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The first edition of the Textbook of Medical Physiology was 
written by Arthur C. Guyton almost 65 years ago. Unlike 
most major medical textbooks, which often have 20 or 
more authors, the first eight editions of the Textbook of 
Medical Physiology were written entirely by Dr. Guyton. 
He had a gift for communicating complex ideas in a clear 
and interesting manner that made studying physiology 
fun. He wrote the book to help students learn physiology, 
not to impress his professional colleagues.

Dr. John Hall worked closely with Dr. Guyton for 
almost 30 years and had the privilege of writing parts of 
the 9th and 10th editions and of assuming sole responsi-
bility for completing the subsequent editions.

Dr. Michael Hall has joined in the preparation of the 
14th edition of the Textbook of Medical Physiology. He is 
a physician trained in internal medicine, cardiology, and 
physiology and has brought new insights that have helped 
greatly to achieve the same goal as for previous editions—
to explain, in language easily understood by students, how 
the different cells, tissues, and organs of the human body 
work together to maintain life.

This task has been challenging and fun because 
researchers continue to unravel new mysteries of body 
functions. Advances in molecular and cellular physiology 
have made it possible to explain some physiology princi-
ples in the terminology of molecular and physical sciences 
rather than in merely a series of separate and unexplained 
biological phenomena. However, the molecular events 
that underpin the functions of the body’s cells provide 
only a partial explanation of human physiology. The total 
function of the human body requires complex control 
systems that communicate with each other and coordi-
nate the molecular functions of the body’s cells, tissues, 
and organs in health and disease.

The Textbook of Medical Physiology is not a reference 
book that attempts to provide a compendium of the most 
recent advances in physiology. It is a book that contin-
ues the tradition of being written for students. It focuses 
on the basic principles of physiology needed to begin a 
career in the health care professions, such as medicine, 
dentistry, and nursing, as well as graduate studies in the 
biological and health sciences. It should also be useful 
to physicians and health care professionals who wish to 

review the basic principles needed for understanding the 
pathophysiology of human disease. We have attempted to 
maintain the same unified organization of the text that 
has been useful to students in the past and to ensure that 
the book is comprehensive enough that students will con-
tinue to use it during their professional careers.

Our hope is that the Textbook of Medical Physiology 
conveys the majesty of the human body and its many 
functions and that it stimulates students to study physiol-
ogy throughout their careers. Physiology links the basic 
sciences and medicine. The great beauty of physiology is 
that it integrates the individual functions of all the body’s 
different cells, tissues, and organs into a functional whole, 
the human body. Indeed, the human body is much more 
than the sum of its parts, and life relies upon this total 
function, not just on the function of individual body parts 
in isolation from the others.

This brings us to an important question: How are the 
separate organs and systems coordinated to maintain 
proper function of the entire body? Fortunately, our bod-
ies are endowed with a vast network of feedback controls 
that achieve the necessary balances without which we 
would be unable to live. Physiologists call this high level 
of internal bodily control homeostasis. In disease states, 
functional balances are often seriously disturbed, and 
homeostasis is impaired. When even a single disturbance 
reaches a limit, the whole body can no longer live. One of 
the goals of this text is to emphasize the effectiveness and 
beauty of the body’s homeostasis mechanisms as well as 
to present their abnormal functions in disease.

Another objective is to be as accurate as possible. Sug-
gestions and critiques from many students, physiologists, 
and clinicians throughout the world have checked factual 
accuracy as well as balance in the text. Even so, because 
of the likelihood of error in sorting through many thou-
sands of bits of information, we issue a further request 
for all readers to send notations of error or inaccuracy to 
us. Physiologists understand the importance of feedback 
for proper function of the human body; feedback is also 
important for progressive improvement of a textbook of 
physiology. To the many persons who have already helped, 
we express sincere thanks. Your feedback has helped to 
improve the text.

Preface
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Preface

A brief explanation is needed about several features 
of the 14th edition. Although many of the chapters have 
been revised to include new principles of physiology and 
new figures to illustrate these principles, the text length 
has been closely monitored to limit the book’s size so 
that it can be used effectively in physiology courses for 
medical students and health care professionals. New 
references have been chosen primarily for their pre-
sentation of physiological principles, for the quality of 
their own references, and for their easy accessibility. 
The selected bibliography at the end of the chapters lists 
mainly review papers from recently published scientific 
journals that can be freely accessed from the PubMed site 
at https://www.ncbi.nlm.nih.gov/pubmed/. Use of these 
references, as well as cross- references from them, pro-
vides much more extensive coverage of the entire field of 
physiology.

Our effort to be as concise as possible has, unfortu-
nately, necessitated a more simplified and dogmatic 
presentation of many physiological principles than we 
normally would have desired. However, the bibliogra-
phy can be used to learn more about the controversies 
and unanswered questions that remain in understanding 
the complex functions of the human body in health and 
disease.

Another feature of the book is that the print is set 
in two sizes. The material in large print constitutes the 
fundamental physiological information that students 
will require in virtually all of their medical studies. The 
material in small print and highlighted with a pale lav-
ender background (or identified by beginning and ending 
double gray arrowheads in the ebook version) is of several 
different kinds: (1) anatomic, chemical, and other infor-
mation that is needed for immediate discussion but that 

most students will learn in more detail in other courses; 
(2) physiological information of special importance to 
certain fields of clinical medicine; and (3) information 
that will be of value to those students who wish to study 
specific physiological mechanisms more deeply.

The ebook version provides links to additional content 
including video animations and self- assessment questions 
that can be accessed with computers, smart phones, and 
electronic tablets. For additional self- assessment beyond 
these textbook supplements, the reader may consider 
using a copy of Guyton and Hall Physiology Review, which 
includes more than 1000 practice questions referenced to 
the textbook. We hope that these ancillary materials will 
assist readers in testing their understanding of basic prin-
ciples of physiology.

We express sincere thanks to many persons who have 
helped to prepare this book, including our colleagues in 
the Department of Physiology and Biophysics at the Uni-
versity of Mississippi Medical Center who provided valu-
able suggestions. The members of our faculty and a brief 
description of the research and educational activities of the 
department can be found at http://physiology.umc.edu/. 
We are especially grateful to Stephanie Lucas for excellent 
assistance and to James Perkins for excellent illustrations. 
We also thank Elyse O’Grady, Jennifer Shreiner, Grace 
Onderlinde, Rebecca Gruliow, and the entire Elsevier 
team for continued editorial and production excellence.

Finally, we thank the many readers who continue to 
help us improve the Textbook of Medical Physiology. We 
hope that you enjoy the current edition and find it even 
more useful than previous editions.

John E. Hall
Michael E. Hall

https://www.ncbi.nlm.nih.gov/pubmed/
http://physiology.umc.edu/
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Physiology is the science that seeks to explain the physi-
cal and chemical mechanisms that are responsible for the 
origin, development, and progression of life. Each type 
of life, from the simplest virus to the largest tree or the 
complicated human being, has its own functional char-
acteristics. Therefore, the vast field of physiology can be 
divided into viral physiology, bacterial physiology, cellular 
physiology, plant physiology, invertebrate physiology, ver-
tebrate physiology, mammalian physiology, human physi-
ology, and many more subdivisions.

Human Physiology. The science of human physiology 
attempts to explain the specific characteristics and mech-
anisms of the human body that make it a living being. The 
fact that we remain alive is the result of complex control 
systems. Hunger makes us seek food, and fear makes us 
seek refuge. Sensations of cold make us look for warmth. 
Other forces cause us to seek fellowship and to reproduce. 
The fact that we are sensing, feeling, and knowledgeable 
beings is part of this automatic sequence of life; these spe-
cial attributes allow us to exist under widely varying con-
ditions that otherwise would make life impossible.

Human physiology links the basic sciences with medicine 
and integrates multiple functions of the cells, tissues, and 
organs into the functions of the living human being. This inte-
gration requires communication and coordination by a vast 
array of control systems that operate at every level—from the 
genes that program synthesis of molecules to the complex 
nervous and hormonal systems that coordinate functions of 
cells, tissues, and organs throughout the body. Thus, the coor-
dinated functions of the human body are much more than the 
sum of its parts, and life in health, as well as in disease states, 
relies on this total function. Although the main focus of this 
book is on normal human physiology, we will also discuss, 
to some extent, pathophysiology, which is the study of disor-
dered body function and the basis for clinical medicine. 

CELLS ARE THE LIVING UNITS OF THE 
BODY

The basic living unit of the body is the cell. Each tissue or 
organ is an aggregate of many different cells held together 
by intercellular supporting structures.

Each type of cell is specially adapted to perform one 
or a few particular functions. For example, the red blood 
cells, numbering about 25 trillion in each person, trans-
port oxygen from the lungs to the tissues. Although the 
red blood cells are the most abundant of any single type of 
cell in the body, there are also trillions of additional cells 
of other types that perform functions different from those 
of the red blood cell. The entire body, then, contains about 
35 to 40 trillion human cells.

The many cells of the body often differ markedly from 
one another but all have certain basic characteristics that 
are alike. For example, oxygen reacts with carbohydrate, 
fat, and protein to release the energy required for all cells 
to function. Furthermore, the general chemical mecha-
nisms for changing nutrients into energy are basically 
the same in all cells, and all cells deliver products of their 
chemical reactions into the surrounding fluids.

Almost all cells also have the ability to reproduce addi-
tional cells of their own type. Fortunately, when cells of a 
particular type are destroyed, the remaining cells of this type 
usually generate new cells until the supply is replenished.

Microorganisms Living in the Body Outnumber Hu-
man Cells. In addition to human cells, trillions of microbes 
inhabit the body, living on the skin and in the mouth, gut, 
and nose. The gastrointestinal tract, for example, normally 
contains a complex and dynamic population of 400 to 1000 
species of microorganisms that outnumber our human 
cells. Communities of microorganisms that inhabit the 
body, often called microbiota, can cause diseases, but most 
of the time they live in harmony with their human hosts 
and provide vital functions that are essential for survival of 
their hosts. Although the importance of gut microbiota in 
the digestion of foodstuffs is widely recognized, additional 
roles for the body’s microbes in nutrition, immunity, and 
other functions are just beginning to be appreciated and 
represent an intensive area of biomedical research. 

EXTRACELLULAR FLUID—THE 
“INTERNAL ENVIRONMENT”

About 50% to 70% of the adult human body is fluid, mainly 
a water solution of ions and other substances. Although 
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most of this fluid is inside the cells and is called intracellu-
lar fluid, about one- third is in the spaces outside the cells 
and is called extracellular fluid. This extracellular fluid is 
in constant motion throughout the body. It is transported 
rapidly in the circulating blood and then mixed between 
the blood and tissue fluids by diffusion through the capil-
lary walls.

In the extracellular fluid are the ions and nutrients 
needed by the cells to maintain life. Thus, all cells live in 
essentially the same environment—the extracellular fluid. 
For this reason, the extracellular fluid is also called the 
internal environment of the body, or the milieu intérieur, a 
term introduced by the great 19th- century French physi-
ologist Claude Bernard (1813–1878).

Cells are capable of living and performing their spe-
cial functions as long as the proper concentrations of 
oxygen, glucose, different ions, amino acids, fatty sub-
stances, and other constituents are available in this inter-
nal environment.

Differences in Extracellular and Intracellular Fluids. 
The extracellular fluid contains large amounts of sodium, 
chloride, and bicarbonate ions plus nutrients for the cells, 
such as oxygen, glucose, fatty acids, and amino acids. It 
also contains carbon dioxide that is being transported 
from the cells to the lungs to be excreted, plus other cel-
lular waste products that are being transported to the kid-
neys for excretion.

The intracellular fluid contains large amounts of potas-
sium, magnesium, and phosphate ions instead of the 
sodium and chloride ions found in the extracellular fluid. 
Special mechanisms for transporting ions through the cell 
membranes maintain the ion concentration differences 
between the extracellular and intracellular fluids. These 
transport processes are discussed in Chapter 4. 

HOMEOSTASIS—MAINTENANCE OF 
A NEARLY CONSTANT INTERNAL 
ENVIRONMENT

In 1929, the American physiologist Walter Cannon 
(1871–1945) coined the term homeostasis to describe the 
maintenance of nearly constant conditions in the internal 
environment. Essentially, all organs and tissues of the body 
perform functions that help maintain these relatively con-
stant conditions. For example, the lungs provide oxygen 
to the extracellular fluid to replenish the oxygen used by 
the cells, the kidneys maintain constant ion concentra-
tions, and the gastrointestinal system provides nutrients 
while eliminating waste from the body.

The various ions, nutrients, waste products, and other 
constituents of the body are normally regulated within a 
range of values, rather than at fixed values. For some of the 
body’s constituents, this range is extremely small. Varia-
tions in the blood hydrogen ion concentration, for exam-
ple, are normally less than 5 nanomoles/L (0.000000005 
moles/L). The blood sodium concentration is also tightly 

regulated, normally varying only a few millimoles per liter, 
even with large changes in sodium intake, but these varia-
tions of sodium concentration are at least 1 million times 
greater than for hydrogen ions.

Powerful control systems exist for maintaining concen-
trations of sodium and hydrogen ions, as well as for most 
of the other ions, nutrients, and substances in the body at 
levels that permit the cells, tissues, and organs to perform 
their normal functions, despite wide environmental varia-
tions and challenges from injury and diseases.

Much of this text is concerned with how each organ or 
tissue contributes to homeostasis. Normal body functions 
require integrated actions of cells, tissues, organs, and 
multiple nervous, hormonal, and local control systems 
that together contribute to homeostasis and good health.

Homeostatic Compensations in Diseases. Disease is 
often considered to be a state of disrupted homeostasis. 
However, even in the presence of disease, homeostatic 
mechanisms continue to operate and maintain vital func-
tions through multiple compensations. In some cases, 
these compensations may lead to major deviations of the 
body’s functions from the normal range, making it diffi-
cult to distinguish the primary cause of the disease from 
the compensatory responses. For example, diseases that 
impair the kidneys’ ability to excrete salt and water may 
lead to high blood pressure, which initially helps return 
excretion to normal so that a balance between intake and 
renal excretion can be maintained. This balance is needed 
to maintain life, but, over long periods of time, the high 
blood pressure can damage various organs, including the 
kidneys, causing even greater increases in blood pressure 
and more renal damage. Thus, homeostatic compensa-
tions that ensue after injury, disease, or major environ-
mental challenges to the body may represent trade- offs 
that are necessary to maintain vital body functions but, 
in the long term, contribute to additional abnormalities 
of body function. The discipline of pathophysiology seeks 
to explain how the various physiological processes are al-
tered in diseases or injury.

This chapter outlines the different functional systems 
of the body and their contributions to homeostasis. We 
then briefly discuss the basic theory of the body’s control 
systems that allow the functional systems to operate in 
support of one another. 

EXTRACELLULAR FLUID TRANSPORT 
AND MIXING SYSTEM—THE BLOOD 
CIRCULATORY SYSTEM

Extracellular fluid is transported through the body in two 
stages. The first stage is movement of blood through the 
body in the blood vessels. The second is movement of 
fluid between the blood capillaries and the intercellular 
spaces between the tissue cells.

Figure 1-1 shows the overall circulation of blood. All the 
blood in the circulation traverses the entire circuit an average 
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of once each minute when the body is at rest and as many 
as six times each minute when a person is extremely active.

As blood passes through blood capillaries, continual 
exchange of extracellular fluid occurs between the plasma 
portion of the blood and the interstitial fluid that fills the 
intercellular spaces. This process is shown in Figure 1-2. 
The capillary walls are permeable to most molecules in 
the blood plasma, with the exception of plasma proteins, 
which are too large to pass through capillaries readily. 
Therefore, large amounts of fluid and its dissolved con-
stituents diffuse back and forth between the blood and the 
tissue spaces, as shown by the arrows in Figure 1-2.

This process of diffusion is caused by kinetic motion 
of the molecules in the plasma and the interstitial fluid. 

That is, the fluid and dissolved molecules are continually 
moving and bouncing in all directions in the plasma and 
fluid in the intercellular spaces, as well as through capil-
lary pores. Few cells are located more than 50 microm-
eters from a capillary, which ensures diffusion of almost 
any substance from the capillary to the cell within a few 
seconds. Thus, the extracellular fluid everywhere in the 
body—both that of the plasma and that of the interstitial 
fluid—is continually being mixed, thereby maintaining 
homogeneity of extracellular fluid throughout the body. 

ORIGIN OF NUTRIENTS IN THE 
EXTRACELLULAR FLUID

Respiratory System. Figure 1-1 shows that each time 
blood passes through the body, it also flows through the 
lungs. The blood picks up oxygen in alveoli, thus acquiring 
the oxygen needed by cells. The membrane between the 
alveoli and the lumen of the pulmonary capillaries, the 
alveolar membrane, is only 0.4 to 2.0 micrometers thick, 
and oxygen rapidly diffuses by molecular motion through 
this membrane into the blood. 

Gastrointestinal Tract. A large portion of the blood pumped 
by the heart also passes through the walls of the gastrointes-
tinal tract. Here different dissolved nutrients, including car-
bohydrates, fatty acids, and amino acids, are absorbed from 
ingested food into the extracellular fluid of the blood. 

Liver and Other Organs That Perform Primarily Meta-
bolic Functions. Not all substances absorbed from the 
gastrointestinal tract can be used in their absorbed form 
by the cells. The liver changes the chemical compositions 
of many of these substances to more usable forms, and 
other tissues of the body—fat cells, gastrointestinal mu-
cosa, kidneys, and endocrine glands—help modify the 
absorbed substances or store them until they are needed. 
The liver also eliminates certain waste products produced 
in the body and toxic substances that are ingested. 

Lungs

Gut

Left
heart
pump

Right
heart
pump

CO2 O2

Nutrition
and

excretion

Kidneys

Excretion

Arterial end

Capillaries

Venous end

Regulation
of

electrolytes

Figure 1-1. General organization of the circulatory system.

Venule

Arteriole

Figure 1-2. Diffusion of fluid and dissolved constituents through the 
capillary walls and interstitial spaces.
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Musculoskeletal System. How does the musculoskeletal 
system contribute to homeostasis? The answer is obvious 
and simple. Were it not for the muscles, the body could 
not move to obtain the foods required for nutrition. The 
musculoskeletal system also provides motility for protec-
tion against adverse surroundings, without which the en-
tire body, along with its homeostatic mechanisms, could 
be destroyed. 

REMOVAL OF METABOLIC END PRODUCTS

Removal of Carbon Dioxide by the Lungs. At the same 
time that blood picks up oxygen in the lungs, carbon di-
oxide is released from the blood into lung alveoli; the res-
piratory movement of air into and out of the lungs carries 
carbon dioxide to the atmosphere. Carbon dioxide is the 
most abundant of all the metabolism products. 

Kidneys. Passage of blood through the kidneys removes 
most of the other substances from the plasma besides car-
bon dioxide that are not needed by cells. These substanc-
es include different end products of cellular metabolism, 
such as urea and uric acid; they also include excesses of 
ions and water from the food that accumulate in the ex-
tracellular fluid.

The kidneys perform their function first by filtering 
large quantities of plasma through the glomerular capil-
laries into the tubules and then reabsorbing into the blood 
substances needed by the body, such as glucose, amino 
acids, appropriate amounts of water, and many of the 
ions. Most of the other substances that are not needed 
by the body, especially metabolic waste products such 
as urea and creatinine, are reabsorbed poorly and pass 
through the renal tubules into the urine. 

Gastrointestinal Tract. Undigested material that enters 
the gastrointestinal tract and some waste products of me-
tabolism are eliminated in the feces. 

Liver. Among the many functions of the liver is detoxifi-
cation or removal of ingested drugs and chemicals. The 
liver secretes many of these wastes into the bile to be 
eventually eliminated in the feces. 

REGULATION OF BODY FUNCTIONS

Nervous System. The nervous system is composed of 
three major parts—the sensory input portion, the central 
nervous system (or integrative portion), and the motor out-
put portion. Sensory receptors detect the state of the body 
and its surroundings. For example, receptors in the skin 
alert us whenever an object touches the skin. The eyes 
are sensory organs that give us a visual image of the sur-
rounding area. The ears are also sensory organs. The cen-
tral nervous system is composed of the brain and spinal 
cord. The brain stores information, generates thoughts, 
creates ambition, and determines reactions that the body 

performs in response to the sensations. Appropriate sig-
nals are then transmitted through the motor output por-
tion of the nervous system to carry out one’s desires.

