI-219
PreHSure difference, eUrct on diffosiun

91

Pressure diuresis 257 2‘>8-26l>

Pt*i«ute natrturesis 257 i5n.2tO
Pressure polsetsl in arlene* 22.5-22*

m veins. TiN-gji
Pressure pulse contours 225
obnurmai. 226
in pulmon.'ir) artery 28*
in fight vcntncle 2*8

[“resiurr sodium relationship,

m essential hyperiensiua. 270
Pressure volume curves See Volume
pressure euries

Prestitinl nuchus 626
IVettnale cortex 727
Presynaptic faclliution in primary

memory. 6.58

Presynaptic inhibition, 5.56-6.5?

in pnmary tnemory, 658
Presy naptic neuron. 349-551
Presynaptic lermitinls KiO-551
acetylcholine secretion by. 137
in memory 6.59

Pretectal nuclei. 724
Preverlebrnl sympathetic ganglia. 757
PRF Iprolartin releasing factor). f>95
Pnmar) auditory cortex. 65.1. 741-742
Primary ending. COA-609
Pnmory motor oreo. 6.12

exaiatinn of spinal curd by 639-638
removal or,63.S

topographicnl map of. 63.1-618
Primary olfactory cortex, 731
Pnmary orgnniter, of embryo. 38
IVimaty eecretion. of sweat gland. 1*52

I*nmnry sensory nreas. 652-653
Pnmary somatic sensory area, 652-653
IVimary visoal cortex. 653. 725-72.1
Procome, 117
Procarboxypolypepttdase. 779
Prociuigaiantx, 77
Proerythroblast. 43. 4 4
Progesti rone, 877, 972
chfwwslty tif.873

degradation of. 973-974
effect on FSII and Ul, 977
effect on ulenncronlractihty, 911-992
functions of. 975
in breast development, 974. 994

Progesterone {CVinfinurt/l

in endometrial cycle. 97fi

prptlucrd by ovaries, (*68

secreted by corpus luteum, 972
Secreted by placenta.

suppression of fertility by, BSl

synthesis of. 973

transport of, 973

Progestins, 972.973
Proinsubn, 921
Prolactin, 877. 8*4

tn larlalinn. 9'M-99j
in testosterone pradocliofl. O'*)

IVoUcUn inhibitory factor (PIF;. S’*"-.

9U5
I’rolaclin releasing factor (PRF), 995

IVolyl hydroxylase. 87U
l‘romeiaph.xse, .17

Promoter 33
Pnmuelcus. 9*4

I’rophase, 36-3?
l*n>p©tWonality factor, ."VIS

Propranolol, R'vS

for angina fwetons, 3W
IVopnoceplive sensations. fW, 625
Propnoceptors. ifi nrek. 62.5

I“ropno«pinal fil'crt. 607
I'ropulsiiF movements, tn gasto

intestinal tract. See PmiWJsis.

1‘ropy Uhtourunl.^
I'roserreOn 7K)
I‘rovophrno«ia, &5i5-&5<r

ProsUghndins asseennd messenger.

8*1

as vasodilator agent, S13-24S
frto], e')2

In fever 859
in seminal vesicle*. 057

synthe*!* of, 76

l“n»late gland, 95-1, 657, 964*965

Privstnlie docta, 954

Protamine. 8.5

IVctanope, 718-720
I'roteinlsl abwirption of. TlM-PK
activator. 31

basic pTTvpertj** of. btJU

earbfthjfdrate formation from. 816-817

carrier See Comer profeins •

channel, 88-89
ctimplete, 8.1.1

compimltion of. 787
content in diffmnt foods. 861

daily refiuirement for, 862

depletion of. 866. 928-929
digetuon of. 790
dynamic action of, 846
effect on metabolic rate. 816

Rbnilar. 1

1

globular. 11-12
histone nnd nonhistone. 36

m cell. 11-12
vn ceil jnenshrane, 13-H. 88-89

in interstitial fluid, 363
control of. 365
in edema safety foelori 368

n liver, 915
incomplete, 831
integral. 13-14
obligatory degradation of, 83.1-834

partial, 8.13, 862
penpheral, 13, 14

plasma. S« Plasma proteins.

renbsorption of, 404-405, 406

receptor, 651
m smooth muscle, 144

in synaptic fatigue. 570-571



INDEX 1047

Protcin(8) {Continued)

surface. 62-63

repressor, 33-34

storage of. 831

effect of insulin on, 928
structural. 11

transport, 83-89
triglycerides synthesized from, 823
use for energy, 832-833

Protein buffer system, 441-442
Protein channels, bulk flow of water

through, 96
diffusion through, 91

gating of. 91-92, 137

in effector organ receptors, 689
m postsynaplic membrane, 551

Protein hormones, 873
Protein kinases. 552
Protein metabolism, 829-834

effect of cortisol on, 915
in Cushing's syndrome, 921

effect of estrogen on, 975
effect of growth hormone on. 887-888
effect of insulin on. 928-929
effect of progesterone on, 975
effect of testosterone on, 834
bserm, 837-838
rate of, 862

Protein sparers, 334, 862
Protein synthesis, effect of estrogens on,

974

effect of growth hormone on, 887-883
effect of insulin on. 928
effect of steroid hormones on. 881
effect of testosterone on. 962
effect of thyroid hormones on, 900
ribosomes in, 21, 31-33

fVateinases, £99
Proteoglycans, in bone, 941

in cell membrane. 14
m interstitial spaces, 370

Proteolytic enzymes, in blood
coagulation, 80

in phagocytosis, 54
in saliva, 773
in sperm, 955, 958, 983

Prothrombin, conversion to thrombin, 78
decreased, 83

Prothrombin activator, 78, 79-82
Prothrombin tune, 86
Proton acceptor, 438
Proton donor, 433
Protoplasm, 11-12
Protoporphynn IX, 46
Provitamins. 867
Proximal tubule, 393, 400
absorption through, 402-403, 404-405
hydrogen ion secretion in, 444
osmolal concentration in, 417
osmosis through, 401
potassium reabsorption by. 420
sodium reabsorption by, 419

Pseudopodiura, 24-25
Psychosomatic disorders, 684-685
Pteroylglutanuc acid. See Folic acid.
Ptyalin,772, 787-783
Puberty, female, 969, 978-979
male, 964

Pudendal nerve. 461, 462
Pulmonary. See also Lungia);
Respiratory system.

Pulmonary artery, 287
pressures in, 288, 291

Pulmonary capacities, 470-471
Pulmonary capillaries, 288, 291-294
Pulmonary circulatory reserve, 293

Pulmonary circulatory system, 206
blood flow in, 289-291
obstruction of, 293-294

blood volume of lungs, 288-289
capillary dynamics tn, 288, 291-294
in exercise, 290-291
in left heart failure, 290
physiologic anatomy of, 287-288
pressures in, 288

Pulmonary congestion, 309, 312, 471
Pulmonary edema. 292, 372
alveolar fluid in, 293
at high aibtudes, 532
death from, 372-373
from capillary damage, 293
in cardiac failure, 309, 312, 320
in valvular disease. 320-321
“interstitial fluid” vs "alveolar," 372
safety factor in. 292-293, 372

Pulmonary embolism, 84, ^3
Pulmonary function studies, 471-472
Pulmonary lymphatics. 287-288
Pulmonary membrane, 466-490, 516
Pulmonary reflexes. 250
Pulmonary resistance, at biitb. 100]

total. 212
Pulmonary stenosis, 321, 324
Pulmonary valves. 155. 156

Puimonary ventilation, alveolar.

472-474
artiflcial respiration, 478-479

at high altitudes, 530
effect of smoking on. 1015

in cxerose, 1014

mechanics of. 466-469

minute respiration volume in. 472

pulmonary volumes and capacities in.