An important segment of the nervous system is called 
the autonomic system. It operates at a subconscious level 
and controls many functions of internal organs, including 
the level of pumping activity by the heart, movements of 
the gastrointestinal tract, and secretion by many of the 
body’s glands. 

Hormone Systems. Located in the body are endocrine 
glands, organs and tissues that secrete chemical sub-
stances called hormones. Hormones are transported in 
the extracellular fluid to other parts of the body to help 
regulate cellular function. For example, thyroid hormone 
increases the rates of most chemical reactions in all cells, 
thus helping set the tempo of bodily activity. Insulin con-
trols glucose metabolism, adrenocortical hormones con-
trol sodium and potassium ions and protein metabolism, 
and parathyroid hormone controls bone calcium and 
phosphate. Thus, the hormones provide a regulatory sys-
tem that complements the nervous system. The nervous 
system controls many muscular and secretory activities 
of the body, whereas the hormonal system regulates many 
metabolic functions. The nervous and hormonal systems 
normally work together in a coordinated manner to con-
trol essentially all the organ systems of the body. 

PROTECTION OF THE BODY

Immune System. The immune system includes white 
blood cells, tissue cells derived from white blood cells, the 
thymus, lymph nodes, and lymph vessels that protect the 
body from pathogens such as bacteria, viruses, parasites, 
and fungi. The immune system provides a mechanism for 
the body to carry out the following: (1) distinguish its own 
cells from harmful foreign cells and substances; and (2) 
destroy the invader by phagocytosis or by producing sensi-
tized lymphocytes or specialized proteins (e.g., antibodies) 
that destroy or neutralize the invader. 

Integumentary System. The skin and its various ap-
pendages (including the hair, nails, glands, and other 
structures) cover, cushion, and protect the deeper tissues 
and organs of the body and generally provide a bound-
ary between the body’s internal environment and the out-
side world. The integumentary system is also important 
for temperature regulation and excretion of wastes, and 
it provides a sensory interface between the body and the 
external environment. The skin generally comprises about 
12% to 15% of body weight. 

REPRODUCTION

Although reproduction is sometimes not considered a 
homeostatic function, it helps maintain homeostasis by 
generating new beings to take the place of those that are 
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dying. This may sound like a permissive usage of the term 
homeostasis, but it illustrates that in the final analysis, 
essentially all body structures are organized to help main-
tain the automaticity and continuity of life. 

CONTROL SYSTEMS OF THE BODY

The human body has thousands of control systems. Some 
of the most intricate of these systems are genetic control 
systems that operate in all cells to help regulate intracel-
lular and extracellular functions. This subject is discussed 
in Chapter 3.

Many other control systems operate within the organs 
to regulate functions of the individual parts of the organs; 
others operate throughout the entire body to control the 
interrelationships between the organs. For example, the 
respiratory system, operating in association with the 
nervous system, regulates the concentration of carbon 
dioxide in the extracellular fluid. The liver and pancreas 
control glucose concentration in the extracellular fluid, 
and the kidneys regulate concentrations of hydrogen, 
sodium, potassium, phosphate, and other ions in the 
extracellular fluid.

EXAMPLES OF CONTROL MECHANISMS

Regulation of Oxygen and Carbon Dioxide Concen-
trations in the Extracellular Fluid. Because oxygen is 
one of the major substances required for chemical reac-
tions in cells, the body has a special control mechanism to 
maintain an almost exact and constant oxygen concentra-
tion in the extracellular fluid. This mechanism depends 
principally on the chemical characteristics of hemoglobin, 
which is present in red blood cells. Hemoglobin com-
bines with oxygen as the blood passes through the lungs. 
Then, as the blood passes through the tissue capillaries, 
hemoglobin, because of its own strong chemical affinity 
for oxygen, does not release oxygen into the tissue fluid 
if too much oxygen is already there. However, if oxygen 
concentration in the tissue fluid is too low, sufficient oxy-
gen is released to re- establish an adequate concentration. 
Thus, regulation of oxygen concentration in the tissues 
relies to a great extent on the chemical characteristics of 
hemoglobin. This regulation is called the oxygen- buffering 
function of hemoglobin.

Carbon dioxide concentration in the extracellular fluid 
is regulated in a much different way. Carbon dioxide is a 
major end product of oxidative reactions in cells. If all the 
carbon dioxide formed in the cells continued to accumu-
late in the tissue fluids, all energy- giving reactions of the 
cells would cease. Fortunately, a higher than normal car-
bon dioxide concentration in the blood excites the respira-
tory center, causing a person to breathe rapidly and deeply. 
This deep rapid breathing increases expiration of carbon 
dioxide and, therefore, removes excess carbon dioxide 
from the blood and tissue fluids. This process continues 
until the concentration returns to normal. 

Regulation of Arterial Blood Pressure. Several systems 
contribute to arterial blood pressure regulation. One of 
these, the baroreceptor system, is an excellent example of 
a rapidly acting control mechanism (Figure 1-3). In the 
walls of the bifurcation region of the carotid arteries in 
the neck, and also in the arch of the aorta in the thorax, 
are many nerve receptors called baroreceptors that are 
stimulated by stretch of the arterial wall. When arterial 
pressure rises too high, the baroreceptors send barrages 
of nerve impulses to the medulla of the brain. Here, these 
impulses inhibit the vasomotor center, which in turn de-
creases the number of impulses transmitted from the 
vasomotor center through the sympathetic nervous sys-
tem to the heart and blood vessels. Lack of these impulses 
causes diminished pumping activity by the heart and dila-
tion of peripheral blood vessels, allowing increased blood 
flow through the vessels. Both these effects decrease the 
arterial pressure, moving it back toward normal.

Conversely, a decrease in arterial pressure below nor-
mal relaxes the stretch receptors, allowing the vasomotor 
center to become more active than usual, thereby causing 
vasoconstriction and increased heart pumping. The initial 
decrease in arterial pressure thus initiates negative feed-
back mechanisms that raise arterial pressure back toward 
normal. 

Normal Ranges and Physical 
Characteristics of Important Extracellular 
Fluid Constituents
Table 1-1 lists some important constituents and physical 
characteristics of extracellular fluid, along with their nor-
mal values, normal ranges, and maximum limits without 
causing death. Note the narrowness of the normal range 
for each one. Values outside these ranges are often caused 
by illness, injury, or major environmental challenges.

Blood vessels
Heart

Arterial
pressure

Baroreceptors

Reference
set point

Error signal

Sensor Controlled variable

Feedback signal

Effectors

Brain medulla
Vasomotor

centers

Sympathetic
nervous system

Figure 1-3. Negative feedback control of arterial pressure by the ar-
terial baroreceptors. Signals from the sensor (baroreceptors) are sent 
to the medulla of the brain, where they are compared with a refer-
ence set point. When arterial pressure increases above normal, this 
abnormal pressure increases nerve impulses from the baroreceptors 
to the medulla of the brain, where the input signals are compared 
with the set point, generating an error signal that leads to decreased 
sympathetic nervous system activity. Decreased sympathetic activity 
causes dilation of blood vessels and reduced pumping activity of the 
heart, which return arterial pressure toward normal.
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Most important are the limits beyond which abnor-
malities can cause death. For example, an increase in the 
body temperature of only 11°F (7°C) above normal can 
lead to a vicious cycle of increasing cellular metabolism 
that destroys the cells. Note also the narrow range for 
acid–base balance in the body, with a normal pH value 
of 7.4 and lethal values only about 0.5 on either side of 
normal. Whenever the potassium ion concentration 
decreases to less than one- third normal, paralysis may 
result from the inability of the nerves to carry signals. 
Alternatively, if potassium ion concentration increases 
to two or more times normal, the heart muscle is likely 
to be severely depressed. Also, when the calcium ion 
concentration falls below about one- half normal, a per-
son is likely to experience tetanic contraction of muscles 
throughout the body because of the spontaneous genera-
tion of excess nerve impulses in peripheral nerves. When 
the glucose concentration falls below one- half normal, a 
person frequently exhibits extreme mental irritability and 
sometimes even has convulsions.

These examples should give one an appreciation for 
the necessity of the vast numbers of control systems that 
keep the body operating in health. In the absence of any 
one of these controls, serious body malfunction or death 
can result. 

CHARACTERISTICS OF CONTROL SYSTEMS

The aforementioned examples of homeostatic control 
mechanisms are only a few of the many thousands in the 
body, all of which have some common characteristics, as 
explained in this section.

Negative Feedback Nature of Most 
Control Systems
Most control systems of the body act by negative feed-
back, which can be explained by reviewing some of the 
homeostatic control systems mentioned previously. In 
the regulation of carbon dioxide concentration, a high 
concentration of carbon dioxide in the extracellular fluid 
increases pulmonary ventilation. This, in turn, decreases 

the extracellular fluid carbon dioxide concentration 
because the lungs expire greater amounts of carbon diox-
ide from the body. Thus, the high concentration of carbon 
dioxide initiates events that decrease the concentration 
toward normal, which is negative to the initiating stimu-
lus. Conversely, a carbon dioxide concentration that falls 
too low results in feedback to increase the concentration. 
This response is also negative to the initiating stimulus.

In the arterial pressure–regulating mechanisms, a high 
pressure causes a series of reactions that promote reduced 
pressure, or a low pressure causes a series of reactions that 
promote increased pressure. In both cases, these effects 
are negative with respect to the initiating stimulus.

Therefore, in general, if some factor becomes exces-
sive or deficient, a control system initiates negative feed-
back, which consists of a series of changes that return 
the factor toward a certain mean value, thus maintaining 
homeostasis.

Gain of a Control System. The degree of effectiveness 
with which a control system maintains constant condi-
tions is determined by the gain of negative feedback. 
For example, let us assume that a large volume of blood 
is transfused into a person whose baroreceptor pressure 
control system is not functioning, and the arterial pres-
sure rises from the normal level of 100 mm Hg up to 175 
mm Hg. Then, let us assume that the same volume of 
blood is injected into the same person when the barore-
ceptor system is functioning, and this time the pressure 
increases by only 25 mm Hg. Thus, the feedback control 
system has caused a “correction” of −50 mm Hg, from 
175 mm Hg to 125 mm Hg. There remains an increase in 
pressure of +25 mm Hg, called the “error,” which means 
that the control system is not 100% effective in preventing 
change. The gain of the system is then calculated by using 
the following formula:

Gain =
Correction

Error
Thus, in the baroreceptor system example, the correc-

tion is −50 mm Hg, and the error persisting is +25 mm Hg. 
Therefore, the gain of the person’s baroreceptor system 

Table 1-1   Important Constituents and Physical Characteristics of Extracellular Fluid

Constituent Normal Value Normal Range Approximate Short- Term Nonlethal Limit Unit

Oxygen (venous) 40 25–40 10–1000 mm Hg

Carbon dioxide (venous) 45 41–51 5–80 mm Hg

Sodium ion 142 135–145 115–175 mmol/L

Potassium ion 4.2 3.5–5.3 1.5–9.0 mmol/L

Calcium ion 1.2 1.0–1.4 0.5–2.0 mmol/L

Chloride ion 106 98–108 70–130 mmol/L

Bicarbonate ion 24 22–29 8–45 mmol/L

Glucose 90 70–115 20–1500 mg/dl

Body temperature 98.4 (37.0) 98–98.8 (37.0) 65–110 (18.3–43.3) °F (°C)

Acid–base (venous) 7.4 7.3–7.5 6.9–8.0 pH
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for control of arterial pressure is −50 divided by +25, or 
−2. That is, a disturbance that increases or decreases the 
arterial 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 baroreceptor system. 
For example, the gain of the system controlling internal 
body temperature when a person is exposed to moder-
ately cold weather is about −33. Therefore, one can see 
that the temperature control system is much more effec-
tive than the baroreceptor pressure control system. 

Positive Feedback May Cause Vicious 
Cycles and Death
Why do most control systems of the body operate by 
negative feedback rather than by positive feedback? If 
one considers the nature of positive feedback, it is obvi-
ous that positive feedback leads to instability rather than 
stability and, in some cases, can cause death.

Figure 1-4 shows an example in which death can ensue 
from positive feedback. This figure depicts the pumping 
effectiveness of the heart, showing the heart of a healthy 
human pumping about 5 liters of blood per minute. If the 
person suddenly bleeds a total of 2 liters, the amount of 
blood in the body is decreased to such a low level that 
not enough blood is available for the heart to pump effec-
tively. As a result, the arterial pressure falls, and the flow 
of blood to the heart muscle through the coronary ves-
sels diminishes. This scenario results in weakening of the 
heart, further diminished pumping, a further decrease 
in coronary blood flow, and still more weakness of the 
heart; the cycle repeats itself again and again until death 
occurs. Note that each cycle in the feedback results in 
further weakening of the heart. In other words, the initi-
ating stimulus causes more of the same, which is positive 
feedback.

Positive feedback is sometimes known as a “vicious 
cycle,” but a mild degree of positive feedback can be 

overcome by the negative feedback control mechanisms 
of the body, and the vicious cycle then fails to develop. 
For example, if the person in the aforementioned example 
bleeds only 1 liter instead of 2 liters, the normal negative 
feedback mechanisms for controlling cardiac output and 
arterial pressure can counterbalance the positive feedback 
and the person can recover, as shown by the dashed curve 
of Figure 1-4.

Positive Feedback Can Sometimes Be Useful. The body 
sometimes uses positive feedback to its advantage. Blood 
clotting is an example of a valuable use of positive feed-
back. When a blood vessel is ruptured, and a clot begins to 
form, multiple enzymes called clotting factors are activated 
within the clot. Some of these enzymes act on other inac-
tivated enzymes of the immediately adjacent blood, thus 
causing more blood clotting. This process continues until 
the hole in the vessel is plugged and bleeding no longer 
occurs. On occasion, this mechanism can get out of hand 
and cause formation of unwanted clots. In fact, this is what 
initiates most acute heart attacks, which can be caused by 
a clot beginning on the inside surface of an atherosclerotic 
plaque in a coronary artery and then growing until the ar-
tery is blocked.

Childbirth is another situation in which positive feed-
back is valuable. When uterine contractions become 
strong enough for the baby’s head to begin pushing 
through the cervix, stretching of the cervix sends signals 
through the uterine muscle back to the body of the uterus, 
causing even more powerful contractions. Thus, the uter-
ine contractions stretch the cervix, and cervical stretch 
causes stronger contractions. When this process becomes 
powerful enough, the baby is born. If they are not pow-
erful enough, the contractions usually die out, and a few 
days pass before they begin again.

Another important use of positive feedback is for the 
generation of nerve signals. Stimulation of the mem-
brane of a nerve fiber causes slight leakage of sodium ions 
through sodium channels in the nerve membrane to the 
fiber’s interior. The sodium ions entering the fiber then 
change the membrane potential, which, in turn, causes 
more opening of channels, more change of potential, still 
more opening of channels, and so forth. Thus, a slight leak 
becomes an explosion of sodium entering the interior of 
the nerve fiber, which creates the nerve action potential. 
This action potential, in turn, causes electrical current to 
flow along the outside and inside of the fiber and initiates 
additional action potentials. This process continues until 
the nerve signal goes all the way to the end of the fiber.

In each case in which positive feedback is useful, the 
positive feedback is part of an overall negative feedback 
process. For example, in the case of blood clotting, the 
positive feedback clotting process is a negative feedback 
process for the maintenance of normal blood volume. 
Also, the positive feedback that causes nerve signals 
allows the nerves to participate in thousands of negative 
feedback nervous control systems. 
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Figure 1-4. Recovery of heart pumping caused by negative feedback 
after 1 liter of blood is removed from the circulation. Death is caused 
by positive feedback when 2 liters or more blood is removed.
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More Complex Types of Control 
Systems—Feed- Forward and Adaptive 
Control
Later in this text, when we study the nervous system, we 
shall see that this system contains great numbers of inter-
connected control mechanisms. Some are simple feedback 
systems similar to those already discussed. Many are not. 
For example, some movements of the body occur so rap-
idly that there is not enough time for nerve signals to travel 
from the peripheral parts of the body all the way to the 
brain and then back to the periphery again to control the 
movement. Therefore, the brain uses a mechanism called 
feed- forward control to cause required muscle contrac-
tions. Sensory nerve signals from the moving parts apprise 
the brain about whether the movement is performed cor-
rectly. If not, the brain corrects the feed- forward signals 
that it sends to the muscles the next time the movement 
is required. Then, if still further correction is necessary, 
this process will be performed again for subsequent move-
ments. This process is called adaptive control. Adaptive 
control, in a sense, is delayed negative feedback.

Thus, one can see how complex the feedback control 
systems of the body can be. A person’s life depends on all 
of them. Therefore, much of this text is devoted to dis-
cussing these life- giving mechanisms. 

PHYSIOLOGICAL VARIABILITY

Although some physiological variables, such as plasma 
concentrations of potassium, calcium, and hydrogen 
ions, are tightly regulated, others, such as body weight 
and adiposity, show wide variation among different indi-
viduals and even in the same individual at different stages 
of life. Blood pressure, cardiac pumping, metabolic rate, 
nervous system activity, hormones, and other physi-
ological variables change throughout the day as we move 
about and engage in normal daily activities. Therefore, 
when we discuss “normal” values, it is with the under-
standing that many of the body’s control systems are con-
stantly reacting to perturbations, and that variability may 
exist among different individuals, depending on body 
weight and height, diet, age, sex, environment, genetics, 
and other factors.

For simplicity, discussion of physiological functions 
often focuses on the “average” 70- kg young, lean male. 
However, the American male no longer weighs an aver-
age of 70 kg; he now weighs over 88 kg, and the average 
American female weighs over 76 kg, more than the aver-
age man in the 1960s. Body weight has also increased sub-
stantially in most other industrialized countries during 
the past 40 to 50 years.

Except for reproductive and hormonal functions, 
many other physiological functions and normal values 
are often discussed in terms of male physiology. However, 
there are clearly differences in male and female physiology 
beyond the obvious differences that relate to reproduc-
tion. These differences can have important consequences 

for understanding normal physiology as well as for treat-
ment of diseases.

Age- related and ethnic or racial differences in physiol-
ogy also have important influences on body composition, 
physiological control systems, and pathophysiology of 
diseases. For example, in a lean young male the total body 
water is about 60% of body weight. As a person grows and 
ages, this percentage gradually decreases, partly because 
aging is usually associated with declining skeletal muscle 
mass and increasing fat mass. Aging may also cause a 
decline in the function and effectiveness of some organs 
and physiological control systems.

These sources of physiological variability—sex differ-
ences, aging, ethnic, and racial—are complex but impor-
tant considerations when discussing normal physiology 
and the pathophysiology of diseases. 

SUMMARY—AUTOMATICITY OF THE 
BODY

The main purpose of this chapter has been to discuss 
briefly the overall organization of the body and the means 
whereby the different parts of the body operate in har-
mony. To summarize, the body is actually a social order of 
about 35 to 40 trillion cells organized into different func-
tional structures, some of which are called organs. Each 
functional structure contributes its share to the mainte-
nance of homeostasis in the extracellular fluid, which is 
called the internal environment. As long as normal con-
ditions are maintained in this internal environment, the 
cells of the body continue to live and function properly. 
Each cell benefits from homeostasis and, in turn, each 
cell contributes its share toward the maintenance of 
homeostasis. This reciprocal interplay provides continu-
ous automaticity of the body until one or more functional 
systems lose their ability to contribute their share of func-
tion. When this happens, all the cells of the body suffer. 
Extreme dysfunction leads to death; moderate dysfunc-
tion leads to sickness.
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 The Cell and Its Functions

Each of the trillions of cells in a human being is a living 
structure that can survive for months or years, provided 
its surrounding fluids contain appropriate nutrients. Cells 
are the building blocks of the body, providing structure 
for the body’s tissues and organs, ingesting nutrients and 
converting them to energy, and performing specialized 
functions. Cells also contain the body’s hereditary code, 
which controls the substances synthesized by the cells 
and permits them to make copies of themselves.

ORGANIZATION OF THE CELL

A schematic drawing of a typical cell, as seen by the light 
microscope, is shown in Figure 2-1. Its two major parts 
are the nucleus and the cytoplasm. The nucleus is sepa-
rated from the cytoplasm by a nuclear membrane, and the 
cytoplasm is separated from the surrounding fluids by a 
cell membrane, also called the plasma membrane.

The different substances that make up the cell are 
collectively called protoplasm. Protoplasm is composed 
mainly of five basic substances—water, electrolytes, pro-
teins, lipids, and carbohydrates.

Water. Most cells, except for fat cells, are comprised 
mainly of water in a concentration of 70% to 85%. Many 
cellular chemicals are dissolved in the water. Others are 
suspended in the water as solid particulates. Chemical re-
actions take place among the dissolved chemicals or at the 
surfaces of the suspended particles or membranes. 

Ions. Important ions in the cell include potassium, magne-
sium, phosphate, sulfate, bicarbonate, and smaller quanti-
ties of sodium, chloride, and calcium. These ions are all 
discussed in Chapter 4, which considers the interrelations 
between the intracellular and extracellular fluids.

The ions provide inorganic chemicals for cellular reac-
tions and are necessary for the operation of some cellular 
control mechanisms. For example, ions acting at the cell 
membrane are required for the transmission of electro-
chemical impulses in nerve and muscle fibers. 

Proteins. After water, the most abundant substances in 
most cells are proteins, which normally constitute 10% to 

20% of the cell mass. These proteins can be divided into 
two types, structural proteins and functional proteins.

Structural proteins are present in the cell mainly in the 
form of long filaments that are polymers of many indi-
vidual protein molecules. A prominent use of such intra-
cellular filaments is to form microtubules, which provide 
the cytoskeletons of cellular organelles such as cilia, nerve 
axons, the mitotic spindles of cells undergoing mitosis, 
and a tangled mass of thin filamentous tubules that hold 
the parts of the cytoplasm and nucleoplasm together in 
their respective compartments. Fibrillar proteins are 
found outside the cell, especially in the collagen and elas-
tin fibers of connective tissue, and elsewhere, such as in 
blood vessel walls, tendons, and ligaments.

The functional proteins are usually composed of com-
binations of a few molecules in tubular- globular form. 
These proteins are mainly the enzymes of the cell and, in 
contrast to the fibrillar proteins, are often mobile in the 
cell fluid. Also, many of them are adherent to membra-
nous structures inside the cell and catalyze specific intra-
cellular chemical reactions. For example, the chemical 
reactions that split glucose into its component parts and 
then combine these with oxygen to form carbon diox-
ide and water while simultaneously providing energy for 
cellular function are all catalyzed by a series of protein 
enzymes. 

Lipids. Lipids are several types of substances that are 
grouped together because of their common property of 
being soluble in fat solvents. Especially important lipids 
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are phospholipids and cholesterol, which together consti-
tute only about 2% of the total cell mass. Phospholipids 
and cholesterol are mainly insoluble in water and there-
fore are used to form the cell membrane and intracellular 
membrane barriers that separate the different cell com-
partments.

In addition to phospholipids and cholesterol, some 
cells contain large quantities of triglycerides, also called 
neutral fats. In fat cells (adipocytes), triglycerides often 
account for as much as 95% of the cell mass. The fat stored 
in these cells represents the body’s main storehouse of 
energy- giving nutrients that can later be used to provide 
energy wherever it is needed in the body. 

Carbohydrates. Carbohydrates play a major role in cell 
nutrition and, as parts of glycoprotein molecules, have 
structural functions. Most human cells do not maintain 
large stores of carbohydrates; the amount usually averages 
only about 1% of their total mass but increases to as much 
as 3% in muscle cells and, occasionally, to 6% in liver cells. 
However, carbohydrate in the form of dissolved glucose 
is always present in the surrounding extracellular fluid so 

that it is readily available to the cell. Also, a small amount 
of carbohydrate is stored in cells as glycogen, an insoluble 
polymer of glucose that can be depolymerized and used 
rapidly to supply the cell’s energy needs. 

CELL STRUCTURE

The cell contains highly organized physical structures 
called intracellular organelles, which are critical for cell 
function. For example, without one of the organelles, the 
mitochondria, more than 95% of the cell’s energy release 
from nutrients would cease immediately. The most 
important organelles and other structures of the cell are 
shown in Figure 2-2.

MEMBRANOUS STRUCTURES OF THE CELL

Most organelles of the cell are covered by membranes 
composed primarily of lipids and proteins. These mem-
branes include the cell membrane, nuclear membrane, 
membrane of the endoplasmic reticulum, and membranes 
of the mitochondria, lysosomes, and Golgi apparatus.
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Figure 2-2. Reconstruction of a typical cell, showing the internal organelles in the cytoplasm and nucleus.
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The lipids in membranes provide a barrier that 
impedes movement of water and water- soluble sub-
stances from one cell compartment to another because 
water is not soluble in lipids. However, protein mole-
cules often penetrate all the way through membranes, 
thus providing specialized pathways, often organized 
into actual pores, for passage of specific substances 
through membranes. Also, many other membrane 
proteins are enzymes, which catalyze a multitude of 
different chemical reactions, discussed here and in sub-
sequent chapters.

Cell Membrane
The cell membrane (also called the plasma membrane) 
envelops the cell and is a thin, pliable, elastic structure 
only 7.5 to 10 nanometers thick. It is composed almost 
entirely of proteins and lipids. The approximate composi-
tion is 55% proteins, 25% phospholipids, 13% cholesterol, 
4% other lipids, and 3% carbohydrates.

The Cell Membrane Lipid Barrier Impedes Penetra-
tion by Water- Soluble Substances. Figure 2-3 shows 
the structure of the cell membrane. Its basic structure 
is a lipid bilayer, which is a thin, double- layered film  
of lipids—each layer only one molecule thick—that is 

 continuous over the entire cell surface. Interspersed in 
this lipid film are large globular proteins.

The basic lipid bilayer is composed of three main types 
of lipids—phospholipids, sphingolipids, and cholesterol. 
Phospholipids are the most abundant cell membrane 
lipids. One end of each phospholipid molecule is hydro-
philic and soluble in water. The other end is hydropho-
bic and soluble only in fats. The phosphate end of the 
phospholipid is hydrophilic, and the fatty acid portion is 
hydrophobic.

Because the hydrophobic portions of the phospholipid 
molecules are repelled by water but are mutually attracted 
to one another, they have a natural tendency to attach to 
one another in the middle of the membrane, as shown in 
Figure 2-3. The hydrophilic phosphate portions then con-
stitute the two surfaces of the complete cell membrane, in 
contact with intracellular water on the inside of the mem-
brane and extracellular water on the outside surface.

The lipid layer in the middle of the membrane is 
impermeable to the usual water- soluble substances, such 
as ions, glucose, and urea. Conversely, fat- soluble sub-
stances, such as oxygen, carbon dioxide, and alcohol, can 
penetrate this portion of the membrane with ease.

Sphingolipids, derived from the amino alcohol sphin-
gosine, also have hydrophobic and hydrophilic groups and 
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Figure 2-3. Structure of the cell membrane showing that it is composed mainly of a lipid bilayer of phospholipid molecules, but with large 
numbers of protein molecules protruding through the layer. Also, carbohydrate moieties are attached to the protein molecules on the outside 
of the membrane and to additional protein molecules on the inside.
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are present in small amounts in the cell membranes, espe-
cially nerve cells. Complex sphingolipids in cell mem-
branes are thought to serve several functions, including 
protection from harmful environmental factors, signal 
transmission, and adhesion sites for extracellular proteins.

Cholesterol molecules in membranes are also lipids 
because their steroid nuclei are highly fat- soluble. These 
molecules, in a sense, are dissolved in the bilayer of the 
membrane. They mainly help determine the degree of 
permeability (or impermeability) of the bilayer to water- 
soluble constituents of body fluids. Cholesterol controls 
much of the fluidity of the membrane as well. 

Integral and Peripheral Cell Membrane Proteins. 
Figure 2-3 also shows globular masses floating in the 
lipid bilayer. These membrane proteins are mainly glyco-
proteins. There are two types of cell membrane proteins, 
integral proteins, which protrude all the way through 
the membrane, and peripheral proteins, which are  
attached only to one surface of the membrane and do 
not penetrate all the way through.

Many of the integral proteins provide structural chan-
nels (or pores) through which water molecules and water- 
soluble substances, especially ions, can diffuse between 
extracellular and intracellular fluids. These protein chan-
nels also have selective properties that allow preferential 
diffusion of some substances over others.

Other integral proteins act as carrier proteins for trans-
porting substances that otherwise could not penetrate 
the lipid bilayer. Sometimes, these carrier proteins even 
transport substances in the direction opposite to their 
electrochemical gradients for diffusion, which is called 
active transport. Still others act as enzymes.

Integral membrane proteins can also serve as receptors 
for water- soluble chemicals, such as peptide hormones, 
that do not easily penetrate the cell membrane. Interac-
tion of cell membrane receptors with specific ligands that 
bind to the receptor causes conformational changes in 
the receptor protein. This process, in turn, enzymatically 
activates the intracellular part of the protein or induces 
interactions between the receptor and proteins in the 
cytoplasm that act as second messengers, relaying the sig-
nal from the extracellular part of the receptor to the inte-
rior of the cell. In this way, integral proteins spanning the 
cell membrane provide a means of conveying information 
about the environment to the cell interior.

Peripheral protein molecules are often attached to 
integral proteins. These peripheral proteins function 
almost entirely as enzymes or as controllers of transport 
of substances through cell membrane pores. 

Membrane Carbohydrates—The Cell “Glycocalyx.” 
Membrane carbohydrates occur almost invariably in com-
bination with proteins or lipids in the form of glycopro-
teins or glycolipids. In fact, most of the integral proteins 
are glycoproteins, and about one-tenth of the membrane 
lipid molecules are glycolipids. The glyco-  portions of 

these molecules almost invariably protrude to the outside 
of the cell, dangling outward from the cell surface. Many 
other carbohydrate compounds, called proteoglycans— 
which are mainly carbohydrates bound to small protein 
cores—are loosely attached to the outer surface of the cell 
as well. Thus, the entire outside surface of the cell often 
has a loose carbohydrate coat called the glycocalyx.

The carbohydrate moieties attached to the outer sur-
face of the cell have several important functions:
 1.  Many of them have a negative electrical charge, 

which gives most cells an overall negative surface 
charge that repels other negatively charged objects.

 2.  The glycocalyx of some cells attaches to the glycoca-
lyx of other cells, thus attaching cells to one another.

 3.  Many of the carbohydrates act as receptors for bind-
ing hormones, such as insulin. When bound, this 
combination activates attached internal proteins that 
in turn activate a cascade of intracellular enzymes.

 4.  Some carbohydrate moieties enter into immune re-
actions, as discussed in Chapter 35. 

CYTOPLASM AND ITS ORGANELLES

The cytoplasm is filled with minute and large dispersed 
particles and organelles. The jelly- like fluid portion of the 
cytoplasm in which the particles are dispersed is called 
cytosol and contains mainly dissolved proteins, electro-
lytes, and glucose.

Dispersed in the cytoplasm are neutral fat globules, 
glycogen granules, ribosomes, secretory vesicles, and five 
especially important organelles—the endoplasmic reticu-
lum, the Golgi apparatus, mitochondria, lysosomes, and 
peroxisomes.

Endoplasmic Reticulum
Figure 2-2 shows the endoplasmic reticulum, a network 
of tubular structures called cisternae and flat vesicular 
structures in the cytoplasm. This organelle helps pro-
cess molecules made by the cell and transports them to 
their specific destinations inside or outside the cell. The 
tubules and vesicles interconnect. Also, their walls are 
constructed of lipid bilayer membranes that contain large 
amounts of proteins, similar to the cell membrane. The 
total surface area of this structure in some cells—the liver 
cells, for example—can be as much as 30 to 40 times the 
cell membrane area.

The detailed structure of a small portion of endoplas-
mic reticulum is shown in Figure 2-4. The space inside 
the tubules and vesicles is filled with endoplasmic matrix, 
a watery medium that is different from fluid in the cytosol 
outside the endoplasmic reticulum. Electron micrographs 
show that the space inside the endoplasmic reticulum is 
connected with the space between the two membrane 
surfaces of the nuclear membrane.

Substances formed in some parts of the cell enter the 
space of the endoplasmic reticulum and are then directed 
to other parts of the cell. Also, the vast surface area of this 
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reticulum and the multiple enzyme systems attached to 
its membranes provide the mechanisms for a major share 
of the cell’s metabolic functions.

Ribosomes and the Rough (Granular) Endoplasmic 
Reticulum. Attached to the outer surfaces of many parts 
of the endoplasmic reticulum are large numbers of minute 
granular particles called ribosomes. Where these particles 
are present, the reticulum is called the rough (granular) 
endoplasmic reticulum. The ribosomes are composed of a 
mixture of RNA and proteins; they function to synthesize 
new protein molecules in the cell, as discussed later in this 
chapter and in Chapter 3. 

Smooth (Agranular) Endoplasmic Reticulum. Part of 
the endoplasmic reticulum has no attached ribosomes. 
This part is called the smooth, or agranular, endoplasmic 
reticulum. The smooth reticulum functions for the syn-
thesis of lipid substances and for other processes of the 
cells promoted by intrareticular enzymes. 

Golgi Apparatus
The Golgi apparatus, shown in Figure 2-5, is closely 
related to the endoplasmic reticulum. It has membranes 
similar to those of the smooth endoplasmic reticulum. 
The Golgi apparatus is usually composed of four or more 
stacked layers of thin, flat, enclosed vesicles lying near one 
side of the nucleus. This apparatus is prominent in secre-
tory cells, where it is located on the side of the cell from 
which secretory substances are extruded.

The Golgi apparatus functions in association with the 
endoplasmic reticulum. As shown in Figure 2-5, small 
transport vesicles (also called endoplasmic reticulum  
vesicles [ER vesicles]) continually pinch off from the endo-
plasmic reticulum and shortly thereafter fuse with the 
Golgi apparatus. In this way, substances entrapped in ER 

vesicles are transported from the endoplasmic reticulum 
to the Golgi apparatus. The transported substances are 
then processed in the Golgi apparatus to form lysosomes, 
secretory vesicles, and other cytoplasmic components 
(discussed later in this chapter). 

Lysosomes
Lysosomes, shown in Figure 2-2, are vesicular organ-
elles that form by breaking off from the Golgi appara-
tus; they then disperse throughout the cytoplasm. The 
lysosomes provide an intracellular digestive system that 
allows the cell to digest the following: (1) damaged cellu-
lar structures; (2) food particles that have been ingested 
by the cell; and (3) unwanted matter such as bacteria. 
Lysosome are different in various cell types but are usu-
ally 250 to 750 nanometers in diameter. They are sur-
rounded by typical lipid bilayer membranes and are filled 
with large numbers of small granules, 5 to 8 nanometers 
in diameter, which are protein aggregates of as many as 
40 different hydrolase (digestive) enzymes. A hydrolytic 
enzyme is capable of splitting an organic compound into 
two or more parts by combining hydrogen from a water 
molecule with one part of the compound and combin-
ing the hydroxyl portion of the water molecule with the 
other part of the compound. For example, protein is 
hydrolyzed to form amino acids, glycogen is hydrolyzed 
to form glucose, and lipids are hydrolyzed to form fatty 
acids and glycerol.

Hydrolytic enzymes are highly concentrated in lyso-
somes. Ordinarily, the membrane surrounding the lyso-
some prevents the enclosed hydrolytic enzymes from 
coming into contact with other substances in the cell and 
therefore prevents their digestive actions. However, some 
conditions of the cell break the membranes of lysosomes, 
allowing release of the digestive enzymes. These enzymes 
then split the organic substances with which they come 
in contact into small, highly diffusible substances such as 
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amino acids and glucose. Some of the specific functions of 
lysosomes are discussed later in this chapter. 

Peroxisomes
Peroxisomes are physically similar to lysosomes, but 
they are different in two important ways. First, they are 
believed to be formed by self- replication (or perhaps by 
budding off from the smooth endoplasmic reticulum) 
rather than from the Golgi apparatus. Second, they con-
tain oxidases rather than hydrolases. Several of the oxi-
dases are capable of combining oxygen with hydrogen 
ions derived from different intracellular chemicals to 
form hydrogen peroxide (H2O2). Hydrogen peroxide is a 
highly oxidizing substance and is used in association with 
catalase, another oxidase enzyme present in large quan-
tities in peroxisomes, to oxidize many substances that 
might otherwise be poisonous to the cell. For example, 
about half the alcohol that a person drinks is detoxified 
into acetaldehyde by the peroxisomes of the liver cells in 
this manner. A major function of peroxisomes is to catab-
olize long- chain fatty acids. 

Secretory Vesicles
One of the important functions of many cells is secretion 
of special chemical substances. Almost all such secretory 
substances are formed by the endoplasmic reticulum–
Golgi apparatus system and are then released from the 
Golgi apparatus into the cytoplasm in the form of stor-
age vesicles called secretory vesicles or secretory granules. 
Figure 2-6 shows typical secretory vesicles inside pancre-
atic acinar cells; these vesicles store protein proenzymes 
(enzymes that are not yet activated). The proenzymes are 
secreted later through the outer cell membrane into the 
pancreatic duct and then into the duodenum, where they 
become activated and perform digestive functions on the 
food in the intestinal tract. 

Mitochondria
The mitochondria, shown in Figure 2-2 and Figure 2-7, 
are called the powerhouses of the cell. Without them, cells 
would be unable to extract enough energy from the nutri-
ents, and essentially all cellular functions would cease.

Mitochondria are present in all areas of each cell’s 
cytoplasm, but the total number per cell varies from less 
than 100 up to several thousand, depending on the energy 
requirements of the cell. Cardiac muscle cells (cardiomyo-
cytes), for example, use large amounts of energy and have 
far more mitochondria than fat cells (adipocytes), which 
are much less active and use less energy. Furthermore, 
the mitochondria are concentrated in those portions 
of the cell responsible for the major share of its energy 
metabolism. They are also variable in size and shape. 
Some mitochondria are only a few hundred nanometers 
in diameter and are globular in shape, whereas others are 
elongated and are as large as 1 micrometer in diameter 
and 7 micrometers long. Still others are branching and 
filamentous.

The basic structure of the mitochondrion, shown 
in Figure 2-7, is composed mainly of two lipid bilayer- 
protein membranes, an outer membrane and an inner 
membrane. Many infoldings of the inner membrane form 
shelves or tubules called cristae onto which oxidative 
enzymes are attached. The cristae provide a large surface 
area for chemical reactions to occur. In addition, the inner 
cavity of the mitochondrion is filled with a matrix that 
contains large quantities of dissolved enzymes necessary 
for extracting energy from nutrients. These enzymes oper-
ate in association with oxidative enzymes on the cristae 
to cause oxidation of nutrients, thereby forming carbon 
dioxide and water and, at the same time, releasing energy. 
The liberated energy is used to synthesize a high- energy 
substance called adenosine triphosphate (ATP). ATP is 
then transported out of the mitochondrion and diffuses 
throughout the cell to release its own energy wherever it 
is needed for performing cellular functions. The chemical 
details of ATP formation by the mitochondrion are pro-
vided in Chapter 68, but some basic functions of ATP in 
the cell are introduced later in this chapter.

Mitochondria are self- replicative, which means that 
one mitochondrion can form a second one, a third one, 
and so on whenever the cell needs increased amounts 
of ATP. Indeed, the mitochondria contain DNA similar 
to that found in the cell nucleus. In Chapter 3, we will 
see that DNA is the basic constituent of the nucleus that 
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controls replication of the cell. The DNA of the mitochon-
drion plays a similar role, controlling replication of the 
mitochondrion. Cells that are faced with increased energy 
demands—for example, in skeletal muscles subjected to 
chronic exercise training—may increase the density of 
mitochondria to supply the additional energy required. 

Cell Cytoskeleton—Filament and Tubular 
Structures
The cell cytoskeleton is a network of fibrillar proteins 
organized into filaments or tubules. These originate as 
precursor proteins synthesized by ribosomes in the cyto-
plasm. The precursor molecules then polymerize to form 
filaments (Figure 2-8). As an example, large numbers of 
actin microfilaments frequently occur in the outer zone 
of the cytoplasm, called the ectoplasm, to form an elas-
tic support for the cell membrane. Also, in muscle cells, 
actin and myosin filaments are organized into a special 
contractile machine that is the basis for muscle contrac-
tion, as discussed in Chapter 6.