470-472
respiratory passageways in. 474-478

Pulmonary volumes, 470, 471

Pulmonary wedge pressure, 268
Puip, splenic, 55. 343

tooth, 951

Pulsatile output, of heart. 284

Pulsefs). bigeminal, 200

pressure. 225-229
radial. 228. 245-246

weak. 228
Pulse deficit, 228
in atrial fibrillation. 203
in premature atrial contractions. Z)0

Pulsus altemane, 228
Pulsus paradoxus. 228
Pulvinar, 734

Pump(s), atna as, 153, 154

elecfiogemc, 103, 104-106

heart as, 153
effectiveness of, 279

lymphatic, 363-^4, 365
in drainage of potential spaces, 380

pylonc, 763-764
sodium-potassium, 97-93
in membrane potentials, 103-106,
554-5^

ventncles as, 153, 155
venous, 223

Pumping, permissive level of, 272-274,

276
Punishment centers, 680-681
Pupillary aperture, 705
autonomic control of, 732-733
in light and dark adaptation, 717

Pupillary light reflex, 733
Punnes, enzyme regulation of, 35
in DNA. 27, 23

Purkinje cell. 641-642

Purkinje fibers, 165, 168
Purkinje system, 167-168
blocks in, 192
m preventing ventncular fibrillation.

174
in synchronous contraction of

ventncles, 170

Purpura, thrombocytopenic, 84
Pursuit movements. 7M-731
Pus. formation of, 57
Putamen, 626-629
Pyelography, intravenous, 459
Pyelonephntis, 453
Pylonc glands, 774, 775-776
Pylonc pump, 763-764
I^loroplasty. 801

Pyramidal cells, giant, 635
in cerebral cortex, 651

Pyramidal neurons, dynamic and static,

637
Pyramidal tract, 632, 635, 636
Pyridoxal phosphate, 869
Pyndoxine, 869-870
Pynform area, 751
Pynmtdtnes. enzyme regulation of. 33

in DNA, 27. 28

Pyrogens, 858
Pyroglutamyl-histidyl-prehne-aoude,

903
Pyruvic acid, m alanine formation. 832

in anaerobic glycolysis, 815-816
in energy release, 811-812

Q waves. 154, 177, 186-187

QRS complex. 154, 177

and monophastc action potential, 178

bizarre. 192
current of injury effect on, 192-193
decreased voltage of, 191

m recovered myocardial infarction,

195
increased voltage of, 191

prolonged, 191-192

vectors during, 185-187

QRS vector, mean, 188-191

Q-T interval, 179

R waves. 154, 177, 187

Radial pulse, 226, 245-246

Radiation, and cancer. 38

and thrombocytopenia. 64

at high altitudes, 533

heat loss by, 850-851

in atomic submannes. 543

in space, 535
Radioimmunoassay, 8S2

Rage, 681
Raising movements. 626

Ramp signal, 503, 506

Raphe nuclei, in depression, 683

in pain control system. 597

in reticular activating system, C68

steep production by, 672

Rale control, of enzyme-catalyzed

reactions, 843-844

Rate receptors. 576
RaUike’s pouch. 884
Raynaud's disease, 345-346
Reabsorption. 395, 400

in different tubule segments,

in fluid volume regulation.
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Reobsorpt'o*' {Continued)

mcchnnisms of. 400-402

of bicarhonnlc ion, 400. 443

of potassium, 420. 421

of eodium. oldoptfrnnf in, 911-912

by active tron«pnrt. 400- 101

In cnrticul coIItwlinR lubulo, 40.1

in late diittal tubule. 40.1

tn loop of U«nW, 419

in pruximal tubulea. 419

ofuren.bycollectinR duct, 40-1, llft-419

passive mechanism of. 401-402

pcrecntace nbiorbod, 40.'i

Re.ibsorption prrs'ure, 330

RcftBins. Gfi

Rebound, in cerebcllardiscnse, ftl7

of reflexes, 615
Receptive field. 562
Receptive relaxation. 759. 761

Receptorfs), ocetvlcholme. 099.690

adrinerjtie, 090
alph.9. lUH. .^^7. 690
beta. 29S, .117. 690
cold. 601-605 ».>1

down regulation of, 879
electrumaKnetic .572

excitatory 5.50.332

in smooth mu»ele 141,145

GolfiiUndon 588,389
hormone, 876, 879-8“4)

III pinnotosii 19

inhibitory 530 552

in smooth muwle 144 U’l

irritant 475 5M
J. 511-514

joint. 58«
low pressure 2.'>0

movement 675
muscarinic 689-690
muscle, 607-bld
nicotinic, 089. 090
of effector oryans 689-690
osmosodium 429-1.11

pain 59i-59.t

phasic, 570
petsiwnv sense .

*#8.

poitsyniiptlE, 551-552
rate 576
sensory See Sensorj rereplart

spindle, 609
stretch, in tunys. 505
tactile, 580-581
therm.al 572,002-005
tonic. 670
up regulation of 879
volume. 426-427

Receptor polenti.ils. 573-075
of hair eellj, 739
of olfactory cells, 749
of rods, 714-715
of taste cells. 747

Receptor proteins. .551

ID smooth muscle, 144

in synaptic fatigue, .370-571

surface. 62-6.1

Reciprocal inhibition, 613
Reciprocal inhibition circuit. 665, 614
Reciprocal innervation, 615
Recurrent inhibition, 607
Red blood cells, concentration of, 42
destruction of, 48

effect of IcstoaUrone on, 962
functions of, 42
hemoglobin concentration in. 42
hemoglobin formation. 46

metabolism in, 46-48

Red blood cells {Cantinuedi

mature. 43
pr<Kiuclion of, 42-45
shape and stre of, 42

fled flare, bfl

Red nucleus, C.K}-63H

Red pulp, cords of, 55
Red green cidorhhndness, 718-725
' Redout," of vtMon,f<.l1

lied senidtive pigment, 710
fie entry. 172-175
Kefleus, altdommalcamptestion. 2-52

nrurint preMure. 241
autonomic. 6'H
Bambndge, 250
harorrxeptor Bee /Jurem-epror

tfflexea

chemwmeptar, 25.1

ehewtng, 759
cord ‘S** Sfunnl tofd reflexe*

cord nyhling, 616
cough. 4i.t

fatigue of. 615
galloping. CI6
gaslruintcstinal fW f^sfniintcifjnaf

rrilextt

Ifenng tireuef inflation 303
load. 610
mark ume.MO
mass, 617
mieiuntmn, 401-462
myutatic. Ofn-OIO. 6I2. Olt
neck 625
pupillary light. 7J.1

rrlxiuml of. 61.3

sexual. C91. 939
skin temperature. 837
ineere. 475
spinal See SpiRof canf rv//eies

stretch. 609-610.612. 011
tendon. 612-611
ureterorenal. 46t
vestibular postural. 62>
visceral.6M
volume. 2SO
'•tWhdTUwnl, 633 -63 4

lleflux. prevention of. 762
Refraction, errors of, 703-706
of light. 700

Refractive index, 700
Refractive power. 702-703
Refractory period, in neuronal

excitation, 117
of A-V node. ICH
of cardiac muscle, 1.32

Regression, of tissues, io
Kefnikatory mechanisms, 4-.3

Regulon.
fSegurgiUtion.SlK

aortic. 226. 319-320. 324
mitral. 319. 320-321. 324

Rehearsal. 6G0
Reinforcement. 681
Reissner's membrane, 735
Relaxin, 9H9-990
Release site. Ul
Releasing hormones, 679. 885, 8.86

REM sleep, 671.672
Renal. See also Kidneyftl
Renal blood flow. 395-34Q
calculation of. 408
conUol of, 235. 413
effect on gtomeratar nitration rate, 399

Renal blood vesselB,hemoRhngeof.27l
Renal calyces, 394
Renal clearance, osmolar, 417

Renal clearance iConlinjed)

plasma, 407-408
tests of. 458-459

llenal disease,

hytsTtensivc, 457
vascular. 451-454

Reno] failure, 4’*2-457

Renal fraction, •W
Renal function, in cardiac failure,

W-SOO
in newborns, 1002

in sh«k.334
texts of, 458 -4 VI

Renal glyrusurta. 914
Renat output curve. 2f>8, 2o9

in hypertension, 267-268

sodium pressure reUtionship in, 264

Renal pelvis, 'yt.l. 391
Renal poisons, 451
Renal pressures. 396
‘'Renal riclfts,"" 950
Renal tubules fee Tubul/t
Renal-fsvly fluid system, for arienal

prrssure cnfitrol. 257-2f2
in V8«icpnslrict/tf hypertension,

lb nin, rffcct on aWostenme secretion,

11.1.014

genrnsl effect fi, 876

in arlerUI pressure regulsti^m. 2l2.

254-255. '262-261

in conliae fsilorp, 306
in glomerular rdtratiun rule, 412-412

in hyprrtenslan. 267. IfiW, 2*21. 4S7

Renin sehstrsle, 212, 254
Rennintestlnnl pfReit. 7(51

Itenshaw cell*, 607
Replacement thetspy, in thock.334
Rcplieaiion. chft’Hiosomal, 36-37

I>SA. 3.5.36

tiepolanullon, 106
atrial, 187-168
propngaUon of. til

ventricular. I8>
Repnlaniation waves. 177-174

V.eprv«ii«r I'pvralnr. X\-‘35

Reprreaor protein. 33-34
Repreax'ir substance, 34
Reprod action, cell. 35-37

In homeostasis, 5
sexual See Se/uaf rrprwfuc/i'in

Reserpinr, 690
Reservoirs fre Idootl reterttun

Rrndual bxly, 20
Residual volume, 4T0, 471

in asthma. 521
mrasarement of, 617

Resistance, See fascu/ar rciis/aacc

Resistance training. 1013
Resolution, in sexual act. 981

Resonance, 47H
Respiration See also RmorAing

artificial. 478-479
during pregnancy. 991

effect of thyroid hormone on. 902

effect on swallowing. 761

energy requirffl for, 469

in exercise, 1014-1015
KuMmaut, 9.11

Respirator, lank. 479
Respiratory acid. 448
Reipirnlory center, C04-5C6
chemical control of. 506-508
depression of. 514. 530
excitation of, 5
by hydrogen lonconcentrabon.439.
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Respiratory center {Continued)
443-444

feedback gain in. 515
Respiratory control, abnonnahUes of,

514-515
body temperature in, 513
by panting, 513
chemical, 506-503
during Gxcmse, 511-513
imlant receptors in, 513
*‘J" receptors in, 513-514
ox)gcn in, 503-511
respiratory center in, 504-506
vasomotor center in, 513
voluntary, 513

Respiratory distress 8>ndrome, 467,521,
999-1000

Respiratory exchange ratio, 502, bG2
Respiratory insufTiaency, absorption of

entrapped air in, 525
in asthma, 63,521
in atelectasis, 294, 520-521
in emphysema Stt Emphisema
in hypercapnia, 523
m hypoxia. Sec l/ypoxta
in pneumonia, 520
in tuberculosis, 521-522
methods for studying, 516-517
physiologic types of, 517-518

Rupualory membrane, 486-490, 518
Respiratory muscles, 4^-467
paralysis of, 471

Respiratory passageways, functions of,

474-478, 484
Respiratory pressures. 467-468
Respiratory quotient, 862-863
Respiratory rate, 472, 474
pneumolaxic center control of, 505

Respiratory reserve, in patent ductus
arteriosus, 323

Respiratory system. See also Lungis),
Pulmonary.

at birth, 999-1000
buffering power of, 444
compensation foraoidojiia oraikalosia
by, 449

fetal, 998
in newborn. 1001

,

in premature infant, 1004
nutrients supplied by. 4

Respiratory unit, 4S6
Respiratory waves, 252
Respiromctcr, 284
Resting expiratory level, 471
Resting potential, 104-106

in cardiac muscle, 151
in skeletal muscle, 127
of neuronal soma, 553-555
of sinoatrial fiber, 166

Resuscilator, 479
Reticular activating system, 665-668,

741
Reticular formation, 619-620
antigravity function of, 620-621
in motor Control, 626

I

of stereotyped movements, 625-626
I m pain sensation, 596

I

neuronal systems associated with,

\ 667-668
i Reticular lamina, 738-739
' Reticular nuclei. 590

Reticular substance, in vasoconstriction,
239,241

Reticulocerebellar fibers, 640
Reticulocerebellar tracts, 635
Reticulocyte, 43

Reticuloendothelial cells, of spleen, 343
Reticuloendothelial system. 54-56
Reticulospinal tracts. 620. 635
Reticulum, endoplasmic. See Endo-

plasmic reticulum.

of blood clot, 78
sarcoplasmic. 122
catcium ton release by. 127-129
in muscle action potential, 127
in smooth muscle, 143

ReUna. detachment of, 713
formation of image on. 704
fusion of flickering lights by, 717
lateral inhibition in, 721, 722
light and dark adaptation by, 716-717
neural function of, 720-723
pigment sensitivity of, 716
structural elements of, 711-713

Retinal, 714

Retinitis pigmentosa. 728
Retinol, f^7
Retmoscope, 709
RetroUntai fibroplasia. 236, 1004-1005
Retropulsion. 763
Re uptake, of nevroUansmiltcr. 552
Reverberatory circuit, 567-569

in pnmaiy memory, 658
Reverse transcriptase. 38
Reward centers 680.

Reynolds' number. 210
lUi blood types. 72-73

Rh factor. 72
Rheobase. 1 17

Rheumatic fever. 67. 318
Rhodopsm. 712. 713-715

iUiythm method. 981

Rhythmicity. of excitable tissues.

113-114
of heart, autonomic control of, 170-171

of sinoatrial fibers. 165-167

Rib cage, in breathing. 466-467

Ibboflavin. 868-869
Ribonuctease. 778-779
Ribonucleic aad (RNA). 18. 29

m tranaenputox, 29-31

in translation, 31-33
messenger. 30, 31-32
nbosomal, 30. 31

synthesis of, 29-30
transfer, 30. 31

R/bose, in ATP, 23
in RNA. 29

Ribosomal RNA. 30, 31

Ribisomes. attachment to endoplasmic
reticulum, 15, 32

formation of, 18. 31
in cytoplasm. 16
in protein synthesis, 21, 31-33
structure of. 31

Rickets, 946. 950
Right alnal pressure, 221-224
m cardiac failure, 307, 308
in cardiac output and venous return

curves. 282-284
Rigidity, decerebrate, 630
in Parkinson’s disease, 630

Rigor mortis. 134
RNA. See Eibonucletc acid (RNA).
RNA codons. 29, 30
RNA polymerase, 29-30
RNA splicing, 30
Rods, 711-712

excitation of. 714-715, 720-721
Rods of CorU, 738
Rotational movements, 626
Round window, 736, 737

Rubrospinal tract, 635,636
Ruffini's end organs, 581

in joints, 588, 589
Rugae, 460

S cells. 780
S waves, 154, 177, 187

Saccades, 730
Sacchann, 745
Saccule, 621, 623
Safety foctor, at neuromuscular

junction, 133
cardiac, 170
edema, 292-293, 368, 372
in impulse propagation. 111, 117

Salbulamol, 696
Saline solution, 391
Saliva, secretion of, 772-774

Salivary ducts. 772
Salivary glands. 770, 772

effect of aldosterone on, 912
Salivatory nuclei, 748, 773

Salpingitis, 9B2
Salt See also Sodium
craving for, 433
in exercise, 1017-1018
intake of, control of. 433
during exernse. 1017-lOlS
in arterial pressure regulation,

259-264
in hypertension, 265

retention of, 262-^3
in cardiac failure, 306
in Goldblatt hypertension. 268-269

Salt sensitivity, 270
Salt tablets, 1017

Saltatory conduction, 114-115

Salty taste, 745
Sarcolemma, 121
Sarcomere, 122

Sarcoplasm, 122

Sarcoplasmic reticulum. 122

calcium ion release by, 127-129

in muscle action potential, 127

in smooth muscle, 143

Satiety, 863
Satiety center, 679, 863

Satisfaction, 680
ScaJa media, 735, 739

Scaia tympam, 735-736, 739

Scala vestibuli, 735-736. 739

Scaieni, 466
Schizophrenia, doparmne system in. 684

Scopolamine, 696

Scotomata, 728
Scotopsin, 714

Scratch reflex, 617

SCU^ divine, 542

Scurvy, 870
Second messenger, for hormone

mediation, 880-881

in parathyroid stimulation, 946

in smooth muscle contraction, 145

in steroid production, 918

in thyroid hormone secretion, 903

Secondary auditory cortex, 741-742

Secondary ending, 608-609
Secondary sensory areas, 653-654
Secondary visual cortex, 727-728, 730