Intermediate filaments are generally strong ropelike 
filaments that often work together with microtubules, 
providing strength and support for the fragile tubulin 
structures. They are called intermediate because their 
average diameter is between that of narrower actin micro-
filaments and wider myosin filaments found in muscle 
cells. Their functions are mainly mechanical, and they are 
less dynamic than actin microfilaments or microtubules. 

All cells have intermediate filaments, although the pro-
tein subunits of these structures vary, depending on the 
cell type. Specific intermediate filaments found in various 
cells include desmin filaments in muscle cells, neurofila-
ments in neurons, and keratins in epithelial cells.

A special type of stiff filament composed of polym-
erized tubulin molecules is used in all cells to construct 
strong tubular structures, the microtubules. Figure 2-8 
shows typical microtubules of a cell.

Another example of microtubules is the tubular skeletal 
structure in the center of each cilium that radiates upward 
from the cell cytoplasm to the tip of the cilium. This struc-
ture is discussed later in the chapter (see Figure 2-18). Also, 
both the centrioles and mitotic spindles of cells undergoing 
mitosis are composed of stiff microtubules.

A major function of microtubules is to act as a cyto-
skeleton, providing rigid physical structures for certain 
parts of cells. The cell cytoskeleton not only determines 
cell shape but also participates in cell division, allows cells 
to move, and provides a tracklike system that directs the 
movement of organelles in the cells. Microtubules serve 
as the conveyor belts for the intracellular transport of 
vesicles, granules, and organelles such as mitochondria. 

Nucleus
The nucleus is the control center of the cell and sends 
messages to the cell to grow and mature, replicate, or 
die. Briefly, the nucleus contains large quantities of DNA, 
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which comprise the genes. The genes determine the char-
acteristics of the cell’s proteins, including the structural 
proteins, as well as the intracellular enzymes that control 
cytoplasmic and nuclear activities.

The genes also control and promote cell reproduction. 
The genes first reproduce to create two identical sets of 
genes; then the cell splits by a special process called mito-
sis to form two daughter cells, each of which receives one 
of the two sets of DNA genes. All these activities of the 
nucleus are discussed in Chapter 3.

Unfortunately, the appearance of the nucleus under the 
microscope does not provide many clues to the mecha-
nisms whereby the nucleus performs its control activities. 
Figure 2-9 shows the light microscopic appearance of the 
interphase nucleus (during the period between mitoses), 
revealing darkly staining chromatin material throughout 
the nucleoplasm. During mitosis, the chromatin material 
organizes in the form of highly structured chromosomes, 
which can then be easily identified using the light micro-
scope, as illustrated in Chapter 3.

Nuclear Membrane. The nuclear membrane, also called 
the nuclear envelope, is actually two separate bilayer 
membranes, one inside the other. The outer membrane 
is continuous with the endoplasmic reticulum of the cell 
cytoplasm, and the space between the two nuclear mem-
branes is also continuous with the space inside the endo-
plasmic reticulum, as shown in Figure 2-9.

The nuclear membrane is penetrated by several thou-
sand nuclear pores. Large complexes of proteins are 
attached at the edges of the pores so that the central area 
of each pore is only about 9 nanometers in diameter. 
Even this size is large enough to allow molecules up to a 
molecular weight of 44,000 to pass through with reason-
able ease. 

Nucleoli and Formation of Ribosomes. The nuclei of 
most cells contain one or more highly staining structures 
called nucleoli. The nucleolus, unlike most other orga-
nelles discussed here, does not have a limiting membrane. 
Instead, it is simply an accumulation of large amounts of 

RNA and proteins of the types found in ribosomes. The 
nucleolus enlarges considerably when the cell is actively 
synthesizing proteins.

Formation of the nucleoli (and of the ribosomes in 
the cytoplasm outside the nucleus) begins in the nucleus. 
First, specific DNA genes in the chromosomes cause 
RNA to be synthesized. Some of this synthesized RNA is 
stored in the nucleoli, but most of it is transported out-
ward through the nuclear pores into the cytoplasm. Here 
it is used in conjunction with specific proteins to assemble 
“mature” ribosomes that play an essential role in forming 
cytoplasmic proteins, as discussed in Chapter 3. 

COMPARISON OF THE ANIMAL CELL 
WITH PRECELLULAR FORMS OF LIFE

The cell is a complicated organism that required many 
hundreds of millions of years to develop after the earli-
est forms of life, microorganisms that may have been 
similar to present- day viruses, first appeared on earth. 
Figure 2-10 shows the relative sizes of the following: (1) 
the smallest known virus; (2) a large virus; (3) a Rickett-
sia; (4) a bacterium; and (5) a nucleated cell, This dem-
onstrates that the cell has a diameter about 1000 times 
that of the smallest virus and therefore a volume about 1 
billion times that of the smallest virus. Correspondingly, 
the functions and anatomical organization of the cell are 
also far more complex than those of the virus.

The essential life- giving constituent of the small virus is 
a nucleic acid embedded in a coat of protein. This nucleic 
acid is composed of the same basic nucleic acid constit-
uents (DNA or RNA) found in mammalian cells and is 
capable of reproducing itself under appropriate condi-
tions. Thus, the virus propagates its lineage from genera-
tion to generation and is therefore a living structure in the 
same way that cells and humans are living structures.

As life evolved, other chemicals in addition to nucleic 
acid and simple proteins became integral parts of the 
organism, and specialized functions began to develop 
in different parts of the virus. A membrane formed 
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around the virus and, inside the membrane, a fluid matrix 
appeared. Specialized chemicals then developed inside 
the fluid to perform special functions; many protein 
enzymes appeared that were capable of catalyzing chemi-
cal reactions, thus determining the organism’s activities.

In still later stages of life, particularly in the rickett-
sial and bacterial stages, organelles developed inside the 
organism. These represent physical structures of chemi-
cal aggregates that perform functions in a more efficient 
manner than what can be achieved by dispersed chemi-
cals throughout the fluid matrix.

Finally, in the nucleated cell, still more complex organ-
elles developed, the most important of which is the 
nucleus. The nucleus distinguishes this type of cell from 
all lower forms of life; it provides a control center for all 
cellular activities and for reproduction of new cells gen-
eration after generation, with each new cell having almost 
exactly the same structure as its progenitor. 

FUNCTIONAL SYSTEMS OF THE CELL

In the remainder of this chapter, we discuss some func-
tional systems of the cell that make it a living organism.

ENDOCYTOSIS—INGESTION BY THE CELL

If a cell is to live and grow and reproduce, it must obtain 
nutrients and other substances from the surrounding flu-
ids. Most substances pass through the cell membrane by 
the processes of diffusion and active transport.

Diffusion involves simple movement through the mem-
brane caused by the random motion of the molecules of 
the substance. Substances move through cell membrane 
pores or, in the case of lipid- soluble substances, through 
the lipid matrix of the membrane.

Active transport involves actually carrying a substance 
through the membrane by a physical protein structure 
that penetrates all the way through the membrane. These 
active transport mechanisms are so important to cell 
function that they are presented in detail in Chapter 4.

Large particles enter the cell by a specialized func-
tion of the cell membrane called endocytosis (Video 2- 1). 
The principal forms of endocytosis are pinocytosis and 
phagocytosis. Pinocytosis means the ingestion of minute 
particles that form vesicles of extracellular fluid and par-
ticulate constituents inside the cell cytoplasm. Phagocyto-
sis means the ingestion of large particles, such as bacteria, 
whole cells, or portions of degenerating tissue.

Pinocytosis. Pinocytosis occurs continually in the cell 
membranes of most cells, but is especially rapid in some 
cells. For example, it occurs so rapidly in macrophages 
that about 3% of the total macrophage membrane is en-
gulfed in the form of vesicles each minute. Even so, the 
pinocytotic vesicles are so small—usually only 100 to 200 
nanometers in diameter—that most of them can be seen 
only with an electron microscope.

Pinocytosis is the only means whereby most large 
macromolecules, such as most proteins, can enter cells. 
In fact, the rate at which pinocytotic vesicles form is usu-
ally enhanced when such macromolecules attach to the 
cell membrane.

Figure 2-11 demonstrates the successive steps of 
pinocytosis (A–D), showing three molecules of protein 
attaching to the membrane. These molecules usually 
attach to specialized protein receptors on the surface of 
the membrane that are specific for the type of protein 
that is to be absorbed. The receptors generally are con-
centrated in small pits on the outer surface of the cell 
membrane, called coated pits. On the inside of the cell 
membrane beneath these pits is a latticework of fibrillar 
protein called clathrin, as well as other proteins, perhaps 
including contractile filaments of actin and myosin. Once 
the protein molecules have bound with the receptors, the 
surface properties of the local membrane change in such 
a way that the entire pit invaginates inward, and fibrillar 
proteins surrounding the invaginating pit cause its bor-
ders to close over the attached proteins, as well as over a 
small amount of extracellular fluid. Immediately thereaf-
ter, the invaginated portion of the membrane breaks away 
from the surface of the cell, forming a pinocytotic vesicle 
inside the cytoplasm of the cell.

What causes the cell membrane to go through the 
necessary contortions to form pinocytotic vesicles is still 
unclear. This process requires energy from within the cell, 
which is supplied by ATP, a high- energy substance dis-
cussed later in this chapter. This process also requires the 
presence of calcium ions in the extracellular fluid, which 
probably react with contractile protein filaments beneath 
the coated pits to provide the force for pinching the vesi-
cles away from the cell membrane. 

Phagocytosis. Phagocytosis occurs in much the same 
way as pinocytosis, except that it involves large particles 
rather than molecules. Only certain cells have the capa-
bility of phagocytosis—notably, tissue macrophages and 
some white blood cells.
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Figure 2-11. Mechanism of pinocytosis.
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Phagocytosis is initiated when a particle such as a bac-
terium, dead cell, or tissue debris binds with receptors 
on the surface of the phagocyte. In the case of bacteria, 
each bacterium is usually already attached to a specific 
antibody; it is the antibody that attaches to the phago-
cyte receptors, dragging the bacterium along with it. This 
intermediation of antibodies is called opsonization, which 
is discussed in Chapters 34 and 35.

Phagocytosis occurs in the following steps:
 1.  The cell membrane receptors attach to the surface 

ligands of the particle.
 2.  The edges of the membrane around the points of 

attachment evaginate outward within a fraction of 
a second to surround the entire particle; then, pro-
gressively more and more membrane receptors at-
tach to the particle ligands. All this occurs suddenly 
in a zipper- like manner to form a closed phagocytic 
vesicle.

 3.  Actin and other contractile fibrils in the cytoplasm 
surround the phagocytic vesicle and contract 
around its outer edge, pushing the vesicle to the in-
terior.

 4.  The contractile proteins then pinch the stem of the 
vesicle so completely that the vesicle separates from 
the cell membrane, leaving the vesicle in the cell in-
terior in the same way that pinocytotic vesicles are 
formed. 

LYSOSOMES DIGEST PINOCYTOTIC AND 
PHAGOCYTIC FOREIGN SUBSTANCES 
INSIDE THE CELL

Almost immediately after a pinocytotic or phagocytic ves-
icle appears inside a cell, one or more lysosomes become 
attached to the vesicle and empty their acid hydrolases to 
the inside of the vesicle, as shown in Figure 2-12. Thus, 
a digestive vesicle is formed inside the cell cytoplasm in 
which the vesicular hydrolases begin hydrolyzing the 

proteins, carbohydrates, lipids, and other substances in the 
vesicle. The products of digestion are small molecules of 
substances such as amino acids, glucose, and phosphates 
that can diffuse through the membrane of the vesicle into 
the cytoplasm. What is left of the digestive vesicle, called 
the residual body, represents indigestible substances. In 
most cases, the residual body is finally excreted through 
the cell membrane by a process called exocytosis, which is 
essentially the opposite of endocytosis. Thus, the pinocy-
totic and phagocytic vesicles containing lysosomes can be 
called the digestive organs of the cells.

Lysosomes and Regression of Tissues and Autolysis 
of Damaged Cells. Tissues of the body often regress to 
a smaller size. For example, this regression occurs in the 
uterus after pregnancy, in muscles during long periods of 
inactivity, and in mammary glands at the end of lactation. 
Lysosomes are responsible for much of this regression.

Another special role of the lysosomes is the removal 
of damaged cells or damaged portions of cells from tis-
sues. Damage to the cell—caused by heat, cold, trauma, 
chemicals, or any other factor—induces lysosomes to 
rupture. The released hydrolases immediately begin to 
digest the surrounding organic substances. If the damage 
is slight, only a portion of the cell is removed, and the cell 
is then repaired. If the damage is severe, the entire cell is 
digested, a process called autolysis. In this way, the cell is 
completely removed, and a new cell of the same type is 
formed, ordinarily by mitotic reproduction of an adjacent 
cell to take the place of the old one.

The lysosomes also contain bactericidal agents that can 
kill phagocytized bacteria before they cause cellular dam-
age. These agents include the following: (1) lysozyme, which 
dissolves the bacterial cell wall; (2) lysoferrin, which binds 
iron and other substances before they can promote bacterial 
growth; and (3) acid at a pH of about 5.0, which activates the 
hydrolases and inactivates bacterial metabolic systems. 

Autophagy and Recycling of Cell Organelles.  
Lysosomes play a key role in the process of autophagy, 
which literally means “to eat oneself.” Autophagy is 
a housekeeping process whereby obsolete organelles 
and large protein aggregates are degraded and re-
cycled (Figure 2-13). Worn- out cell organelles are 
transferred to lysosomes by double- membrane struc-
tures called autophagosomes, which are formed in the 
cytosol. Invagination of the lysosomal membrane and 
the formation of vesicles provides another pathway for 
cytosolic structures to be transported into the lumen 
of lysosomes. Once inside the lysosomes, the orga-
nelles are digested, and the nutrients are reused by the 
cell. Autophagy contributes to the routine turnover of 
cytoplasmic components; it is a key mechanism for 
tissue development, cell survival when nutrients are 
scarce, and maintenance of homeostasis. In liver cells, 
for example, the average mitochondrion normally has 
a life span of only about 10 days before it is destroyed. 
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Figure 2-12. Digestion of substances in pinocytotic or phagocytic 
vesicles by enzymes derived from lysosomes.



 23

U
N

IT
 I

Chapter 2  The Cell and Its Functions

SYNTHESIS OF CELLULAR STRUCTURES BY 
ENDOPLASMIC RETICULUM AND GOLGI 
APPARATUS

Endoplasmic Reticulum Functions
The extensiveness of the endoplasmic reticulum and Golgi 
apparatus in secretory cells has already been emphasized. 
These structures are formed primarily of lipid bilayer 
membranes, similar to the cell membrane, and their walls 
are loaded with protein enzymes that catalyze the synthe-
sis of many substances required by the cell.

Most synthesis begins in the endoplasmic reticulum. 
The products formed there are then passed on to the Golgi 
apparatus, where they are further processed before being 
released into the cytoplasm. First, however, let us note the 
specific products that are synthesized in specific portions 
of the endoplasmic reticulum and Golgi apparatus.

Proteins Synthesis by the Rough Endoplasmic Reticu-
lum. The rough endoplasmic reticulum is characterized by 
large numbers of ribosomes attached to the outer surfaces 
of the endoplasmic reticulum membrane. As discussed in 
Chapter 3, protein molecules are synthesized within the 
structures of the ribosomes. The ribosomes extrude some 
of the synthesized protein molecules directly into the cy-
tosol, but they also extrude many more through the wall 
of the endoplasmic reticulum to the interior of the endo-
plasmic vesicles and tubules into the endoplasmic matrix. 

Lipid Synthesis by the Smooth Endoplasmic Reticu-
lum. The endoplasmic reticulum also synthesizes lipids, 
especially phospholipids and cholesterol. These lipids are 
rapidly incorporated into the lipid bilayer of the endoplas-
mic reticulum, thus causing the endoplasmic reticulum to 
grow more extensive. This process occurs mainly in the 
smooth portion of the endoplasmic reticulum.

To keep the endoplasmic reticulum from growing 
beyond the needs of the cell, small vesicles called ER 
vesicles or transport vesicles continually break away from 
the smooth reticulum; most of these vesicles then migrate 
rapidly to the Golgi apparatus. 

Other Functions of the Endoplasmic Reticulum. 
Other significant functions of the endoplasmic reticu-
lum, especially the smooth reticulum, include the fol-
lowing:
 1.  It provides the enzymes that control glycogen 

breakdown when glycogen is to be used for energy.
 2.  It provides a vast number of enzymes that are ca-

pable of detoxifying substances, such as drugs, that 
might damage the cell. It achieves detoxification by 
processes such as coagulation, oxidation, hydroly-
sis, and conjugation with glycuronic acid. 

Golgi Apparatus Functions
Synthetic Functions of the Golgi Apparatus. Although 
a major function of the Golgi apparatus is to provide ad-
ditional processing of substances already formed in the 
endoplasmic reticulum, it can also synthesize certain 
carbohydrates that cannot be formed in the endoplas-
mic reticulum. This is especially true for the formation of 
large saccharide polymers bound with small amounts of 
protein; important examples include hyaluronic acid and 
chondroitin sulfate.

A few of the many functions of hyaluronic acid and 
chondroitin sulfate in the body are as follows: (1) they 
are the major components of proteoglycans secreted in 
mucus and other glandular secretions; (2) they are the 
major components of the ground substance, or nonfibrous 
components of the extracellular matrix, outside the cells 
in the interstitial spaces, which act as fillers between col-
lagen fibers and cells; (3) they are principal components of 
the organic matrix in both cartilage and bone; and (4) they 
are important in many cell activities, including migration 
and proliferation. 
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Figure 2-13. Schematic diagram of autophagy steps.
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Processing of Endoplasmic Secretions by the Golgi 
Apparatus—Formation of Vesicles. Figure 2-14 sum-
marizes the major functions of the endoplasmic reticu-
lum and Golgi apparatus. As substances are formed in 
the endoplasmic reticulum, especially proteins, they are 
transported through the tubules toward portions of the 
smooth endoplasmic reticulum that lie nearest to the 
Golgi apparatus. At this point, transport vesicles com-
posed of small envelopes of smooth endoplasmic retic-
ulum continually break away and diffuse to the deepest 
layer of the Golgi apparatus. Inside these vesicles are 
synthesized proteins and other products from the endo-
plasmic reticulum.

The transport 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, an important function of the Golgi 
apparatus is to compact the endoplasmic reticular 
secretions into highly concentrated packets. As the 
secretions pass toward the outermost layers of the 
Golgi apparatus, the compaction and processing pro-
ceed. Finally, both small and large vesicles continually 
break away from the Golgi apparatus, carrying with 
them the compacted secretory substances and diffus-
ing throughout the cell.

The following example provides an idea of the tim-
ing of these processes. When a glandular cell is bathed 
in amino acids, newly formed protein molecules can be 
detected in the granular endoplasmic reticulum within 3 
to 5 minutes. Within 20 minutes, newly formed proteins 
are already present in the Golgi apparatus and, within 1 
to 2 hours, the proteins are secreted from the surface of 
the cell. 

Types of Vesicles Formed by the Golgi Apparatus—
Secretory Vesicles and Lysosomes. In a highly secre-
tory cell, the vesicles formed by the Golgi apparatus are 
mainly secretory vesicles containing proteins that are se-
creted through the surface of the cell membrane. These 
secretory vesicles first diffuse to the cell membrane and 
then fuse with it and empty their substances to the exte-
rior by the mechanism called exocytosis. Exocytosis, in 
most cases, is stimulated by entry of calcium ions into 
the cell. Calcium ions interact with the vesicular mem-
brane and cause its fusion with the cell membrane, fol-
lowed by exocytosis—opening of the membrane’s outer 
surface and extrusion of its contents outside the cell. 
Some vesicles, however, are destined for intracellular 
use. 

Use of Intracellular Vesicles to Replenish Cellular 
Membranes. Some intracellular vesicles formed by the 
Golgi apparatus fuse with the cell membrane or with the 
membranes of intracellular structures such as the mito-
chondria and even the endoplasmic reticulum. This fusion 
increases the expanse of these membranes and replenish-
es the membranes as they are used up. For example, the 
cell membrane loses much of its substance every time it 
forms a phagocytic or pinocytotic vesicle, and the vesicu-
lar membranes of the Golgi apparatus continually replen-
ish the cell membrane.