Secretagogues, 776
Secretin, chemical composition of, 777-—.

in gastrointestinal blood flow, 3“
in gastrointestinal moUUty,
inhibition of gastric secretion
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Secretin (Continued)

local nature of, 87G
regulation of bile secretion by, 78J

regulation of panereiilic secretion by,

780

Secretion, gastrointestinal See

fjns/rwntes/infl/ lecrction

glandular, energy for, 811
Vwvrmoria^

,

nte of, 879, 883
tubular See Tubular seerfMn

Secretory vesicles, 16

for hormones, 87S
formiition of, 22
in glandular cells, 771

Segmentation contractions, 765. 766

Seizures, 674-675
Sclf-excitation, I6'i'166

Semen
,
957

Semicircular canals, 621-625
Semilunar valves, 155. 156. 316-317
Seminal vesicles, !)S4, 957
Seminiferous tubules, 954
Sensation, deep. 580
exterorecepUve. 580. 625
mechanorcceplive Sec Meehano

rcceptii'e sensation
modalities of, 573
pain See Pam
propnoccptiii e. 580, 625
segmental fields of, S9l
eensilwttv to. 590-501
sexual, female, 980

male, 959
thermal, 580. 590. 603-605
veatibular. 621-625
vibratory, 680, 682, 588
visceral, 580

Sensory aphasia, 662
Sensory area, of vasomotor center, 239
pnmary. 652-653
secondary, 653-654

Sensory association areas, 65,9-651

Sensory engrams, of motor movements.
648

Sensory feedback control, of motor
functions, 637, 648-649

Sensory receptors, 546-547
adaptation of, 575-576
differential sensitivity of. 572-573

joint, 688
movement. 576
pain, 693-694
phasic, 576
position sense, 5SS
rate, 576
tactile. 580-581
thermal, 603-C05
tonic, 576
types of, 572-573

Sensory stimuli, strength of, psychic

interpretation of, 576-677
transduction into nerve impulses.

573-576
Sensory terminal, 659
Septal defect. 321,323
Septic shock. 320, 333
Septum. 676
Senes elastic component, of muscle

contraction, 130-31
Serosa, 754
Serotonin, as neurotransmitter, 553
as vasodilator agent, 242
in depression, 683-684
in neostnatam-substantia nigra

-,,627

Serotonin (ConfMtueif)

in pain control system, 597
in steep production, 672

Serous membrane, 3S0
Sertoli cells. 954-956. 964
Serum, in clot formation, 78-79
Serum cholineatemse, 689
Servo control of muscle contraction, 61

1

cerebellum in, 648
of muscle tension, 613

Servo assist mechanism, 61

1

Set point, for temperature control,

856-857
Seventh nerve. 687
Sex dirnmcMtomea, 955, 9.93

Sex hormones, female, 968-469
in nthlctic performance, 1008-1009,

iOlR

mate. 960-961

Sexual act, female. 080-981
male, 958-960

Sexual charoctcnstics, female, 974-975
male. 961 -963

Sexual cycle, female. See Ot‘Cnan cycle
Sexual drive, hypothalamus in, 680
neurunal stimulus for. 959
sex hormones in. 684
thyroid hormone in, 903

Sexual function*, female SeeOionan
cycle

mate, abnotmolilies of. 904-966
conttoUf, 963-964
with age. 904

Sexual organ*, female. 968
effect of estrogens on. 974

male, 951
.^exual reflexes, 694. 959
Sexaat reproduction, fertilixaiion of

ovum in. 983-985
hormones in. female, 968-9C9.

972-979.987-990
male.960-96>

ovarian cycle in, 969-972
placenta in. 985-987
sexual act in. female. 980-981
male. 958-960

spermatogenesis in, 954-958
Sexual sensation, female. 960
male. 959

SHfsomatotropic hormone) SecGrwvth
hormone IGUt

Shingles. 601
Shivering. 855, 857
Shock, acidosis in. 330
anaphylactic, .332-333. 335
blood transfusion in. sbt
cardiac, 278. 300
cardiogenic, 200. 310-311
circulatory- See Circulalory shock
compensated, 326-328
effects on body. 333-334
endotoxin, 333
hemorrhagic, 327-332. 33.1-335
histamine, 333
hypoglycemic.^
hypovolemic, 327-332, 333, 335
insulin, 936
IrteversiMe, 327, 331
neurogenic, 332, 335
nonprogres^ve. 326-328
progreseive, 327-330
renal, 334
septic. 326. 333
spinal, 6tB
traumatic,3%
treatment of, 334-3^

Shock lung syndrome, 330
Shock therapy, 684

Shunts, arteriovenous, cardiac failure

from, 310. 314-315
In cardiac output, 275. 278

lefUo right, 321,322-321
physiologic, 491, 492, 618
hypoxia enusni by, 524
in emphysema. .520

right to left. 321 -322, 323-324

Sinitc acid, synthesis of, 21

Sickle cell anemia, 48-49
SignaKs), 662

amplification of, 564-565
continuous, 569

convergence of, 665
divergence of, 561-565
prolongation of, 667-569

ramp, M5, 606
rhythmic. 569

strength of, 662-.563

transmission of, in nerve tracts,

662-561
in nerve trunks, 114-1)5

m neuronal pools, 563-669
Sibrone. as anticoagulant, 65

Simple cells, 726
SincMitnal block, 198
Siniiatnel fibers, rhythmidty of, 165-167

Sinoatrial node, 165-167

as poceraaker, 169-170

Rinus orrhylhmia, 197-198
Skeletal muscle, obnormal functioning

of, 133-135

after denervation. 134

anatomy of. 120-122
atrophy of. 134

blood flow through, 336-338
contnetiun of. 131-133
fasciculation of, 135
fatigue of, 133
fibrillation of, 135
hypertrophy of. 133-134

in arterial pressure control, 252

in familial pcnodie paralysis, 134

in ngor mortis. 134
length of, 126, 133
muscle tone in, 132-133

Skeletal nerves, in arterial pressure

control, 252
psychosomatic disorders and, 6S4-6(S

sympathetic nerve fibers in, 687

Skin, circulation in, 343-345, 850

color vs temperature of. 345
estrogen effect on. 975
glabrous, 580
histiocytes in, 55
temperature receptors in, 854

testosterone effect on. 962
Skin temperature, and blood flow.

344-345
and akin color, 345

in temperature regulation, 856-857

Skin temperature reflexes, 857

Sleep. 670
and wakefulness cycles. 673
basic theories of, 672-673
desynchronized, 672
effect of thyroid hormone on, 9Q2

effect on metabolic rate. 846-847

electroenccphalographic changes
in. 671

hypothalamus In, 681
neuronal mechanisms of. 672-673

paradoxical. 672
physiological effects of, 673-674
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Sleep {Continued)
REM, 671,672, 673
slow wave, 671-672

Sleep spindles, 671
Sliding filament mechaniscn. 122-123
Slit-pores, 397, 398
Slow channels, in action potential, 110,

113

in cardiac muscle, 151

in sinoatrial node rhythmicity, 166
Slow reactive substance of anaphylaxis,

475, 521

Slow wave potentials, 142-143
Stow wave sleep, 671-672
Slow waves, olgasirixntestina) sroooth

mucle, 755, 762-763, 765
Small intestine, absorption in, 791-796
digestion in, of carbohydrates, 788
offals, 788-789
of proteiDs, 790

disoidera of, 6Q1-802
inhibition of gastric secretion by, 778
movements of, 765-767
obstruction of, E04-8Q5
secretions of, 784-785

Smell, 748-751
Smoking, and exercise, 1015

athersclerosia with, 827
chronic emphysema from, 518-520
effect on venUlabon perfusion

ratio, 491-492
Smooth muscle, action potentials in, 140,

141-143
contraction of, 140-141

tonus, 146
without action potentials, 145-146

exdtation<oatractJon coupling in,

143-144
in gastrointestinal tract, 754-756, 766
mechanical characteristics of, 146
membrane potentials in, 141
mulbumt, 139-140
muscle tone of, 146
neuromuscular junctions of, 144-145
shortening of. 146
singh-antt, l-M
size of, 139
stress-relaxation of, 146
types of, 139-140
unitary, 140
visceral, 1 40

Sneeze reflex, 475
Sodium appetite, 433
Sodium bicarbonate, for addosis, 450
Sodium channels, fast, 110, 113, 151,166
in action potential, 106, 107, 109-110,
113

in cardiac muscle, 151-152, 166
in postsynaptic membrane, Sol
in sinoatrial node rhythnudty, 166
in smooth muscle, 142
gastrointestinal, 756

inactivation of, 107
selective permeability of, 91
voltage-gated, 106, 107, 109-110

Scdium cotransport, 99
in gastmnlestina} tract, 794, 795
in renal tubules, 401

S^ium countertransport, 99
in renal tubules, 444

Sodium gluconate, for acidosis, 450
Sodium lon(s). Se« also Salt.

absorption of, 792-793, 796
excreuon of, 419-420
m excitatory postsynaptic potential,

555

Sodium (Continued)

m heart function, 162
in salua, 772-773
m vascular control, 243
Nemst potential for, 102. 105
tubular reabsonition of, 400-401,
403,405, 419.911-912

Sodium ion concentration, across
neuronal somal membrane, 554

aldosterone secretim and, 911, 914
in extracellular fluid, 428-433, 894

Sodium lactate, for acidosis, 450
5<dium-potassium pump, 97-98
in membrane potential, 103
in resting tnemhiaae poieatiai,

104-106
of neuronal soma, S54-55S

Sodium-pressure relabonship, 263-264
in essentia) hypertension, ilO

Solation, 24
Solubility coefficient, 482
Solutes, excretion of excess. 414-417
Soma, 550
during and following action potential.

559
resting membrane potential of.

553-555
Somatic association areas, 586-587
Somatic sensalionfs) See Mechano-

receptive sensation. Pain Thermal
sensation

Somatic senses, dassiflcation of. 580
Somatic sensory areas, primary.^2*653
secondary. 6^654
I and 11. 584-585. 586

Somatic sensory association area.

586-587. 653-654
Somatic sensory cortex. 584-587.

652-654
Somalointestinal reflex, 769
Somatomedins, 689
Somatosuun, in glucagon secretion. 932
m growth hormone secretion. 890
in inhibition of gastric secretion, 776
m insulin secretion. 932
lo TSH secretion, 904

Somatotropes, 885
Somatotropic hormone (SH) Se^Gronth

hormone (GH).
Somatotropin See Groalh hormone

iCH).
Samites, 38
Sound, attenuation of, 735
conduction to cochlea, 734-733
direction of, 742-743
frequency of, 737-740. 742
hearing threshold for, 740
loudness of, 739-740
patterns of, 742
transmission of. in cochlea, 737-738
through bone. 7^

Sour taste, 745
Space of Ihase. 835-836
Space physiology, acceleratory fortes

in, 532-534
“artificial climate” in. 535
radiation hazards la, 535
temperature problems in, 534-535
weightlessness in, 536

Spatial onentation, tndoraalcolumn-
lemniscal sybt«n,584

in somatic sensory area 1, 585
transmission of. 565-567

Spatial summation, in signal
transmission, 362-563

of auditory vibrations, 739

Spatial summation (Continued)
of postsynaptic potentials, 557-558
of thermal sensations, 601-605

Speech, Broca’s area m, 634
respiratory sj stem in, 477-478

Sperm, abnormal. 953
flagellum of, 25
formation of, 953
maturation of. 956
physiology of, 956-957
storage of, 956

Sperm count, 958
Spermatids. 954
Spermatocytes, 954

Sperznatcgenesis, 954-953
feedback control of, 964

Spermatogonia, 954
Spenniation, 9^
Spherocytosis, hereditary, 43
Sphincter of Oddi, 782
Sphingomyelin. 114, 824, 825
Spike and dome pattern, 675
Spike potential. 112

in cardiac muscle, 151

m gastrointestinal muscle. 755-756
m smooth muscle, 142

Spinal animal, 606
Spinal cord, body temperature receptors

in, 854
functions controlled by, 548
in motor pafliways, 620, 636-638
in pain, 594-595. 597
multisegmentni connections in, 607
transection of, 617-618

Spinal cord injunes, paralysis of
defecation m, 603

Spinal cord reflexes, autonomic reflexes.

616
crossed extensor reflex, 614-616
effect of cord transection on, 617-618
fatigue of. 6Z5
flexor reflex. 613-614
locomotor reflexes. 615-616

muscle receptors m, 607-613

muscle spasm produced by. 616
prganizaUon for. 606-&07
postural reflexes, 615-616
reciprocal inhibition and reciprocal

innervation, 615
scratch reflex, 616
sexual. 959

Spinal motor neurons, stimulation of,

637-633
Spinal nerves, in circulatory regubtion,

237

sy mpalhetic fibers in, 687

Spinal shock, 618
Spindle, mitotic, 16, 36

Spindle receptor, 609

Spinocerebellar tracts, 640-611

Spinocervical pathw ay. 5S4. 589

Sptno-ohiary pathway. 641

Spinoreticular pathway, 590, 641

Spinotectal tract. 590
Spinothalamic tracts, 590

Spiral ganglion of Corti, 738. 740

Spiroxnetiy, 470-472, 516-517

Spironolactone, 4G0

Splanchnic circulation. 340-313
Spleen, as hemopoietic organ, 343

as reservoir, 343
bloud-cleansing function of, 343
arculaUon in, 343
macrophages in, 5.V56
red blood cell fnigmcnUliun in

reticuloendothtlial cells of. -
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Subliminal xon«, 561
SublinKual gland. 772
Submandibular gland. 772
Sabmarmp*. 512. 543
Submornia, 754
Submuootul pipxu^ 756-757
Subnpunil cirfit. 137
Subutancp P. aa hormonr. 556
na nrurotranamittpr. 553
in nrostnaiom-aubataniia hiitth

pathway. 627
.Sut'aianiia gplabnora. 595
.Subatantia fugra, 626
dnmiiKe lo. 629-&V)
m nticubr aptivsling ayslpm. GC7
inhibitory pnihwny betwtvn
npA'inatom and. 637

SuHalfrttp. in mptabolic rracbvna. 814
Subthalamus. 626 62*1

Subthrrahold stimulua. 564
.Suhthrrahftid ronp. 56t
SueroaP. 78*>, TUM
Sucropp. •» dturplir. 459
diKPStion of. 787
m kiatp M RSHtion. 741

Sulf»\p».T»abi«ir|Ai«>n td. 4^. 4W>
SummAtion. naynchmoous, 132

in signal Iranamicainn. 562.563
multiplp motor unit. 131-132
of Budilory a-ibraliona. 739
nf individuiii rontnictilr pulaps. 146
of moarlpiontraction 13l-)J2
of poauyn.nptirpotpntiab. 555,

5.17- V>9
of Chrrtn.tl arnsationa. 604-605
fpniiat. 131

Irmporal. 131
waap. 131.132

Supwi* cpnriral ganglion. 732
So|«>ni>rrollirvIiM T24. 730
SupiTioroblHiuPs, 723-729
SujiPfinr olivary nucipus, 740. 74J
Supmor r»«i, 72^-729
Suprrosidp, In nPvIrophiU and macro-

pliagrs. 51
SunilpRirnial motor arp3.6J3-C3l
.‘^uprarhlasnuitic nurlpua. 721
Supraoptic nocin. 679, 993
SupravmfncsUrtarhypardia, 2l»2
Surfactant, iti ahtoti. 467-469. 621

in hyaiinp mpmbranp dt»pa»p, JOQI
lark of. In utplrctatis. 5JU-521

SuttvuimI inbiUtUMi.SM
Su*untaco!ar calls, 746. 749
SiralSuttitig, 760-761

d;»<irf)cr* of. 796
hwaat glania 552

.Swe.it glands (Confmurtf)

effect of aldcmterone on, 912
sympathetic slimnlation of. 691

Sweating, nutnnomic regotation of.