In summary, the membranous system of the endo-
plasmic reticulum and Golgi apparatus are highly 
metabolic and capable of forming new intracellular 
structures and secretory substances to be extruded 
from the cell. 

THE MITOCHONDRIA EXTRACT ENERGY 
FROM NUTRIENTS

The principal substances from which cells extract energy 
are foods that react chemically with oxygen—carbo-
hydrates, fats, and proteins. In the human body, essen-
tially all carbohydrates are converted into glucose by the 
digestive tract and liver before they reach the other cells 
of the body. Similarly, proteins are converted into amino 
acids, and fats are converted into fatty acids. Figure 2-15 
shows oxygen and the foodstuffs—glucose, fatty acids, 
and amino acids—all entering the cell. Inside the cell, 
they react chemically with oxygen under the influence 
of enzymes that control the reactions and channel the 
energy released in the proper direction. The details of all 
these digestive and metabolic functions are provided in 
Chapters 63 through 73.

Briefly, almost all these oxidative reactions occur 
inside the mitochondria, and the energy that is released 
is used to form the high- energy compound ATP. Then, 
ATP, not the original food, is used throughout the cell to 
energize almost all the subsequent intracellular metabolic 
reactions.
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Figure 2-14. Formation of proteins, lipids, and cellular vesicles by the 
endoplasmic reticulum and Golgi apparatus.
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Functional Characteristics of Adenosine 
Triphosphate
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ATP is a nucleotide composed of the following: (1) the 
nitrogenous base adenine; (2) the pentose sugar ribose; 
and (3) three phosphate radicals. The last two phosphate 
radicals are connected with the remainder of the mol-
ecule by high- energy phosphate bonds, which are rep-
resented in the formula shown by the symbol ∼. Under 
the physical and chemical conditions of the body, each of 
these high- energy bonds contains about 12,000 calories 
of energy per mole of ATP, which is many times greater 
than the energy stored in the average chemical bond, 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 intracellular reactions.

When ATP releases its energy, a phosphoric acid 
radical is split away, and adenosine diphosphate (ADP) is 
formed. This released energy is used to energize many of 

the cell’s other functions, such as syntheses of substances 
and muscular contraction.

To reconstitute the cellular ATP as it is used up, energy 
derived from the cellular nutrients causes ADP and phos-
phoric acid to recombine to form new ATP, and the entire 
process is repeated over and over. For these reasons, ATP 
has been called the energy currency of the cell because it 
can be spent and reformed continually, having a turnover 
time of only a few minutes.

Chemical Processes in the Formation of ATP—Role 
of the Mitochondria. On entry into the cells, glucose is 
converted by enzymes in the cytoplasm into pyruvic acid 
(a process called glycolysis). A small amount of ADP is 
changed into ATP by the energy released during this con-
version, but this amount accounts for less than 5% of the 
overall energy metabolism of the cell.

About 95% of the cell’s ATP formation occurs in the 
mitochondria. The pyruvic acid derived from carbo-
hydrates, fatty acids from lipids, and amino acids from 
proteins is eventually converted into the compound 
acetyl- coenzyme A (CoA) in the matrix of mitochondria. 
This substance, in turn, is further dissolved (for the pur-
pose of extracting its energy) by another series of enzymes 
in the mitochondrion matrix, undergoing dissolution in a 
sequence of chemical reactions called the citric acid cycle, 
or Krebs cycle. These chemical reactions are so important 
that they are explained in detail in Chapter 68.

In this citric acid cycle, acetyl- CoA is split into its 
component parts, hydrogen atoms and carbon dioxide. 
The carbon dioxide diffuses out of the mitochondria and 
eventually out of the cell; finally, it is excreted from the 
body through the lungs.

The hydrogen atoms, conversely, are highly reactive; 
they combine with oxygen that has also diffused into 
the mitochondria. This combination releases a tremen-
dous amount of energy, which is used by mitochondria 
to convert large amounts of ADP to ATP. The processes 
of these reactions are complex, requiring the participa-
tion of many protein enzymes that are integral parts of 
mitochondrial membranous shelves that protrude into the 
mitochondrial matrix. The initial event is the removal of 
an electron from the hydrogen atom, thus converting it to 
a hydrogen ion. The terminal event is the combination of 
hydrogen ions with oxygen to form water and the release 
of large amounts of energy to globular proteins that pro-
trude like knobs from the membranes of the mitochon-
drial shelves; these proteins are called ATP synthetase. 
Finally, the enzyme ATP synthetase uses the energy from 
the hydrogen ions to convert ADP to ATP. The newly 
formed ATP is transported out of the mitochondria into 
all parts of the cell cytoplasm and nucleoplasm, where it 
energizes multiple cell functions.

This overall process for formation of ATP is called the 
chemiosmotic mechanism of ATP formation. The chemi-
cal and physical details of this mechanism are presented 
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in Chapter 68, and many of the detailed metabolic func-
tions of ATP in the body are discussed in Chapters 68 
through 72. 

Uses of ATP for Cellular Function. Energy from ATP 
is used to promote three major categories of cellular 
functions: (1) transport of substances through multiple 
cell membranes; (2) synthesis of chemical compounds 
throughout the cell; and (3) mechanical work. These uses 
of ATP are illustrated by the examples in Figure 2-16: 
(1) to supply energy for the transport of sodium through 
the cell membrane; (2) to promote protein synthesis by 
the ribosomes; and (3) to supply the energy needed dur-
ing muscle contraction.

In addition to the membrane transport of sodium, 
energy from ATP is required for the membrane transport 
of potassium, calcium, magnesium, phosphate, chloride, 
urate, and hydrogen ions and many other ions, as well 
as various organic substances. Membrane transport is 
so important to cell function that some cells—the renal 
tubular cells, for example—use as much as 80% of the 
ATP that they form for this purpose alone.

In addition to synthesizing proteins, cells make phos-
pholipids, cholesterol, purines, pyrimidines, and many 
other substances. Synthesis of almost any chemical com-
pound requires energy. For example, a single protein mol-
ecule might be composed of as many as several thousand 
amino acids attached to one another by peptide linkages. 
The formation of each of these linkages requires energy 
derived from the breakdown of four high- energy bonds; 
thus, many thousand ATP molecules must release their 
energy as each protein molecule is formed. Indeed, some 
cells use as much as 75% of all the ATP formed in the cell 

simply to synthesize new chemical compounds, especially 
protein molecules; this is particularly true during the 
growth phase of cells.

Another use of ATP is to supply energy for special 
cells to perform mechanical work. We discuss in Chap-
ter 6 that each contraction of a muscle fiber requires the 
expenditure of large quantities of ATP energy. Other cells 
perform mechanical work in other ways, especially by cili-
ary and ameboid motion, described later in this chapter. 
The source of energy for all these types of mechanical 
work is ATP.

In summary, ATP is readily available to release its 
energy rapidly wherever it is needed in the cell. To replace 
ATP used by the cell, much slower chemical reactions 
break down carbohydrates, fats, and proteins and use the 
energy derived from these processes to form new ATP. 
More than 95% of this ATP is formed in the mitochon-
dria, which is why the mitochondria are called the power-
houses of the cell. 

LOCOMOTION OF CELLS

The most obvious type of movement in the body is that 
which occurs in skeletal, cardiac, and smooth muscle cells, 
which constitute almost 50% of the entire body mass. The 
specialized functions of these cells are discussed in Chapters 
6 through 9. Two other types of movement—ameboid loco-
motion and ciliary movement—occur in other cells.

AMEBOID MOVEMENT

Ameboid movement is a crawling- like movement of an 
entire cell in relation to its surroundings, such as move-
ment of white blood cells through tissues. This type of 
movement gets its name from the fact that amebae move 
in this manner, and amebae have provided an excellent 
tool for studying the phenomenon.

Typically, ameboid locomotion begins with the protru-
sion of a pseudopodium from one end of the cell. The pseu-
dopodium projects away from the cell body and partially 
secures itself in a new tissue area; then the remainder of 
the cell is pulled toward the pseudopodium. Figure 2-17 
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Figure 2-16. Use of adenosine triphosphate (ATP; formed in the mi-
tochondrion) to provide energy for three major cellular functions—
membrane transport, protein synthesis, and muscle contraction. 
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demonstrates this process, showing an elongated cell, the 
right- hand end of which is a protruding pseudopodium. 
The membrane of this end of the cell is continually mov-
ing forward, and the membrane at the left- hand end of the 
cell is continually following along as the cell moves.

Mechanism of Ameboid Locomotion. Figure 2-17 
shows the general principle of ameboid motion. Basical-
ly, this results from the continual formation of new cell 
membrane at the leading edge of the pseudopodium and 
continual absorption of the membrane in the mid and rear 
portions of the cell. Two other effects are also essential for 
forward movement of the cell. The first is attachment of 
the pseudopodium to surrounding tissues so that it be-
comes fixed in its leading position while the remainder 
of the cell body is being pulled forward toward the point 
of attachment. This attachment is caused by receptor pro-
teins that line the insides of exocytotic vesicles. When the 
vesicles become part of the pseudopodial membrane, they 
open so that their insides evert to the outside, and the re-
ceptors now protrude to the outside and attach to ligands 
in the surrounding tissues.

At the opposite end of the cell, the receptors pull away 
from their ligands and form new endocytotic vesicles. 
Then, inside the cell, these vesicles stream toward the 
pseudopodial end of the cell, where they are used to form 
new membrane for the pseudopodium.

The second essential effect for locomotion is to provide 
the energy required to pull the cell body in the direction 
of the pseudopodium. A moderate to large amount of the 
protein actin is in the cytoplasm of all cells. Much of the 
actin is in the form of single molecules that do not provide 
any motive power; however, these molecules polymerize 
to form a filamentous network, and the network contracts 
when it binds with an actin- binding protein such as myosin. 
The entire process is energized by the high- energy com-
pound ATP. This is what occurs in the pseudopodium of a 
moving cell, where such a network of actin filaments forms 
anew inside the enlarging pseudopodium. Contraction also 
occurs in the ectoplasm of the cell body, where a preexisting 
actin network is already present beneath the cell membrane. 

Types of Cells That Exhibit Ameboid Locomotion. 
The most common cells to exhibit ameboid locomotion 
in the human body are the white blood cells when they 
move out of the blood into the tissues to form tissue mac-
rophages. Other types of cells can also move by ameboid 
locomotion under certain circumstances. For example, 
fibroblasts move into a damaged area to help repair the 
damage, and even the germinal cells of the skin, although 
ordinarily completely sessile cells, move toward a cut area 
to repair the opening. Cell locomotion is also especially 
important in the development of the embryo and fetus 
after fertilization of an ovum. For example, embryonic 
cells often must migrate long distances from their sites 
of origin to new areas during the development of special 
structures.

Some types of cancer cells, such as sarcomas, which 
arise from connective tissue cells, are especially proficient 
at ameboid movement. This partially accounts for their 
relatively rapid spreading from one part of the body to 
another, known as metastasis. 

Control of Ameboid Locomotion—Chemotaxis. An 
important initiator of ameboid locomotion is the process 
called chemotaxis, which results from the appearance of 
certain chemical substances in the tissues. Any chemi-
cal substance that causes chemotaxis to occur is called 
a chemotactic substance. Most cells that exhibit ameboid 
locomotion move toward the source of a chemotactic 
substance—that is, from an area of lower concentration 
toward an area of higher concentration. This is called pos-
itive chemotaxis. Some cells move away from the source, 
which is called negative chemotaxis.

How does chemotaxis control the direction of ame-
boid locomotion? Although the answer is not certain, 
it is known that the side of the cell most exposed to the 
chemotactic substance develops membrane changes that 
cause pseudopodial protrusion. 

CILIA AND CILIARY MOVEMENTS

There are two types of cilia, motile and nonmotile, or pri-
mary, cilia. Motile cilia can undergo a whiplike movement 
on the surfaces of cells. This movement occurs mainly 
in two places in the human body, on the surfaces of the 
respiratory airways and on the inside surfaces of the uter-
ine tubes (fallopian tubes) of the reproductive tract. In the 
nasal cavity and lower respiratory airways, the whiplike 
motion of motile cilia causes a layer of mucus to move at 
a rate of about 1 cm/min toward the pharynx, in this way 
continually clearing these passageways of mucus and parti-
cles that have become trapped in the mucus. In the uterine 
tubes, cilia cause slow movement of fluid from the ostium 
of the uterine tube toward the uterus cavity; this movement 
of fluid transports the ovum from the ovary to the uterus.

As shown in Figure 2-18, a cilium has the appearance 
of a sharp- pointed straight or curved hair that projects 
2 to 4 micrometers from the surface of the cell. Often, 
many motile cilia project from a single cell—for example, 
as many as 200 cilia on the surface of each epithelial cell 
inside the respiratory passageways. The cilium is covered 
by an outcropping of the cell membrane, and it is sup-
ported by 11 microtubules—nine double tubules located 
around the periphery of the cilium and two single tubules 
down the center, as demonstrated in the cross section 
shown in Figure 2-18. Each cilium is an outgrowth of 
a structure that lies immediately beneath the cell mem-
brane, called the basal body of the cilium.

The flagellum of a sperm is similar to a motile cilium; 
in fact, it has much the same type of structure and same 
type of contractile mechanism. The flagellum, however, is 
much longer and moves in quasisinusoidal waves instead 
of whiplike movements.
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In the inset of Figure 2-18, movement of the motile 
cilium is shown. The cilium moves forward with a sudden, 
rapid whiplike stroke 10 to 20 times per second, bending 
sharply where it projects from the surface of the cell. Then 
it moves backward slowly to its initial position. The rapid, 
forward- thrusting, whiplike movement pushes the fluid 
lying adjacent to the cell in the direction that the cilium 
moves; the slow dragging movement in the backward 
direction has almost no effect on fluid movement. As a 
result, the fluid is continually propelled in the direction of 
the fast- forward stroke. Because most motile ciliated cells 
have large numbers of cilia on their surfaces, and because 
all the cilia are oriented in the same direction, this is an 
effective means for moving fluids from one part of the 
surface to another.

Mechanism of Ciliary Movement. Although not all 
aspects of ciliary movement are known, we are aware 
of the following elements. First, the nine double tubules 
and two single tubules are all linked to one another by a 
complex of protein cross- linkages; this total complex of 
tubules and cross- linkages is called the axoneme. Second, 
even after removal of the membrane and destruction of 
other elements of the cilium in addition to the axoneme, 

the cilium can still beat under appropriate conditions. 
Third, two conditions are necessary for continued beating 
of the axoneme after removal of the other structures of 
the cilium: (1) the availability of ATP; and (2) appropriate 
ionic conditions, especially appropriate concentrations of 
magnesium and calcium. Fourth, during forward motion 
of the cilium, the double tubules on the front edge of the 
cilium slide outward toward the tip of the cilium, whereas 
those on the back edge remain in place. Fifth, multiple 
protein arms composed of the protein dynein, which has 
adenosine triphosphatase (ATPase) enzymatic activity, 
project from each double tubule toward an adjacent dou-
ble tubule.

Given this basic information, it has been determined 
that the release of energy from ATP in contact with the 
ATPase dynein arms causes the heads of these arms to 
“crawl” rapidly along the surface of the adjacent double 
tubule. If the front tubules crawl outward while the back 
tubules remain stationary, bending occurs.

The way in which cilia contraction is controlled is not 
well understood. The cilia of some genetically abnormal 
cells do not have the two central single tubules, and these 
cilia fail to beat. Therefore, it is presumed that some signal, 
perhaps an electrochemical signal, is transmitted along 
these two central tubules to activate the dynein arms. 

Nonmotile Primary Cilia Serve as Cell Sensory “An-
tennae.” Primary cilia are nonmotile and generally 
occur only as a single cilium on each cell. Although the 
physiological functions of primary cilia are not fully un-
derstood, current evidence indicates that they function 
as cellular ‘’sensory antennae,” which coordinate cellular 
signaling pathways involved in chemical and mechani-
cal sensation, signal transduction, and cell growth. In the 
kidneys, for example, primary cilia are found in most epi-
thelial cells of the tubules, projecting into the tubule lu-
men and acting as a flow sensor. In response to fluid flow 
over the tubular epithelial cells, the primary cilia bend and 
cause flow- induced changes in intracellular calcium sign-
aling. These signals, in turn, initiate multiple effects on 
the cells. Defects in signaling by primary cilia in renal tu-
bular epithelial cells are thought to contribute to various 
disorders, including the development of large fluid- filled 
cysts, a condition called polycystic kidney disease.
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Genes, which are located in the nuclei of all cells of the 
body, control heredity from parents to children, as well 
as the daily functioning of all the body’s cells. The genes 
control cell function by determining which structures, 
enzymes, and chemicals are synthesized within the cell.

Figure 3-1 shows the general schema of genetic con-
trol. Each gene, which is composed of deoxyribonucleic 
acid (DNA), controls the formation of another nucleic 
acid, ribonucleic acid (RNA); this RNA then spreads 
throughout the cell to control formation of a specific pro-
tein. The entire process, from transcription of the genetic 
code in the nucleus to translation of the RNA code and 
the formation of proteins in the cell cytoplasm, is often 
referred to as gene expression.

Because the human body has approximately 20,000 
to 25,000 different genes that code for proteins in each 
cell, it is possible to form a large number of different cel-
lular proteins. In fact, RNA molecules transcribed from 
the same segment of DNA—the same gene—can be pro-
cessed in more than one way by the cell, giving rise to 
alternate versions of the protein. The total number of 
different proteins produced by the various cell types in 
humans is estimated to be at least 100,000.

Some of the cellular proteins are structural proteins, 
which, in association with various lipids and carbohy-
drates, form structures of the various intracellular organ-
elles discussed in Chapter 2. However, most of the proteins 
are enzymes that catalyze different chemical reactions in 
the cells. For example, enzymes promote all the oxidative 
reactions that supply energy to the cell, along with synthe-
sis of all the cell chemicals, such as lipids, glycogen, and 
adenosine triphosphate (ATP).

CELL NUCLEUS GENES CONTROL 
PROTEIN SYNTHESIS

In the cell nucleus, large numbers of genes are attached end 
on end in extremely long, double- stranded helical molecules 
of DNA having molecular weights measured in the billions. 
A very short segment of such a molecule is shown in Figure 
3-2. This molecule is composed of several simple chemical 
compounds bound together in a regular pattern, the details 
of which are explained in the next few paragraphs.

Building Blocks of DNA
Figure 3-3 shows the basic chemical compounds involved 
in the formation of DNA. These compounds include the 
following: (1) phosphoric acid; (2) a sugar called deoxyri-
bose; and (3) four nitrogenous bases (two purines, adenine 
and guanine, and two pyrimidines, thymine and cytosine). 
The phosphoric acid and deoxyribose form the two heli-
cal strands that are the backbone of the DNA molecule, 
and the nitrogenous bases lie between the two strands 
and connect them, as illustrated in Figure 3-2. 

Nucleotides
The first stage of DNA formation is to combine one mol-
ecule of phosphoric acid, one molecule of deoxyribose, and 
one of the four bases to form an acidic nucleotide. Four 
separate nucleotides are thus formed, one for each of the 
four bases: deoxyadenylic, deoxythymidylic, deoxyguanylic, 
and deoxycytidylic acids. Figure 3-4 shows the chemical 
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Figure 3-3 The basic building blocks of DNA.
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	Local Muscle Metabolism Is the Primary Controller of Coronary Flow
	Nervous Control of Coronary Blood Flow
	Direct Effects of Nervous Stimuli on Coronary Vasculature. The distribution of parasympathetic (vagal) nerve fibers to the vent...


	Ischemic Heart Disease
	Acute Coronary Artery Occlusion
	Lifesaving Value of Collateral Circulation in the Heart. The degree of damage to the heart muscle caused by slowly developing at...
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	Irreversible Shock

	Neurogenic Shock—Increased Vascular Capacity
	Anaphylactic Shock and Histamine Shock
	Septic Shock
	Physiology of Treatment in Shock
	Replacement Therapy
	Blood and Plasma Transfusion. If a person is in shock caused by hemorrhage, the best possible therapy is usually transfusion of ...
	Dextran Solution as a Plasma Substitute. The principal requirement of a truly effective plasma substitute is that it remain in t...