8.12-553

dunng exercise. 1017-1015

in reeulntion of bodytemperalure.
854.856-857

local, 857
vasodilator mechanism of, 345

Swwt taste, 745
Sympathectomy, for Raynaud’s dispan

346
.Sympathetic blocking ngents.fornngin

pecions. 303
Sympathetic Ranglia. 687
Sympathetic nervous system, adrenal

medullae in. 692-693
al.irm or stress response of, 694,695

cholineigic and adrenergic fibers in,

688-689
circulatory mfulation by, 237-21(1. 23

cerebral, 340
coronary. 2iW
dunng exercise, 337-338
Kastrointestinai, 342
in liver, 341
in skin. 344-345
pulmonary, 289

skeletal miwle. 337-318

compensation by, for acute cardiac

failure, 305-306. 807,313
for shock. 327. 328

control of heart by, 160-61. 170-171

denervation aupersensitivity with.

593-694
r^ect on meiabolie rats, 846
effects on specific organs, 690-693

excitatory and inhibitory effects of.69(

gosttvlnlesllnal Innervation by, 757

in eurtliae output, 273, 276-277.

2S2-2H3
in cunlrel of bronchioles. 475

in emission ond ejaculation. 959-9W
in txcmse, 276-277, 337-318

in fluid volume excretion rote. Vi5

in Kasliuinteitinnl secretion, 771

In RiomeruJar filtrotion rate. 400

in hypertension, 2(>9

in volume-preesure relationships, of

arterial and venous systems. 215

of entire drculaiion. 216
mass stimulntion by. 694
physiologic un-stomy of, 686-687

rreeptnrs ofeffcctororRans in, 689-69'

stimulus rote in, 691
temperature regulation by. 211

Sympathetic l«ne, 691
SympotheUc transmitters, 6M
S>mp.stheuc vnsoconstnciorsyslem.

2:18-240

in artenni prrMure control, 2^*3-235

in skrirtal muscle, 3T7
m skin, 314

Sympathetic vasisiilJlnt syxtem, 249

during exercise. 277
in skeletal muscle, 317
in skin. 341

Si m(u thelytic drugs, in shock. 334

Sympathomimetic drug*. C90, 6’-*6

in sh«k. 33t. 331
Synapsrts). rhemtral. 519-550
defined, 518
rlecIncnl.Sl'J

fdCibiatiOTt of. 548
in memory. 518-660
pnsi tetanic. 569. f-K
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SynapseCs) (Continued)

inhibitory, 556
neuromusculnr junction nn, 138
prcsynaptic, 556-557
ph>sioloRic anatomy of. 550-552

S>naptic bodies, 720
Synaptic deft, 137, 550
Synaptic delay, 561, 567
Synaptic fatigue, 5<^

in duration of reverberation, 563
in nervous system stabilization,

570-571

S>naptic gutter, 137
S>napUc knobs Sec Tcrminalfs)
Synaptic modulators, 552
S>-naptic transmission, acidosis effect

on, 561

alkalosis effect on, 5G0-5C1
drug effect on, 561
firing rate in, 559-560
hypoxia effect on. 561

information processing role of,

547-518
neuronal excitation m, 553-556
neuronal inhibition in. 536-557
role of dendntes in, 55S-559
special characteristics of. 560-56!

< summation of postsynaptic potentials

in, 557-553
transmitter subsLances in, 552-553

Symaplic trough, 137
Synaptic vesicles, 550
recycling of, 551

Syncope, carotid sinus, 249
vasovagal, 241,332

Syncytium, cardiac muscle as, 150-151
gastrointestinal smoothmu^leas,?^
of trophoblasts, 933, 9^

j

ventricular, 151

I visceral smooth muscle as. 140
I

Synovial cavilies, 331
Synthesis, cellular, 21-22
prouin, 21,31-53
RNA, 29-30

Systemic circuIaUon, 206. 218-219

I

Systole, 153

I

cardiac muscle compression in, 295
I

in clinical usage, 15?
vcntncles in. 155

I

Systolic stretch, 300

T-1824,385
T celKs). 54
antigen receptors on, 66
attributes of, 65-66
cell activation by, 63
clones of, 62-63
cytotoxic, 66
helper, 63,66
origin of. 61
preprocessing of, 61-62
regulatory, 66. 67

I

speaficity of, 62
suppressor. 66, 67

T cell marker, 62-63

^

T tubules (transverse tubules), in cardiac
\ muscle contraction, 152-153

in skeletal muscle contraction, 127

j
T vectorcardiogram, 188
T waves, 154. 177

,
abnormalities in, 195-196

I and monophasic action potential. 178
atnal, 178
electrocardiogram of, 187-188
ventricular, 154, 178

Tabes dorsalis. 462
Tachycardia. 175

electrocardiogram in, 197
paroxysmal, 201-202
supraventricular, 202
ventricular, 175

Tachypnea, 516
Tactile receptors, 580-681
Tactile sensations, detection and

transmission of, 580-581
Target tissues, 876
Taste, 745-748
Taste blindness, 746
Taste buds. 745. 746-747
Taste reflexes, 748
Tectonal membrane, 738-739
Tectospinal tract, 620
Teeth, physiology of. 950-953
Telophase, 37
Temperature See also Body tempera

ture

core, 849. 854
effect on heart. 162
effect on spermatogenesis, 938
extreme cold. 856. 859-860

m aviation and space physiology,
514-535

in TRft and TSH secretion. 904
sensation of. 590. 603-605
skin, 344-345. 856-857
surface, 849. ^4

Temperature regulating centers.

853-854. 858
Temporal cortex. 727
Temporal summation, in signal

transmission. 563
of postsynaptic potentials. 558

Tendon reflex. 612-613
Teneae coli. 767
Tensor tympani muscle, 734, 735
Tcntonal opening, 375
Teratoma. 966
TerminaUs), at neuromuscular junction.

136

facilitator, 659
prcsynaptic. 550-551

acetylcholine secreUon by. 137

in memory, 659
sensory, 659

Terminal cistemae, 127

Terminal knobs S« Terminalfs).

Testides. descent of. 958, 961

development of, 988
hormones of, 877
tumors of. 9^-966
underdeveloped, 965

Testosterone, 877
and athletic performance, 1008, 1009,

1018
and secondary sexual charactenslics,

961-963
chemistry of, 960
effect on libido, 684
effect on metabolic rate, 846
effect on protein metabdism. 634
in fetal development, 961
in spermatogenesis, 956
mechanism of action of, 963
metabolism of, 960-961
secretion of, 960
feedback control of, 964
regulation by Lll, 9^

Tetanization, 132
Tetany, from hypocalcemia. 940

in alkalosis, 449
in nckels,9S0

Tetracaine, 117

Tetraethylammonium ion, 108, 696
Tetralogy of Fallot, 323-324
Tetrodotoxin, 108
Thalamic association areas, 653
Thalarnic nuclei, connection with basal

ganglia, 627
m limbic sytem, 676
in Parkinson’s disease, 630-631

Thalamic syndrome. 601
Thalamocortical system, 652, 668-669
Thalamus, and cerebral cortex, 652

in pain sensation, 595-596
in somatic sensation, 590
m taste. 747

Thalassemia, 49
Thebesian veins, 295
Theca, 970
Thermal receptors, 572, 603-605
Thermal sensation, 580, 590, 603-605
Thermode, 653
Thermogenests, chemical, 855, 856
nonshivenng, 846

Thermostat, hypothalamic, 853-857,858
Theta waves, 669
Thiamine, 867-868
Thick segment, of loop of Henie, 394,