	Other Therapy
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	Treatment With Glucocorticoids. Glucocorticoids—adrenal cortex hormones that control glucose metabolism—are frequently given to ...



	Circulatory Arrest

	25 - Regulation of Body Fluid Compartments: Extracellular and Intracellular Fluids; Edema
	Fluid Intake and Output ARE Balanced During Steady-State Conditions
	Daily Intake of Water

	Daily Loss of Body Water
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	Osmotic Equilibrium Between Intracellular and Extracellular Fluids
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	Excretion of Metabolic Waste Products, Foreign Chemicals, Drugs, and Hormone Metabolites. The kidneys are the primary means for ...
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	Determinants of the Glomerular Filtration Rate
	Renal Blood Flow
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	Norepinephrine, Epinephrine, and Endothelin Constrict Renal Blood Vessels and Decrease Glomerular Filtration Rate. Hormones tha...
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	Endothelial-Derived Nitric Oxide Decreases Renal Vascular Resistance and Increases Glomerular Filtration Rate. An autacoid t...
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	Late Distal Tubule and Cortical Collecting Tubules. In the late distal tubule and cortical collecting tubules, the osmolarity of...
	Inner Medullary Collecting Ducts. The concentration of fluid in the inner medullary collecting ducts also depends on the followi...
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	Cell Lysis Causes Increased Extracellular Potassium Concentration. As cells are destroyed, the large amounts of potassium contai...
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	Regulation of Renal Phosphate Excretion
	Regulation of Renal Magnesium Excretion and Extracellular Magnesium Ion Concentration
	Integration of Renal Mechanisms for Control of Extracellular Fluid
	Importance of Pressure Natriuresis and Pressure Diuresis in Maintaining Body Sodium and Fluid Balance
	Pressure Natriuresis and Diuresis: Key Components of A Renal–Body Fluid Feedback for Regulating Body Fluid Volumes and Arterial ...

	Distribution of Extracellular Fluid Between Interstitial Spaces and Vascular System
	Nervous and Hormonal Factors Increase Effectiveness of Renal–Body Fluid Feedback Control
	Integrated Responses to Changes in Sodium Intake
	Conditions That Cause Large Increases in Blood Volume and Extracellular Fluid Volume
	Conditions That Cause Large Increases in Extracellular Fluid Volume With Normal or Reduced Blood Volume

	31 - Acid–Base Regulation
	Hydrogen Ion Concentration is Precisely Regulated
	Acids and Bases—Definitions and Meanings
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	Destruction of Hemoglobin by Macrophages. When RBCs burst and release their hemoglobin, the hemoglobin is phagocytized almost im...



	Anemias
	Blood Loss Anemia. After rapid hemorrhage, the body replaces the fluid portion of the plasma in 1 to 3 days, but this response r...
	Aplastic Anemia Due to Bone Marrow Dysfunction. Bone marrow aplasia means lack of functioning bone marrow. For example, exposure...
	Megaloblastic Anemia. Based on the earlier discussions of vitamin B12, folic acid, and intrinsic factor from the stomach mucosa,...
	Hemolytic Anemia. Different abnormalities of the RBCs, many of which are acquired through hereditary, make the cells fragile, so...



	Polycythemia
	Secondary Polycythemia. Whenever the tissues become hypoxic because of too little oxygen in the breathed air, such as at high al...


	34 - Resistance of the Body to Infection: I. Leukocytes, Granulocytes, the Monocyte-Macrophage System, and Inflammation
	Leukocytes (White Blood Cells)
	Genesis of White Blood Cells
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	Neutrophils and Macrophages Defend Against Infections
	White Blood Cells Enter the Tissue Spaces by Diapedesis. Neutrophils and monocytes can squeeze through gaps between endothelial ...
	White Blood Cells Move Through Tissue Spaces by Ameboid Motion. Both neutrophils and macrophages can move through the tissues by...
	White Blood Cells Are Attracted to Inflamed Tissue Areas by Chemotaxis. Many different chemical substances in the tissues cause ...


	Phagocytosis
	Phagocytosis by Neutrophils. The neutrophils entering the tissues are already mature cells that can immediately begin phagocytos...
	Phagocytosis by Macrophages. Macrophages are the end-stage product of monocytes that enter the tissues from the blood. When act...
	Once Phagocytized, Most Particles Are Digested by Intracellular Enzymes. Once a foreign particle has been phagocytized, lysosome...
	Neutrophils and Macrophages Can Kill Bacteria.In addition to the digestion of ingested bacteria in phagosomes, neutrophils and m...



	Monocyte-Macrophage Cell System (Reticuloendothelial System)
	Tissue Macrophages in Skin and Subcutaneous Tissues (Histiocytes). The skin is mainly impregnable to infectious agents, except w...
	Macrophages in Lymph Nodes. Essentially no particulate matter that enters the tissues, such as bacteria, can be absorbed directl...
	Alveolar Macrophages in Lungs. Another route whereby invading organisms frequently enter the body is through the lungs. Large nu...
	Macrophages (Kupffer Cells) in Liver Sinusoids. Another route whereby bacteria invade the body is through the gastrointestinal t...
	Macrophages of Spleen and Bone Marrow. If an invading organism succeeds in entering the general circulation, there are other lin...


	Inflammation

	Macrophage and Neutrophil Responses During Inflammation
	Tissue Macrophages Provide First Line of Defense Against Infection. Within minutes after inflammation begins, the macrophages al...
	Neutrophil Invasion of the Inflamed Area Is a Second Line of Defense. Within the first hour or so after inflammation begins, lar...
	Acute Increase in the Number of Neutrophils in Blood—Neutrophilia. Also, within a few hours after the onset of acute severe infl...
	Second Macrophage Invasion Into the Inflamed Tissue Is a Third Line of Defense. Along with the invasion of neutrophils, monocyte...
	Increased Production of Granulocytes and Monocytes by Bone Marrow Is a Fourth Line of Defense. The fourth line of defense is gre...
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	Acquired (Adaptive) Immunity
	T and B Lymphocytes Promote Cell-Mediated and Humoral Immunity. Although most lymphocytes in normal lymphoid tissue look alike...
	Thymus Gland Preprocesses T Lymphocytes. The T lymphocytes, after origination in the bone marrow, first migrate to the thymus gl...
	Liver and Bone Marrow Preprocess B Lymphocytes. In humans, B lymphocytes are preprocessed in the liver during midfetal life and ...
	Millions of Specific Types of Lymphocytes Are Stored in Lymphoid Tissue. Millions of different types of preformed B lymphocytes ...
	Role of Macrophages in the Activation Process. Aside from the lymphocytes in lymphoid tissue, literally millions of macrophages ...
	Role of T Cells in Activation of B Lymphocytes. Most antigens activate both T lymphocytes and B lymphocytes at the same time. So...


	Specific Attributes of The B-Lymphocyte System—Humoral Immunity and Antibodies
	Antibody Formation by Plasma Cells. Before exposure to a specific antigen, the clones of B lymphocytes remain dormant in the lym...
	Formation of Memory Cells Enhances Antibody Response to Subsequent Antigen Exposure. A few of the lymphoblasts formed by activat...
	Generation of Lifelong Immunity by Plasma Cells. When naïve B lymphocytes encounter their associated antigens, become activated,...

	Nature of Antibodies
	Specificity of Antibodies. Each antibody is specific for a particular antigen; this characteristic is a result of the unique str...
	Five General Classes of Antibodies. There are five general classes of antibodies, respectively named IgM, IgG, IgA, IgD, and IgE...

	Mechanisms of Action of Antibodies
	Direct Action of Antibodies on Invading Agents. Figure 35-5 shows antibodies (designated by the red Y-shaped bars) reacting wi...
	Classical Pathway. The classical pathway is initiated by an antigen-antibody reaction. That is, when an antibody binds with an ...


	Special Attributes of T-Lymphocyte System—Activated T Cells and Cell-Mediated Immunity
	Release of Activated T Cells From Lymphoid Tissue and Formation of Memory Cells. On exposure to the proper antigen, as presented...
	Antigen-Presenting Cells, Major Histocompatibility Complex Proteins, and Antigen Receptors on T Lymphocytes. T-cell responses ...


	Different Types of T Cells and Their Functions
	T-Helper Cells Are the Most NumerousT Cells
	Specific Regulatory Functions of Lymphokines. In the absence of the lymphokines from the T-helper cells, the remainder of the i...
	Stimulation of Growth and Proliferation of Cytotoxic T Cells and Regulatory T Cells. In the absence of T-helper cells, the clon...
	Stimulation of B-Cell Growth and Differentiation to Form Plasma Cells and Antibodies. The direct actions of antigens to cause B...
	Activation of the Macrophage System. The lymphokines also affect the macrophages. First, they slow or stop the migration of the ...
	Feedback Stimulatory Effect on T-Helper Cells. Some of the lymphokines, especially interleukin-2, have a direct positive feedb...

	Cytotoxic T Cells Are Killer Cells
	Regulatory T Cells
	Most Tolerance Results From Clone Selection During Preprocessing. Most tolerance is believed to develop during the preprocessing...
	Failure of the Tolerance Mechanism Causes Autoimmune Diseases. Sometimes, people lose immune tolerance of their own tissues. Thi...


	Passive Immunity

	Allergy and Hypersensitivity
	Anaphylaxis—Widespread Allergic Reaction. When a specific allergen is injected directly into the circulation, the allergen can r...
	Urticaria—Localized Anaphylactoid Reactions. Urticaria results from antigen entering specific skin areas and causing localized ...
	Hay Fever. In hay fever, the allergen-reagin reaction occurs in the nose. Histamine released in response to the reaction causes...
	Asthma. Asthma often occurs in the hypersensitive allergic person. In these individuals, the allergen-reagin reaction occurs in...
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	MECHANISM OF BLOOD COAGULATION
	GENERAL MECHANISM

	CONVERSION OF FIBRINOGEN TO FIBRIN—FORMATION OF THE CLOT
	Extrinsic Pathway for Initiating Clotting
	Intrinsic Pathway for Initiating Clotting
	Role of Calcium Ions in the Intrinsic and Extrinsic Pathways
	Interaction Between Extrinsic and Intrinsic Pathways—Summary of Blood-Clotting Initiation
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	38 - Pulmonary Ventilation
	39 - Pulmonary Circulation, Pulmonary Edema, and Pleural Fluid
	40 - Principles of Gas Exchange; Diffusion of Oxygen and Carbon Dioxide Through the Respiratory Membrane
	Compositions of Alveolar Air and Atmospheric Air are Different
	Air Is Humidified in the Respiratory Passages
	Alveolar Air Is Slowly Renewed by Atmospheric Air
	Slow Replacement of Alveolar Air Helps Stabilize Respiratory Control. The slow replacement of alveolar air is of particular impo...

	Oxygen Concentration and Partial Pressure in Alveoli
	CO2 Concentration and Partial Pressure in Alveoli
	Respiratory Membrane. Figure 40-9 shows the ultrastructure of the respiratory membrane drawn in cross section on the left and a...

	Factors Affecting Rate of Gas Diffusion Through the Respiratory Membrane
	Diffusing Capacity of the Respiratory Membrane
	Diffusing Capacity for Oxygen. In the average young man, the diffusing capacity for O2 under resting conditions averages 21 ml/m...
	Increased Oxygen Diffusing Capacity During Exercise. During strenuous exercise or other conditions that greatly increase pulmona...
	Diffusing Capacity for Carbon Dioxide. The diffusing capacity for CO2 has never been measured because CO2 diffuses through the r...




	41 - Transport of Oxygen and Carbon Dioxide in Blood and Tissue Fluids
	Uptake of Oxygen by the Pulmonary Blood During Exercise. During strenuous exercise, a person’s body may require as much as 20 ti...
	Increasing Blood Flow Raises Interstitial Fluid Po2. If the blood flow through a particular tissue is increased, greater quantit...
	Reversible Combination of O2 With Hemoglobin
	Oxygen-Hemoglobin Dissociation Curve. Figure 41-8 shows the O2-hemoglobin dissociation curve, which demonstrates a progressive...
	Maximum Amount of Oxygen That Can Combine With the Hemoglobin of the Blood. The blood of a normal person contains about 15 grams...
	Amount of Oxygen Released From Hemoglobin When Systemic Arterial Blood Flows Through Tissues. The total quantity of O2 bound wit...
	Transport of Oxygen Is Markedly Increased During Strenuous Exercise. During heavy exercise, the muscle cells use O2 at a rapid r...
	Utilization Coefficient. The percentage of the blood that gives up its O2 as it passes through the tissue capillaries is called ...

	Hemoglobin “Buffers” Tissue Po2
	Hemoglobin Helps Maintain Nearly Constant Po2 in the Tissues. Under basal conditions, the tissues require about 5 ml of O2 from ...
	When Atmospheric Oxygen Concentration Changes Markedly, the Buffer Effect of Hemoglobin Still Maintains Almost Constant Tissue P...

	Factors That Shift the Oxygen-Hemoglobin Dissociation Curve—Their Importance for Oxygen Transport
	Increased Delivery of Oxygen to Tissues When CO2 and H+ Shift the Oxygen-Hemoglobin Dissociation Curve—the Bohr Effect
	Effect of BPG to Cause Rightward Shift of the Oxygen-Hemoglobin Dissociation Curve
	Rightward Shift of the Oxygen-Hemoglobin Dissociation Curve During Exercise


	Metabolic Use of Oxygen by Cells
	Effect of Intracellular Po2 on Oxygen Usage Rate. Only a minute level of O2 pressure is required in the cells for normal intrace...
	Effect of Diffusion Distance From the Capillary to the Cell on Oxygen Usage. Tissue cells are seldom more than 50 micrometers aw...
	Effect of Blood Flow on Metabolic Use of Oxygen. The total amount of O2 available each minute for use in any given tissue is det...



	Transport of Co2 in Blood
	Transport of CO2 in a Dissolved State
	Carbon Dioxide Dissociation Curve
	When Oxygen Binds With Hemoglobin, CO2 Is Released (the Haldane Effect) to Increase CO2 Transport


	Respiratory Exchange Ratio

	42 - Regulation of Respiration
	Respiratory Center
	Rhythmical Inspiratory Discharges From the Dorsal Respiratory Group. The basic rhythm of respiration is generated mainly in the ...

	Chemical Control of Respiration
	Direct Control of Respiratory Center Activity by Co2 and H+
	Chemosensitive Area of the Respiratory Center Beneath the Medulla’s Ventral Surface. We have mainly discussed three areas of the...
	Excitation of the Chemosensitive Neurons by H+ Is Likely the Primary Stimulus. The sensor neurons in the chemosensitive area are...
	CO2 Indirectly Stimulates the Chemosensitive Neurons. Although CO2 has little direct effect in stimulating the neurons in the ch...
	Attenuated Stimulatory Effect of CO2 After the First 1 to 2 Days. Excitation of the respiratory center by CO2 is great the first...
	Quantitative Effects of Blood Pco2 and H+ Concentration on Alveolar Ventilation. Figure 42-3 shows quantitatively the approxima...
	Changes in O2 Have Little Direct Effect on Control of the Respiratory Center. Changes in O2 concentration have virtually no dire...



	Peripheral Chemoreceptor System—Role of Oxygen in Respiratory Control
	Decreased Arterial Oxygen Stimulates the Chemoreceptors. When the oxygen concentration in the arterial blood falls below normal,...
	Basic Mechanism of Stimulation of the Chemoreceptors by O2 Deficiency. The exact means whereby low Po2 excites the nerve endings...
	Increased CO2 and H+ Concentration Stimulates the Chemoreceptors. An increase in CO2 or H+ concentration also excites the chemor...

	Effect of Low Arterial Po2 to Stimulate Alveolar Ventilation When Arterial CO2 and H+ Concentrations Remain Normal
	Chronic Breathing of Low O2 Stimulates Respiration Even More—The Phenomenon of “Acclimatization”
	Composite Effects of Pco2, pH, and Po2 on Alveolar Ventilation


	Regulation of Respiration During Exercise
	Interrelationship Between Chemical and Nervous Factors in Controlling Respiration During Exercise. When a person exercises, dire...


	43 - Respiratory Insufficiency—Pathophysiology, Diagnosis, Oxygen Therapy
	Useful Methods for Studying Respiratory Abnormalities
	Study of Blood Gases and Blood ph
	Determination of Blood pH. Blood pH is measured using a glass pH electrode of the type commonly used in chemical laboratories. H...
	Determination of Blood CO2. A glass electrode pH meter can also be used to determine blood CO2. When a weak solution of sodium b...
	Determination of Blood Po2. The concentration of O2 in a fluid can be measured by a technique called polarography. Electric curr...
	Abnormalities of the Maximum Expiratory Flow-Volume Curve. Figure 43-2 shows the normal maximum expiratory flow-volume curve,...


	Chronic Pulmonary Emphysema
	Atelectasis—Collapse of the Alveoli
	Airway Obstruction Causes Lung Collapse. The airway obstruction type of atelectasis usually results from the following: (1) bloc...
	Lack of “Surfactant” as a Cause of Lung Collapse. The secretion and function of surfactant in the alveoli were discussed in Chap...


	Tuberculosis

	Hypoxia and Oxygen Therapy
	Inadequate Tissue Capability to Use Oxygen. The classic cause of inability of the tissues to use O2 is cyanide poisoning, in whi...
	Cyanosis

	Hypercapnia—Excess Carbon Dioxide in the Body Fluids
	Dyspnea

	Artificial Respiration
	Resuscitator. Many types of respiratory resuscitators are available, and each has its own characteristic principles of operation...
	Tank Respirator (the “Iron Lung”). Figure 43-9B shows the tank respirator with a patient’s body inside the tank and the head pr...
	Effect of the Resuscitator and the Tank Respirator on Venous Return. When air is forced into the lungs under positive pressure b...




	44 - Aviation, High Altitude, and Space Physiology
	Alveolar Po2 at Different Elevations
	Carbon Dioxide and Water Vapor Decrease the Alveolar Oxygen. Even at high altitudes, carbon dioxide (CO2) is continually excrete...
	Alveolar Po2 at Different Altitudes. The fifth column of Table 44-1 shows the approximate Po2 values in the alveoli at differen...
	Saturation of Hemoglobin With Oxygen at Different Altitudes. Figure 44-1 shows arterial blood O2 saturation at different altitu...
	The “Ceiling” When Breathing Air and When Breathing Oxygen in an Unpressurized Airplane. When comparing the two arterial blood O...


	Acute Effects of Hypoxia
	Acclimatization to Low Po2
	Increased Pulmonary Ventilation—Role of Arterial Chemoreceptors. Immediate exposure to low Po2 stimulates the arterial chemorece...
	Increase in Red Blood Cells and Hemoglobin Concentration During Acclimatization. As discussed in Chapter 33, hypoxia is a major ...
	Increased Diffusing Capacity After Acclimatization. The normal diffusing capacity for O2 through the pulmonary membrane is about...
	Peripheral Circulatory System Changes During Acclimatization—Increased Tissue Capillarity. The cardiac output often increases as...
	Cellular Acclimatization. In animals native to altitudes of 13,000 to 17,000 feet, cell mitochondria and cellular oxidative enzy...
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	45 - Physiology of Deep-Sea Diving and Other Hyperbaric Conditions
	Relationship of Pressure to Sea Depth. A column of seawater 33 feet (10.1 meters) deep exerts the same pressure at its bottom as...
	Effect of High Partial Pressures of Individual Gases on the Body
	Oxygen Toxicity at High Pressures
	Effect of Very High Po2 on Blood Oxygen Transport. When the Po2 in the blood rises above 100 mm Hg, the amount of O2 dissolved i...
	Effect of High Alveolar Po2 on Tissue Po2. Let us assume that the Po2 in the lungs is about 3000 mm Hg (4 atm pressure). Referri...
	Acute Oxygen Poisoning. The extremely high tissue Po2 that occurs when O2 is breathed at a very high alveolar O2 pressure can be...
	Excessive Intracellular Oxidation as a Cause of Nervous System Oxygen Toxicity—Oxidizing Free Radicals. Molecular O2 has little ...
	Chronic Oxygen Poisoning Causes Pulmonary Disability. A person can be exposed to only 1 atm pressure of O2 almost indefinitely w...