403.417
Thin segment, of loop of Henie, 393, 403
Thinking See Intellectual functions
Thiocyan.vte ions. 773. 904-905
Third nerve, 687, 732
Thirst, 431-433
Thirst center. 431. 679
Thoracic duct, 361

Thorax, expansibility of, 468-469
Thoughts. 656-661

elaboration of, 656
sequencing of, 656
transfer to opposite hemisphere,
662-663

Threshold, for excitation. 116

for heanng, 740

of audibility, for heart sounds, 316
pain, 592-693

Threshold stimulus, 564
Threshold voltage. ofsinoatrial fiber. 166

•'Thnll,” 319
Thrombin, 78, 79-80
Thrombocytes See Platelel(s)

nirombocylopema, 80, 83-84

Thrombocytopenic purpura, 84

Thromboembolic conditions. 84

Thromboplastin, 79-80, 825
Thrombosis, coronary, 195

femoral, 84

of minute vessels, in shock. 329

Thromboxane A, 77

Thrombus(i), 84, 299

Thymine, in DNA, 27, 28

Thymopoietin. 63
Thymus gland, in tolerance. 67

lymphocyte processing in, 61, 62

Thyroarytenoid muscles 478

Thyroglobulin, 897, 890 899

Thyroid cartilage, 478

Thyroid gland, diseases of, 905-908

during pregnancy, 989
physiologic anatomy of. 897

Thyroid hormones See also Calcitonin,

Thyroxine, Triiodothironine

effect on fat utilization, 824, 825
effect on growth, 901

effect on metabolic rate, 684, 846,

877, 900-901
formation of. 897-899
general effect of. 876
in cell nucleus, 681-862
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Uraal, in RNA. 29
.Urat« ions, reabsorption of, 405, 406

tubular secretion of, 401

Urea, as diuretic, 459
concentration of, antidiuretic

hormone effect on, 413
in blood, 459
in tubules, 406

excretion of, 417-419
formation of, 833, 837
in chronic renal failure, 454, 435
reabsorption of, 405
by collecting duct, 404

I

by loop of Henle, 418-419
passive mechanism of, 401-402

Uremia, 454-455
metabolic acidosis m, 448

Ureter(s), 461

Ureterorenal reflex, 461
Urethra, 460, 954
Urethral glands, 954
Unc acid, in renal failure, 455
Undine diphosphate glucose. 810
Urinary bladder. See Bladder
Urinabon, 461-462
Unne, add or alkaline, 439
composition of, 395, 407
concentrated, 414-417
dilute, 413-414
dunng pregnancy, 991
formation of, 400-407
pH of. 448
renal funcbon testa of, 458-459
sponSc gravity of, 459

! sugar in, 934
transport of excess hydrogen ions

' into, 446-447
transport through ureters, 461

Unne output. 421-424
in blood volume regulabon, 426
in chronic renal failure, 454
measurement of, 459

Utobihn, 796, 838
Urobihnogen. 838-840
Urogenital diaphragm, 460
Urokinase, 82
Urbcana. 68
Utenne artenes, 985
Utenne contractility, dunng labor,

992-994
ntar term, 991-992

hypothalamus, 679
Utenne milk,” 976, 984
Utenne pain, 601
Utenne veins. 985
Uterus, anatomy of, 968

effect of estrogens on, 974
effect of oxytocin on, 895, 992
implanution of zygote in. 984-985
involution of. 994

,,Pf°Se8terone effect on. 975Uh iiation coeffiaent, 497
utilization time, 117
Utncle, 621, 623

V wave. 154. 155, 228-229
vaccinauon, 63. 67
Vagina, 968
Vagotomy, 800-801

^e%e, control of bile release by.

!
«nlrol of gaslnc secretion by. 776
“oreal motor nucleus of, 239
Sastroiniesimal inncr>abon by, 757

Vagus nerve {Continued)
in respiratory control, 505, 508
in swallowing, 761
in taste. 747
sbmulation of heart by, 160-161, 170
atnoventncular block from, 198
bradycardia from, 197
in paroxysmal tachycardia, 201

Valvulae conniventes, 791
Valvular heart disease. 318-321, 324
Van Allen radiation belts, 535
van den Bergh reaction, 839-8i0
Vapor pressure, of water, 482-483
at high altitude, 529

"VancQse veins,” 223
Vancosities, 688
Vas deferens. 954
Vasa recta, 394. 414
blood flow in, 396
countercurrent exchange mechanism
m, 416

Vascular See also Blood
Vascular capacitance See Vascular

compliance
Vascular compliance, 214-216
and pressure pulse, 225-226

in neurogenic shock. 332

Vascular congestion, pulmonary, 309,

312. 471

systemic. 312
Vascular diameter. 212-213
Vascular disease, of limbs. 345-346
Vascular distensibilily. 214-215

Vascular resistance. 208
artenolar. 219
capillary. 219
conductance and. 212-213

in emphysema. 293

in hepatic vessels. 836
pressure and, 213-214

pulmonary, at birth, 1001

total. 212
systemic, at birth. 1001

in venous return, 281-282

total peripheral. 211-212

arterial pressure in. 246, 260

in caidiac output. 274-275, 278

in hypertension. 265, 266. 267

in venous return, 274-275

units of. 211

venous. 219.221-222

Vascular spasm. 76

in Raynaud’s disease. 345

VasoacUve inhibitory peptide. 886

VosoacUve intosUnal pepUde. 342, 778

VasoconstncUon, as temperature-^

increasing inechaoisni. 855, 857

autononue control of, 692

by efferent artenoJes. 412-413

in cutaneous aiculation, 344

local, 857
Vasoconstrictor agents, 241-242

m hypertension, 266-269

Vasoconstnetor area, 238

Vasoconstrictor system. sympatheUc.

238-240
in artenal pressure control. 253-255

in skeletal muscle. 337

in skin, 344
Vasoconstnetor tone, sympathetic.

Vasodilatation, active, 345

as tcmpcraturedecreasi^
mechanism. 834, 857, SOT

autonomic control of.

by afferent arterioles. 412. 41J

cold induced, 860

Vasodilatation (Continued)
in smooth muscle contraction, 145
local blood flowregu]ationby,232-233
of coronary arteries, 296-297
of muscles, in exercise. 276
penpheral, 868
venous, cardiac output with, 278

Vasodilator area, 239
Vasodilator drugs, 242-243

for angina pectoris, 302-303
for essential hypertension, 270

Vasodilator substance, 232
Vasodilator system, sympathetic, 240
during exercise, 277
in skeletal muscle, 337
in skin, 345

Vasomobon, 233, 349-350
Vasomotor center, 238-240
depressed, 332
failure, in progressive shock, 328-329
in artenal pressure control, 5. 250-251
in respiratory control, 513

Vasomotor tone, 239
in neurogenic shock. 332

Vasomotor waves, 252-253
Vasopressin. See Antidiuretie hormone

(ADH).
Vasovagal syncope, 241, 332
Vectoris). as electneal potentials, 183
defined, 183
direction of, 184
in depolanzation. of atna, 187
of ventricles, 1^-187

in repolanzabon. of atria, 188
of ventricles, 187

instantaneous “resultant,” 283
projected, 184-185

Vectorcardiogram, 188

Vectonal analysts, of normal
electrocardiograms, 165-188

of potenuals in different leads, 184-185
of premature ventricular contraction,

201

pnnciplea of, 183-185
Vegetative functions, 676
of hypothalamus, 678-679

Vein(s). aqueous, 378
blood reservoir function of, 224-225
cardiac, antenor, 295
damming of. 305
thebesian, 293

central, 835
distensibihty of, 214
funcbons of. 218, 221-225
m nervous control of artenal pressure
251-252

obstruebon of, 278
edema from. 368

pressure pulses in, 228-229
pulmonary, 287
pressures m, 288

sjTOpatheb'c sbmulabon of. 338. .312
umbilical, 985
Utenne, 985
“vancose." 223

Velocity, of blood flow, 219
of conduction, 115

in cardiac muscle, 152
in skeletal muscle, 127

of contnictian. 126
terminal. 534

Venous admixture, of blfKvl 49

1

Venous circulabon. cardiac.' after ncnte
myocardial 5,

'

cross M-cbonal are.i

volume-pressure n



1056 INDEX

Venous dilatation, cardiac output wtth.

27a
Venous plexus, subcutaneous, 314. 315

Venous pooling. 332
Venous pressures. 219. 221-224

peripheral, 221-222
portal. 342-343

Venous pump. 223
Venous resistance, 219, 221-222
Venous return, defined. 272

in cardiac failure, 306-307, 310
in cardiac output reRulation, 157-158.

273, 278
in exercise, 277

pressure gradient for, 281

total peripheral resistance in, 217-218

Venous return curves. 279, 280-284
in cardiac failure, 313-315

Venous sinuses, 5.5, 343
Venous valves. 223
Ventilation See Alveolar ivnitlalion.

Pulmonary ventilation

Ventilation perfusion ratio, abnormal.
491-492.518

in atelectasis, 521
in emphysema. 519-520
in pneumonia, .520

effect on alveolar gas concentration,
490-492

Ventral tespicatory group, 504, 505-505
Ventnclefs), 150

as pumps 163, ISO
blood flaw through, 293-296
defibnllation of 174-175
depolanzalion of 185-187
dilatation of, 191-193
emptying of. 155
filling of, 156 15.9

hypertrophy of, 319-320. 324
QRS complex in, 191-192
vectorial analysis of, 189-190
mean electrical axis of, 188-191
Purkinje aysiem in synchronous con
traction of. 170

repolanzaQon of, 187
Bftnsmission of cardiac impulse

in. 168-169
Ventricular coniraction, m electro-

canliogram 178
Ventricular escape, 170, 199
Venlneular fibnllation, 174-175

after myocardial infarction, 30l
circulatory arrest from, 335
electrocardiogram of, 203

Ventricular function curves. 159-160
Ventricular paroxysmal tachycardia,

202
Ventricular prcBSure, 158-159, 288
Venlneular rhythm, in atnal

fibnllation, 174
Venlneular syncytium, 151
Venlneular tachycardia. 175
paroxysmal. 202

Venlneular volume, 158-169
Venlneular volume curve. 155
Ventrobasol complex, 58-3, 590
Ventromedial nucleus, behavioral

functions of. 679-660
in food intake. 863
in growth hormone secretion. 890

Venules, 21S
in mierocirrolalion, 231, 348
portal. 835

Vermis, 639,610
in auditory pathway. 711

Vfrtebrje, effects of occeirralory force
1,63.3

\'esicoiDtesbaa) renex, 769
Vestibular apparatus. 621-623
Vestibular membrane, 735
Vestibular nerve, 622, 623
Vestibular nuclei. 623. 641. 731
Vestibular aensation, 621-625
Vestibulocerebellar fibers, 640
Vestibulospinal tracts, 620
Vibration, sensation of, 580, S82, 588

Vicious circle, 6
Villi, iniesUnal. 766. 791-^2

placental. 9S5-986
Virusfes). and cancer. 38
neutrahzabon of, 65
vs animal ceils. 18-19

Visceral pain. 598-601
Visceral pathway, 599-600
Visceral pentoneum. 380
Visceral reflexes. 686
Visceral sensations, 580
Vision also EyeU!
binocular. 70S
color See Cr>/of I'ision

fields of. 728
fusion of, 725, 731
in maintenance of equilibrium, 625
light and dark adaplabon in. 716-717
photochemistry of. 713-717
“redout" of. 6M

Visual acuity. 707-708
macula m. 711

Visual assoaalion areas. 653. 65-t. 727
Visual cortex. 653, 723-728, 730
Visual images, fusion of. 7^. 731
Visual pathway. 724
Visual purple. 714
Visual recepbve aphasia, 662
Vital capacity. 471
Vital dyes. 385
Vitammts). A. 867

In reUna. 713. 714
B. (ihiaminel, 867-868
Bj (nboflavin), 868-869
B. {pyndoKine), 869-870
B.! (cyanocobalamin). 869
in fetus. 998
tn red blood cell formation. 45

C (ascorbic aad). 670
in fetus. 998-999
in infant. 1003

D. 870-87

1

defiaency of. 950
during pregnancy, 990
effect on bone. 946
for hypoparathyroidism, 949
tn calaum absorption, 970,
037-939

in fetus. 999
in infant, 1003
in phosphate absorpbon, 937-939

daily requirements for. 667
derinenoes of, 867-87ii

tn starvation, 866
E. 87i
m fetus. 999

tn local blood flow cantrol, 234
in red blood cell formation, 45
K.87}
absorption of, 7S2-783 “TV
deficiency of. 83 . z'
during pregnancy, 990
formahm of, 796
tn fetus, 999

tnetaboham 867-871
effect of thyroid hormone on. 901
feUl. 998-999

reabsorpbon of. 404-405

Vitaininis) (Continued)

storage of. 838, 867
Vitreous humor, 377
Vocal cords, 478
Vocalization, respiratory system in.

477-478
Voice, effect of testosterone on, 962
Voltage clamp, 107-108
Voltage gating, 91, 92
Voltmeter, lCO-104
Volume receptors, 426-427
Volume reflex, 250
Volume pressure curves, of arterial

«

venous circulations. 214-215
of cardiac cycle, 159
of entire circutaUon. 215-216
ofintersbtial fluidspaeea, 366-367,31^

Voluntary fixation mechanism. 729-733

Voluntary motor activity, initiation of

649
Voluntary muscle control, cerebellum

in, 644
Vomiting, 803-804

acidosis from, 448
alkalosis from. 449

Voroibng center, 803

Wakefulness, cerebral cortex In. 548

cycles between sleep and, 673
eleetroencephslogmphic chonges

in, 671
hypothslamus in. 681
reticular acbvating system in,

665-668
•’Walk-along” theory, of eontmetian,

124-125
Walking movements, 616. 626

Warfonn, 85
Warmth receptors, 603-605, 854

W’ater, absorpbon of, 792. 796

body, intake vs. output of. 382«3w
regulation by hypothalamus, 679

total, ,382, 386
bulk flow of, 96-97
diffusion of. net, through cell

membrane, 94-97
through capillary membrane. 350

through lipid btlayer, 90
excrebon of excess, 4V3-4U
formed in oxidaUve phosphorylation.

heat loss by exposure to. 651

heavy. 386
in cell, 11

intake of. in arterial pressure regul*

tion. 259-262
VB output, 382-383

retention of See Fluid retention.

secretion in gastrointestinal tract.

771-772, 779-780
tritiated.386

tubular reabsorption of. antidiurebe

hormone in. 415-416
in different segments. 404, 406-40*

passive mechanism of, 401
vapor pressure of, 482-483
at high altitudes, 529

IS'ater diuresis, 262, 430-431
Wafer pressure. 637
Weber Fechccr.pnnciplc, 577
Wedge pressure, 288
Weight, effect of thyroid hormone on,

901-902
gain, dunng pregnancy, 990
loss, m diabetes. 934
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'pightlessness. in space, 536
'crnicke’s aphasia, 662
femicke's area. 654-656, 662
Ihicp blood cells. See Leukocytes.

:Jhite pulp, of spleen, 343
Ihile ramus, 687

'• findkessel. 162

Withdrawal reflexes, 613-614
Word blindness, 654, 662, 728
Word deafness. 662
Work capauty, at high altitudes, 532
Work output. See Carduic output

X chromosome, 955, 983
Xenografts, 74

Y chromosome, 955, 983
“Y” proteins, 6^
Yield pressure. 214
Young'HelmhoUz theory, 716

Z disc, 121

“Z" proteins, 8.38

Zero reference point. 188
Zero reference potential, 19.3

Zinc, metabolic functions of. 872
Zona fasciculala, 909-910
Zona glomerulosa. 909-910, 913
Zona pellucida, 9S3-934
Zona reticulans, 909-910
Zonula occludens, 401
Zygote, 984
implantation of, 984-985