	Carbon Dioxide Toxicity at Great Depths in the Sea
	Decompression of the Diver After Excess Exposure to High Pressure
	Symptoms of Decompression Sickness (“Bends”). The symptoms of decompression sickness are caused by gas bubbles blocking many blo...
	Nitrogen Elimination From the Body; Decompression Tables. If a diver is brought to the surface slowly, enough of the dissolved n...
	Tank Decompression and Treatment of Decompression Sickness. Another procedure widely used for decompression of professional dive...



	Self-Contained Underwater Breathing Apparatus (Scuba) Diving

	46 - Organization of the Nervous System, Basic Functions of Synapses, and Neurotransmitters
	Central Nervous System Neuron: The Basic Functional Unit
	Storage of Information—Memory

	Major Levels of Central Nervous System Function
	Spinal Cord Level
	Lower Brain or Subcortical Level
	Higher Brain or Cortical Level

	Comparison of the Nervous System to A Computer
	Central Nervous System Synapses
	“One-Way” Conduction at Chemical Synapses. Chemical synapses have one exceedingly important characteristic that makes them high...
	Transmitter Release From Presynaptic Terminals—Role of Calcium Ions
	Transmitter Actions on Postsynaptic Neurons—Function of Receptor Proteins
	Ion Channels. The ion channels in the postsynaptic neuronal membrane are usually of two types: (1) cation channels, which usuall...
	“Second Messenger” System in the Postsynaptic Neuron. Many functions of the nervous system—for example, the process of memory—re...

	Excitatory or Inhibitory Receptors in the Postsynaptic Membrane
	Excitation
	Inhibition

	Small-Molecule, Rapidly Acting Transmitters
	Recycling of Small-Molecule Types of Vesicles. Vesicles that store and release small-molecule transmitters are continually rec...
	Characteristics of Some Important Small-Molecule Transmitters. Acetylcholine is secreted by neurons in many areas of the nervou...

	Neuropeptides
	Neuropeptide and Small-Molecule Transmitters May Coexist in the Same Neurons. Slowly acting neuropeptide transmitters and rapid...
	Resting Membrane Potential of the Neuronal Soma. Figure 46-9 shows the soma of a spinal motor neuron, indicating a resting memb...
	Concentration Differences of Ions Across the Neuronal Somal Membrane. Figure 46-9 also shows the concentration differences acro...
	Uniform Distribution of Electrical Potential Inside the Neuronal Soma. The interior of the neuronal soma contains a highly condu...
	Effect of Synaptic Excitation on the Postsynaptic Membrane—Excitatory Postsynaptic Potential. Figure 46-10A shows the resting n...
	Generation of Action Potentials in the Initial Segment of the Axon Leaving the Neuron—Threshold for Excitation. When the EPSP ri...



	Electrical Events During Neuronal Inhibition
	Effect of Inhibitory Synapses on the Postsynaptic Membrane—Inhibitory Postsynaptic Potential. The inhibitory synapses mainly ope...
	Presynaptic Inhibition
	Time Course of Postsynaptic Potentials
	“Spatial Summation” in Neurons—Threshold for Firing
	“Temporal Summation” Caused by Successive Discharges of a Presynaptic Terminal
	Simultaneous Summation of Inhibitory and Excitatory Postsynaptic Potentials. If an IPSP tends to decrease the membrane potential...

	Facilitation of Neurons


	Special Functions of Dendrites for Exciting Neurons
	Large Spatial Field of Excitation of Dendrites. The dendrites of the anterior motor neurons often extend 500 to 1000 micrometers...
	Most Dendrites Cannot Transmit Action Potentials—But They Can Transmit Signals Within the Same Neuron by Electrotonic Conduction...
	Decrement of Electrotonic Conduction in the Dendrites—Greater Excitatory (or Inhibitory) Effect by Synapses Located Near the Som...
	Summation of Excitation and Inhibition in Dendrites. The uppermost dendrite of Figure 46-12 is shown to be stimulated by both e...



	Excitation State of the Neuron and Rate of Firing
	“Excitatory State” Is the Summated Degree of Excitatory Drive to the Neuron. If there is a higher degree of excitation than inhi...
	Fatigue of Synaptic Transmission. When excitatory synapses are repetitively stimulated at a rapid rate, the number of discharges...
	Effect of Acidosis or Alkalosis on Synaptic Transmission. Most neurons are highly responsive to changes in pH of the surrounding...
	Effect of Hypoxia on Synaptic Transmission. Neuronal excitability is also highly dependent on an adequate supply of oxygen. Cess...
	Effect of Drugs on Synaptic Transmission. Many drugs are known to increase the excitability of neurons, and others are known to ...
	Synaptic Delay. During transmission of a neuronal signal from a presynaptic neuron to a postsynaptic neuron, a certain amount of...




	47 - Sensory Receptors, Neuronal Circuits for Processing Information
	Types of Sensory Receptors and the Stimuli they Detect
	Differential Sensitivity of Receptors
	Modality of Sensation—The “Labeled Line” Principle

	Local Electrical Currents at Nerve Endings—Receptor Potentials
	Mechanisms of Receptor Potentials. Different receptors can be excited in one of several ways to cause receptor potentials: (1) b...
	Maximum Receptor Potential Amplitude. The maximum amplitude of most sensory receptor potentials is about 100 mV, but this level ...
	Relation of the Receptor Potential to Action Potentials. When the receptor potential rises above the threshold for eliciting act...

	Receptor Potential of the Pacinian Corpuscle—an Example of Receptor Function
	Relation Between Stimulus Intensity and the Receptor Potential. Figure 47-4 shows the changing amplitude of the receptor potent...


	Adaptation of Receptors
	Mechanisms by Which Receptors Adapt. The mechanism of receptor adaptation is different for each type of receptor in much the sam...
	Slowly Adapting Receptors Detect Continuous Stimulus Strength—the “Tonic” Receptors. Slowly adapting receptors continue to trans...
	Rapidly Adapting Receptors Detect Change in Stimulus Strength—the “Rate Receptors,” “Movement Receptors,” or “Phasic Receptors.”...
	Predictive Function of the Rate Receptors. If the rate at which some change in the body’s status is taking place is known, the s...



	Signal Intensity Transmission in Nerve Tracts—Spatial and Temporal Summation
	Spatial Summation. Figure 47-7 shows the phenomenon of spatial summation, whereby increasing signal strength is transmitted by ...

	Transmission and Processing of Signals in Neuronal Pools
	Relaying of Signals Through Neuronal Pools
	Organization of Neurons for Relaying Signals. Figure 47-9 is a schematic diagram of several neurons in a neuronal pool, showin...
	Threshold and Subthreshold Stimuli—Excitation or Facilitation. As discussed in Chapter 46, discharge of a single excitatory pres...
	Inhibition of a Neuronal Pool. Some incoming fibers inhibit neurons, rather than exciting them. This mechanism is the opposite o...

	Divergence of Signals Passing Through Neuronal Pools
	Convergence of Signals
	Neuronal Circuit With Both Excitatory and Inhibitory Output Signals
	Synaptic Afterdischarge. When excitatory synapses discharge on the surfaces of dendrites or soma of a neuron, a postsynaptic ele...
	Reverberatory (Oscillatory) Circuit as a Cause of Signal Prolongation. One of the most important of all circuits in the entire n...
	Signal Prolongation Characteristics of a Reverberatory Circuit. Figure 47-15 shows output signals from a typical reverberatory ...

	Continuous Signal Output From Some Neuronal Circuits
	Continuous Discharge Caused by Intrinsic Neuronal Excitability. Neurons, like other excitable tissues, discharge repetitively if...
	Continuous Signals Emitted From Reverberating Circuits as a Means for Transmitting Information. A reverberating circuit that doe...

	Rhythmical Signal Output


	Instability and Stability of Neuronal Circuits
	Automatic Short-Term Adjustment of Pathway Sensitivity by the Fatigue Mechanism. Those neuronal pathways that are overused usua...


	48 - Somatic Sensations: I. General Organization, Tactile and Position Senses
	Classification of Somatic Senses
	Detection and Transmission of Tactile Sensations
	Interrelations Among the Tactile Sensations of Touch, Pressure, and Vibration. Although touch, pressure, and vibration are frequ...
	Tactile Receptors. There are at least six entirely different types of tactile receptors, but many more similar to these also exi...
	Transmission of Tactile Signals in Peripheral Nerve Fibers. Almost all specialized sensory receptors, such as Meissner’s corpusc...
	Detection of Vibration. All tactile receptors are involved in detection of vibration, although different receptors detect differ...
	Detection of Tickle and Itch by Mechanoreceptive Free Nerve Endings. Neurophysiological studies have demonstrated the existence ...



	Sensory Pathways for Transmitting Somatic Signals Into the Central Nervous System
	Anatomy of the Dorsal Column–Medial Lemniscal System
	Spatial Orientation of the Nerve Fibers in the Dorsal Column–Medial Lemniscal System

	Somatosensory Cortex
	Somatosensory Areas I and II. Figure 48-6 shows two separate sensory areas in the anterior parietal lobe called somatosensory a...
	Spatial Orientation of Signals From Different Parts of the Body in Somatosensory Area I. Somatosensory area I lies immediately b...

	Layers of the Somatosensory Cortex and Their Function
	The Sensory Cortex Is Organized in Vertical Columns of Neurons; Each Column Detects a Different Sensory Spot on the Body With a ...
	Functions of Somatosensory Area I

	Somatosensory Association Areas

	Characteristics of Dorsal Column–Medial Lemniscal Signal Transmission and Analysis
	Basic Neuronal Circuit in the Dorsal Column–Medial Lemniscal System. The lower part of Figure 48-9 shows the basic organization...
	Two-Point Discrimination. A method frequently used to test tactile discrimination is to determine a person’s so-called “two-p...
	Effect of Lateral Inhibition to Increase the Degree of Contrast in the Perceived Spatial Pattern. As noted in Chapter 47, virtua...
	Transmission of Rapidly Changing and Repetitive Sensations. The dorsal column system is also of particular importance in apprisi...
	Vibratory Sensation. Vibratory signals are rapidly repetitive and can be detected as vibration up to 700 cycles/sec. The higher ...


	Position Senses
	Position Sensory Receptors. Knowledge of position, both static and dynamic, depends on knowing the degrees of angulation of all ...
	Processing of Position Sense Information in the Dorsal Column–Medial Lemniscal Pathway. Referring to Figure 48-12, one sees t...



	Transmission of Sensory Signals in the Anterolateral Pathway

	49 - Somatic Sensations: II. Pain, Headache, and Thermal Sensations
	Fast Pain and Slow Pain and Their Qualities
	Pain Receptors Are Free Nerve Endings. The pain receptors in the skin and other tissues are all free nerve endings. They are wid...
	Mechanical, Thermal, and Chemical Stimuli Excite Pain Receptors. Pain can be elicited by multiple types of stimuli, classified a...
	Nonadapting Nature of Pain Receptors. In contrast to most other sensory receptors of the body, pain receptors adapt very little ...
	Rate of Tissue Damage as a Stimulus for Pain. The average person begins to perceive pain when the skin is heated above 45°C, as ...
	Special Importance of Chemical Pain Stimuli During Tissue Damage. Extracts from damaged tissue cause intense pain when injected ...
	Tissue Ischemia as a Cause of Pain. When blood flow to a tissue is blocked, the tissue often becomes very painful within a few m...
	Muscle Spasm as a Cause of Pain. Muscle spasm is also a common cause of pain and is the basis of many clinical pain syndromes. T...



	Dual Pathways for Transmission of Pain Signals Into the Central Nervous System
	Neospinothalamic Tract for Fast Pain
	Termination of the Neospinothalamic Tract in the Brain Stem and Thalamus. A few fibers of the neospinothalamic tract terminate i...
	The Nervous System Can Localize Fast Pain in the Body. The fast-sharp type of pain can be localized much more exactly in the di...
	Glutamate, the Probable Neurotransmitter of the Type Aδ Fast Pain Fibers. It is believed that glutamate is the neurotransmitter ...

	Paleospinothalamic Pathway for Transmitting Slow-Chronic Pain
	Substance P, the Probable Slow-Chronic Neurotransmitter of Type C Nerve Endings. Type C pain fiber terminals entering the spina...
	Projection of Paleospinothalamic Pathway (Slow-Chronic Pain Signals) Into the Brain Stem and Thalamus. The slow-chronic paleos...
	Poor Capability of the Nervous System to Localize Precisely the Source of Pain Transmitted in the Slow-Chronic Pathway. Localiz...
	Function of the Reticular Formation, Thalamus, and Cerebral Cortex in the Appreciation of Pain. Complete removal of the somatic ...
	Special Capability of Pain Signals to Arouse Overall Brain Excitability. Electrical stimulation in the reticular areas of the br...
	Surgical Interruption of Pain Pathways. When a person has severe and intractable pain (sometimes resulting from rapidly spreadin...



	Pain Suppression (Analgesia) System in the Brain and Spinal Cord
	The Brain’s Opiate System—Endorphins and Enkephalins

	Referred Pain
	Visceral Pain
	Localization of Referred Pain Transmitted via Visceral Pathways. When visceral pain is referred to the surface of the body, the ...

	Thermal Sensations
	Thermal Receptors and Their Excitation
	Stimulation of Thermal Receptors—Sensations of Cold, Cool, Indifferent, Warm, and Hot. Figure 49-10 shows the effects of differ...
	Stimulatory Effects of Rising and Falling Temperature—Adaptation of Thermal Receptors. When a cold receptor is suddenly subjecte...
	Spatial Summation of Thermal Sensations. Because the number of cold or warmth endings in any one surface area of the body is sli...
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	Physical Principles of Optics
	Optics of the Eye
	Consideration of All Refractive Surfaces of the Eye as a Single Lens—The “Reduced” Eye. If all the refractive surfaces of the ey...
	Mechanism of “accommodation”
	Accommodation Is Controlled by Parasympathetic Nerves. Ciliary muscle is controlled almost entirely by parasympathetic nerve sig...
	Presbyopia—Loss of Accommodation by the Lens. As a person grows older, the lens grows larger and thicker and becomes far less el...


	Pupillary Diameter
	Visual Acuity
	Clinical Method for Stating Visual Acuity. The chart for testing eyes usually consists of letters of different sizes placed 20 f...
	Determination of Distance by Sizes of Retinal Images of Known Objects. If one knows that a person being viewed is 6 feet tall, o...
	Determination of Distance by Moving Parallax. Another important means whereby the eyes determine distance is that of moving para...
	Determination of Distance by Stereopsis—Binocular Vision. Another method whereby one perceives parallax is that of binocular vis...



	Fluid System of the Eye—Intraocular Fluid
	Intraocular Pressure


	51 - The Eye: II. Receptor and Neural Function of the Retina
	Anatomy and Function of the Structural Elements of the Retina
	The Retina Is Composed of Ten Layers or Boundaries. Figure 51-1 shows the functional components of the retina, which are arrang...
	Foveal Region of the Retina and Its Importance in Acute Vision. The fovea is a minute area in the center of the retina, shown in...
	Rods and Cones Are Essential Components of Photoreceptors. Figure 51-3 is a diagrammatic representation of the essential compon...
	Pigment Layer of the Retina. The black pigment melanin in the pigment layer prevents light reflection throughout the globe of th...



	Photochemistry of Vision
	Rhodopsin-Retinal Visual Cycle and Excitation of the Rods
	Rhodopsin and Its Decomposition by Light Energy. The outer segment of the rod that projects into the pigment layer of the retina...
	Re-Formation of Rhodopsin. The first stage in re-formation of rhodopsin, as shown in Figure 51-5, is to reconvert the all-tr...
	Role of Vitamin A for Formation of Rhodopsin. Note in Figure 51-5 that there is a second chemical route whereby all-trans reti...
	Duration of the Receptor Potential, and Logarithmic Relation of the Receptor Potential to Light Intensity. When a sudden pulse o...
	Mechanism Whereby Rhodopsin Decomposition Decreases Membrane Sodium Conductance—The Excitation “Cascade.” Under optimal conditio...

	Photochemistry of Color Vision by the Cones
	Value of Light and Dark Adaptation in Vision. Between the limits of maximal dark adaptation and maximal light adaptation, the ey...



	Color Vision
	Spectral Sensitivities of the Three Types of Cones. On the basis of color vision tests, the spectral sensitivities of the three ...
	Interpretation of Color in the Nervous System. In Figure 51-10, one can see that an orange monochromatic light with a wavelengt...
	Perception of White Light. About equal stimulation of all the red, green, and blue cones gives one the sensation of seeing white...



	Neural Function of the Retina
	The Visual Pathway From the Cones to the Ganglion Cells Functions Differently From the Rod Pathway. As is true for many of our o...
	Neurotransmitters Released by Retinal Neurons. Not all the neurotransmitter chemical substances used for synaptic transmission i...
	Transmission of Most Signals Occurs in the Retinal Neurons by Electrotonic Conduction, Not by Action Potentials. The only retina...

	Lateral Inhibition to Enhance Visual Contrast—Function of the Horizontal Cells
	Depolarizing and Hyperpolarizing Bipolar Cells
	Amacrine Cells and Their Functions
	P and M Cells. In primates, a different classification of retinal ganglion cells is used, and as many as 20 types of retinal gan...



	Excitation of the Ganglion Cells
	Spontaneous, Continuous Action Potentials in the Ganglion Cells. It is from the ganglion cells that the long fibers of the optic...
	Transmission of Signals Depicting Contrasts in the Visual Scene—The Role of Lateral Inhibition
	Transmission of Color Signals by the Ganglion Cells



	52 - The Eye: III. Central Neurophysiology of Vision
	Visual Pathways
	Organization and Function of the Visual Cortex
	Primary Visual Cortex. The primary visual cortex (see Figure 52-2) lies in the calcarine fissure area, extending forward from t...
	The Primary Visual Cortex has six Major Layers
	Vertical Neuronal Columns in the Visual Cortex. The visual cortex is organized structurally into several million vertical column...
	“Color Blobs” in the Visual Cortex. Interspersed among the primary visual columns, as well as among the columns of some of the s...
	Interaction of Visual Signals From the Two Separate Eyes. Recall that visual signals from the two separate eyes are relayed thro...
	Two Major Pathways for Analysis of Visual Information: (1) The Fast “Position” and “Motion” Pathway and (2) the Accurate Color P...
	Analysis of Contrasts in Visual Images. If a person looks at a blank wall, only a few neurons in the primary visual cortex will ...
	Visual Cortex Also Detects Orientation of Lines and Borders—“Simple” Cells. The visual cortex detects not only the existence of ...
	“Complex” Cells Detect Line Orientation When a Line Is Displaced Laterally or Vertically in the Visual Field. As the visual sign...
	Detection of Lines of Specific Lengths, Angles, or Other Shapes. Some neurons in the outer layers of the primary visual columns,...


	Detection of Color

	Eye Movements and Their Control
	Muscular Control of Eye Movements. The eye movements are controlled by three pairs of muscles, shown in Figure 52-7: (1) the me...
	Fixation Movements of the Eyes
	Mechanism of Involuntary Locking Fixation—Role of the Superior Colliculi. The involuntary locking type of fixation discussed in ...
	Saccadic Movement of the Eyes—A Mechanism of Successive Fixation Points. When a visual scene is moving continually before the ey...
	Saccadic Movements During Reading. During the process of reading, a person usually makes several saccadic movements of the eyes ...
	Fixation on Moving Objects—“Pursuit Movement.” The eyes can also remain fixed on a moving object, which is called pursuit moveme...
	Superior Colliculi Are Mainly Responsible for Turning the Eyes and Head Toward a Visual Disturbance. Even after the visual corte...

	Neural Mechanism of Stereopsis for Judging Distances of Visual Objects

	Autonomic Nerves to the Eyes
	Control of Pupillary Diameter


	53 - The Sense of Hearing
	54 - The Chemical Senses—Taste and Smell
	Sense of Taste
	Primary Taste Sensations
	Sour Taste. The sour taste is caused by acids—that is, by the hydrogen ion concentration—and the intensity of this taste sensati...
	Salty Taste. The salty taste is elicited by ionized salts, mainly by the sodium ion concentration. The quality of the taste vari...
	Sweet Taste. The sweet taste is not caused by any single class of chemicals. Some of the types of chemicals that cause this tast...
	Bitter Taste. The bitter taste, like the sweet taste, is not caused by any single type of chemical agent. Here again, the substa...
	Umami Taste. Umami, a Japanese word meaning “delicious,” designates a pleasant taste sensation that is qualitatively different f...


	Threshold for Taste
	Taste Buds and Their Function
	Location of the Taste Buds. The taste buds are found on three types of papillae of the tongue, as follows (see Figure 54-1A): (...
	Specificity of Taste Buds for a Primary Taste Stimulus. Microelectrode studies from single taste buds show that each taste bud ...
	Generation of Nerve Impulses by the Taste Bud. On first application of the taste stimulus, the rate of discharge of the nerve fi...
	Taste Reflexes Are Integrated in the Brain Stem. From the tractus solitarius, many taste signals are transmitted within the brai...
	Rapid Adaptation of Taste. Everyone is familiar with the fact that taste sensations adapt rapidly, often almost completely, with...



	Sense of Smell
	Olfactory Membrane

	Stimulation of the Olfactory Cells
	Mechanism of Excitation of the Olfactory Cells. The portion of each olfactory cell that responds to the olfactory chemical stimu...
	Membrane Potentials and Action Potentials in Olfactory Cells. The membrane potential inside unstimulated olfactory cells, as me...
	Rapid Adaptation of Olfactory Sensations. The olfactory receptors adapt about 50% in the first second or so after stimulation. T...

	Search for the Primary Sensations of Smell
	Affective Nature of Smell. Smell, even more so than taste, has the affective quality of either pleasantness or unpleasantness, a...
	Threshold for Smell. One of the principal characteristics of smell is the minute quantity of stimulating agent in the air that c...
	Gradations of Smell Intensities. Although the threshold concentrations of substances that evoke smell are extremely slight, for ...
	Transmission of Olfactory Signals Into the Olfactory Bulb. The olfactory bulb is shown in Figure 54-5. The olfactory nerve fibe...

	Primitive and Newer Olfactory Pathways Into the Central Nervous System
	The Primitive Olfactory System—The Medial Olfactory Area. The medial olfactory area consists of a group of nuclei located in th...
	The Less Old Olfactory System—The Lateral Olfactory Area. The lateral olfactory area is composed mainly of the prepyriform and ...
	The Newer Pathway. A newer olfactory pathway that passes through the thalamus, passing to the dorsomedial thalamic nucleus and t...
	Summary. Thus, there appear to be a primitive olfactory system that subserves the basic olfactory reflexes, a less old system th...
	Centrifugal Control of Activity in the Olfactory Bulb by the Central Nervous System. Many nerve fibers that originate in the olf...




	55 - Spinal Cord Motor Functions; the Cord Reflexes
	Organization of the Spinal Cord for Motor Functions
	Anterior Motor Neurons. Located in each segment of the anterior horns of the cord gray matter are several thousand neurons that ...
	Alpha Motor Neurons. The alpha motor neurons give rise to large type A alpha (Aα) motor nerve fibers, averaging 14 micrometers i...
	Gamma Motor Neurons. Along with the alpha motor neurons, which excite contraction of the skeletal muscle fibers, about one-half ...
	Interneurons. Interneurons are present in all areas of the cord gray matter—in the dorsal horns, the anterior horns, and the int...



	Muscle Sensory Receptors—Muscle Spindles and Golgi Tendon Organs—and Their Roles in Muscle Control
	Receptor Function of the Muscle Spindle
	Structure and Motor Innervation of the Muscle Spindle. The organization of the muscle spindle is shown in Figure 55-3. Each sp...
	Sensory Innervation of the Muscle Spindle. The receptor portion of the muscle spindle is its central portion. As shown in Figure...
	Primary Ending. In the center of the receptor area, a large sensory nerve fiber encircles the central portion of each intrafusal...
	Secondary Ending. Usually one but sometimes two smaller sensory nerve fibers—type II fibers with an average diameter of 8 microm...
	Division of the Intrafusal Fibers Into Nuclear Bag and Nuclear Chain Fibers—Dynamic and Static Responses of the Muscle Spindle. ...
	The Primary and the Secondary Endings Both Respond to the Length of the Receptor—“Static” Response. When the receptor portion of...
	The Primary Ending (but Not the Secondary Ending) Responds to Rate of Change of Receptor Length—“Dynamic” Response. When the len...
	Control of Intensity of the Static and Dynamic Responses by the Gamma Motor Nerves. The gamma motor nerves to the muscle spindl...
	Continuous Discharge of the Muscle Spindles Under Normal Conditions. Normally, when there is some degree of gamma nerve excitati...


	Muscle Stretch Reflex
	Neuronal Circuitry of the Stretch Reflex. Figure 55-5 demonstrates the basic circuit of the muscle spindle stretch reflex, show...
	Dynamic Stretch Reflex and Static Stretch Reflexes. The stretch reflex can be divided into two components: the dynamic stretch r...
	“Damping” Function of the Dynamic and Static Stretch Reflexes in Smoothing Muscle Contraction. An especially important function ...

	Brain Areas for Control of the Gamma Motor System
	The Muscle Spindle System Stabilizes Body Position During Tense Action. One of the most important functions of the muscle spindl...



	Golgi Tendon Reflex
	Golgi Tendon Organ Helps Control Muscle Tension. The Golgi tendon organ, shown in Figure 55-8, is an encapsulated sensory recep...
	Transmission of Impulses From the Tendon Organ Into the Central Nervous System. Signals from the tendon organ are transmitted th...
	The Tendon Reflex Prevents Excessive Tension on the Muscle. When the Golgi tendon organs of a muscle tendon are stimulated by in...
	Possible Role of the Tendon Reflex to Equalize Contractile Force Among the Muscle Fibers. Another likely function of the Golgi ...

	Function of the Muscle Spindles and Golgi Tendon Organs in Motor Control by Higher Levels of the Brain


	Flexor Reflex and the Withdrawal Reflexes
	Neuronal Mechanism of the Flexor Reflex. The left-hand portion of Figure 55-9 shows the neuronal pathways for the flexor refle...

	Crossed Extensor Reflex
	Reciprocal Inhibition and Reciprocal Innervation
	Postural and Locomotive Reflexes of the Cord
	Positive Supportive Reaction. Pressure on the footpad of a decerebrate animal causes the limb to extend against the pressure app...
	Cord “Righting” Reflexes. When a spinal animal is laid on its side, it will make uncoordinated movements to try to raise itself ...



	Stepping and Walking Movements
	Rhythmical Stepping Movements of a Single Limb. Rhythmical stepping movements are frequently observed in the limbs of spinal ani...
	Reciprocal Stepping of Opposite Limbs. If the lumbar spinal cord is not split down its center, every time stepping occurs in the...
	Diagonal Stepping of All Four Limbs—“Mark Time” Reflex. If a well-healed spinal animal (with spinal transection in the neck abo...




	56 - Cortical and Brain Stem Control of Motor Function
	Motor Cortex and Corticospinal Tract
	Primary Motor Cortex
	Premotor Area
	Supplementary Motor Area
	Broca’s Area (Motor Speech Area). Figure 56-3 shows a premotor area labeled “word formation” lying immediately anterior to the ...
	“Voluntary” Eye Movement Field. In the premotor area immediately above Broca’s area is a locus for controlling voluntary eye mov...
	Head Rotation Area. Slightly higher in the motor association area, electrical stimulation elicits head rotation. This area is cl...
	Area for Hand Skills. In the premotor area immediately anterior to the primary motor cortex for the hands and fingers is a regio...

	Corticospinal (Pyramidal) Tract
	The Corticorubrospinal System Is an Accessory Pathway for Transmitting Relatively Discrete Signals From the Motor Cortex to the ...
	Each Column of Neurons Functions as an Integrative Processing System. The neurons of each column operate as an integrative proce...
	Dynamic and Static Signals Are Transmitted by the Pyramidal Neurons. If a strong signal is sent to a muscle to cause initial rap...

	Somatosensory Feedback to the Motor Cortex Helps Control Precision of Muscle Contraction
	Stimulation of the Spinal Motor Neurons
	Patterns of Movement Elicited by Spinal Cord Centers. From Chapter 55, recall that the spinal cord can provide certain specific ...



	Control of Motor Functions by the Brain Stem
	Excitatory-Inhibitory Antagonism Between Pontine and Medullary Reticular Nuclei
	Pontine Reticular System Transmits Excitatory Signals. The pontine reticular nuclei transmit excitatory signals downward into th...
	Medullary Reticular System Transmit Inhibitory Signals. The medullary reticular nuclei transmit inhibitory signals to the same a...

	Role of the Vestibular Nuclei to Excite the Antigravity Muscles
	The Decerebrate Animal Develops Spastic Rigidity. When the brain stem of an animal is sectioned below the midlevel of the mesenc...


	Vestibular Apparatus
	“Maculae”—Sensory Organs of the Utricle and Saccule for Detecting Orientation of the Head With Respect to Gravity. Located on th...
	Directional Sensitivity of the Hair Cells—Kinocilium. Each hair cell has about 100 small cilia called stereocilia, plus one larg...
	Semicircular Ducts. The three semicircular ducts in each vestibular apparatus, known as the anterior, posterior, and lateral (ho...


	Function of the Utricle and Saccule in the Maintenance of Static Equilibrium
	Detection of Head Rotation by the Semicircular Ducts


	57 - Cerebellum and Basal Ganglia Contributions to Overall Motor Control
	The Cerebellum and its Motor Functions
	Neuronal Circuit of the Functional Unit. Also shown in the left half of Figure 57-7 is the neuronal circuit of the functional u...
	Purkinje Cells and Deep Nuclear Cells Fire Continuously Under Normal Resting Conditions. One characteristic of both Purkinje cel...
	Balance Between Excitation and Inhibition at the Deep Cerebellar Nuclei. Referring again to the circuit of Figure 57-7, note th...
	Basket Cells and Stellate Cells Cause Lateral Inhibition of Purkinje Cells in the Cerebellum. In addition to the deep nuclear ce...

	Turn-On/Turn-Off and Turn-Off/Turn-On Output Signals From the Cerebellum
	The Purkinje Cells “Learn” to Correct Motor Errors—Role of the Climbing Fibers
	The Vestibulocerebellum Functions in Association With the Brain Stem and Spinal Cord to Control Equilibrium and Postural Movemen...
	Spinocerebellum—Feedback Control of Distal Limb Movements via the Intermediate Cerebellar Cortex and the Interposed Nucleus
	Function of the Cerebellum to Prevent Overshoot and to “Damp” Movements. Almost all movements of the body are “pendular.” For ex...
	Cerebellar Control of Ballistic Movements. Most rapid movements of the body, such as the movements of the fingers in typing, occ...

	Cerebrocerebellum—Function of the Large Lateral Zone of the Cerebellar Hemisphere to Plan, Sequence, and Time Complex Movements
	Planning of Sequential Movements. The planning of sequential movements requires that the lateral zones of the hemispheres commun...
	Timing Function for Sequential Movements. Another important function of the lateral zones of the cerebellar hemispheres is to pr...
	Extramotor Predictive Functions of the Cerebrocerebellum. The cerebrocerebellum (the large lateral lobes) also helps to “time” e...



	The Basal Ganglia and Their Motor Functions
	Neural Pathways of the Putamen Circuit. Figure 57-11 shows the principal pathways through the basal ganglia for executing learn...

	Integration of the Many Parts of the Total Motor Control System
	Spinal Level
	Hindbrain Level
	Motor Cortex Level
	Associated Functions of the Cerebellum. The cerebellum functions with all levels of muscle control. It functions with the spinal...
	Associated Functions of the Basal Ganglia. The basal ganglia are essential to motor control in ways entirely different from thos...


	What drives us to action


	58 - Cerebral Cortex, Intellectual Functions of the Brain, Learning, and Memory
	Physiologic Anatomy of the Cerebral Cortex
	Functions of Specific Cortical Areas
	Association Areas
	Parieto-Occipitotemporal Association Area
	Analysis of the Spatial Coordinates of the Body. An area beginning in the posterior parietal cortex and extending into the super...
	Wernicke’s Area Is Important for Language Comprehension. The major area for language comprehension, called Wernicke’s area, lies...
	The Angular Gyrus Area Is Needed for Initial Processing of Visual Language (Reading). Posterior to the language comprehension ar...
	Area for Naming Objects. In the most lateral portions of the anterior occipital lobe and posterior temporal lobe is an area for ...

	Prefrontal Association Area
	Broca’s Area Provides the Neural Circuitry for Word Formation. Broca’s area, shown in Figure 58-5, is located partly in the pos...

	Limbic Association Area
	Area for Recognition of Faces
	Angular Gyrus—Interpretation of Visual Information. The angular gyrus is the most inferior portion of the posterior parietal lob...

	Concept of the Dominant Hemisphere
	Role of Language in the Function of Wernicke’s Area and in Intellectual Functions
	Decreased Aggressiveness and Inappropriate Social Responses. Decreased aggressiveness and inappropriate social responses probabl...
	Inability to Progress Toward Goals or to Carry Through Sequential Thoughts. We learned earlier in this chapter that the prefront...
	Elaboration of Thought, Prognostication, and Performance of Higher Intellectual Functions by the Prefrontal Areas—Concept of a “...



	Thoughts, Consciousness, and Memory
	Positive and Negative Memory—“Sensitization” or “Habituation” of Synaptic Transmission. Although we often think of memories as b...
	Short-Term Memory
	Intermediate Long-Term Memory
	Memory Based on Chemical Changes in Presynaptic Terminals or Postsynaptic Neuronal Membranes
	Mechanism for Facilitation. In the case of facilitation, at least part of the molecular mechanism is believed to be the followin...


	Long-Term Memory
	Structural Changes Occur in Synapses During Development of Long-Term Memory
	Number of Neurons and Their Connectivities Often Change Significantly During Learning

	Consolidation of Memory
	Rehearsal Enhances the Transference of Short-Term Memory Into Long-Term Memory. Studies have shown that rehearsal of the same ...
	New Memories Are Codified During Consolidation. One of the most important features of consolidation is that new memories are cod...
	Retrograde Amnesia—Inability to Recall Memories From the Past After Hippocampal or Thalmic Lesions. When retrograde amnesia occu...
	Hippocampi Are Not Important in Reflexive Learning. People with hippocampal lesions usually do not have difficulty in learning p...




	59 - The Limbic System and the Hypothalamus—Behavioral and Motivational Mechanisms of the Brain
	Activating—Driving Systems Of The Brain
	Control Of Cerebral Activity By Continuous Excitatory Signals From The Brain Stem
	Reticular Excitatory Area of the Brain Stem—a Driver of Brain Activity
	Excitation of the Reticular Excitatory Area by Peripheral Sensory Signals. The level of activity of the reticular excitatory are...
	Increased Activity of the Excitatory Area Causedby Feedback Signals Returning From the Cerebral Cortex. Not only do excitatory s...
	The Thalamus Is a Distribution Center That Controls Activity in Specific Regions of the Cortex. As pointed out in Chapter 58, al...

	A Reticular Inhibitory Area Is Located in the Lower Brain Stem
	Neurohormonal Systems in the Human Brain. Figure 59-3 shows the brain stem areas in the human brain for activating four neuroho...
	Other Neurotransmitters and Neurohormonal Substances Secreted in the Brain. Without describing their function, the following is ...



	Limbic System
	The Hypothalamus, a Major Control Headquarters for the Limbic System
	Cardiovascular Regulation. Stimulation of different areas throughout the hypothalamus can cause many neurogenic effects on the c...
	Body Temperature Regulation. The anterior portion of the hypothalamus, especially the preoptic area, is concerned with regulatio...
	Body Water Regulation. The hypothalamus regulates body water in two ways: (1) by creating the sensation of thirst, which drives ...
	Regulation of Uterine Contractility and Milk Ejection from the Breasts. Stimulation of the paraventricular nuclei causes their n...
	Gastrointestinal and Feeding Regulation. Stimulation of several areas of the hypothalamus causes an animal to experience extreme...
	Hypothalamic Control of Endocrine Hormone Secretion by the Anterior Pituitary Gland. Stimulation of certain areas of the hypotha...
	Hypothalamic Control of Circadian Rhythms—The Suprachiasmatic Nucleus. The suprachiasmatic nucleus (SCN) of the hypothalamus con...
	Summary. Several areas of the hypothalamus control specific vegetative and endocrine functions. The functions of these areas are...



	Behavioral Functions of the Hypothalamus and Associated Limbic Structures
	Effects Caused by Stimulation of the Hypothalamus. In addition to the vegetative and endocrine functions of the hypothalamus, st...
	Reward Centers
	Punishment Centers
	Association of Rage With Punishment Centers
	Placidity and Tameness. Exactly the opposite emotional behavior patterns occur when the reward centers are stimulated—placidity ...
	Effect of Tranquilizers on the Reward or Punishment Centers. Administration of a tranquilizer, such as chlorpromazine, usually i...

	Importance of Reward or Punishment in Learning and Memory—Habituation Versus Reinforcement

	Functions Of The Hippocampus


	60 - States of Brain Activity—Sleep, Brain Waves, Epilepsy, Psychoses, and Dementia
	Sleep
	REM (Paradoxical, Desynchronized) Sleep
	Slow-Wave Sleep


	Basic Theories of Sleep
	Sleep Is Caused by an Active Inhibitory Process. An earlier theory of sleep was that the excitatory areas of the upper brain ste...
	Neuronal Centers, Neurohumoral Substances, and Mechanisms That Can Cause Sleep—Possible Role for Serotonin
	Lesions in Sleep-Promoting Centers Can Cause Intense Wakefulness. Discrete lesions in the raphe nuclei lead to a high state of ...
	Other Possible Transmitter Substances Related to Sleep. Experiments have shown that the cerebrospinal fluid and the blood or uri...
	Possible Cause of REM Sleep. It is not understood why slow-wave sleep is broken periodically by REM sleep. However, drugs that ...

	Cycle Between Sleep and Wakefulness



	61 - The Autonomic Nervous System and the Adrenal Medulla
	General Organization of the Autonomic Nervous System
	Cholinergic and Adrenergic Fibers—Secretion of Acetylcholine or Norepinephrine
	Mechanisms of Transmitter Secretion and Removal at Postganglionic Endings
	Secretion of Acetylcholine and Norepinephrine by Postganglionic Nerve Endings. A few of the postganglionic autonomic nerve endin...
	Synthesis of Acetylcholine, Its Destruction After Secretion, and Its Duration of Action. Acetylcholine is synthesized in the ter...
	Synthesis of Norepinephrine, Its Removal, and Its Duration of Action. Synthesis of norepinephrine begins in the axoplasm of the ...


	Receptors on the Effector Organs
	Excitation or Inhibition of the Effector Cell by Changing Its Membrane Permeability. Because the receptor protein is an integral...
	Receptor Action by Altering Intracellular “Second Messenger” Enzymes. Another way a receptor often functions is to activate or i...

	Two Principal Types of Acetylcholine Receptors—Muscarinic and Nicotinic Receptors
	Alpha and Beta Adrenergic Receptors

	Function of the Adrenal Medullae
	The Adrenal Medullae Support Sympathetic Nervous System Functions. Epinephrine and norepinephrine are almost always released by ...
	Tone Caused by Basal Secretion of Epinephrine and Norepinephrine by the Adrenal Medullae. The normal resting rate of secretion b...
	Effect of Loss of Sympathetic or Parasympathetic Tone After Denervation. Immediately after a sympathetic or parasympathetic nerv...



	Selective Stimulation of Target Organs by Sympathetic and Parasympathetic Systems or “Mass Discharge”
	The Sympathetic System Sometimes Responds by Mass Discharge. In some cases, almost all portions of the sympathetic nervous syste...
	The Parasympathetic System Usually Causes Specific Localized Responses. Control functions by the parasympathetic system are ofte...
	Control of Brain Stem Autonomic Centers by Higher Areas. Signals from the hypothalamus and even from the cerebrum can affect act...




	62 - Cerebral Blood Flow, Cerebrospinal Fluid, and Brain Metabolism
	Cerebral Blood Flow
	Regulation of Cerebral Blood Flow
	Excesses of CO2 or H+ Concentration Increase Cerebral Blood Flow. An increase in CO2 concentration in the arterial blood perfusi...
	Importance of Cerebral Blood Flow Control by CO2 and H+. Increased H+ concentration greatly depresses neuronal activity. Therefo...
	Oxygen Deficiency as a Regulator of Cerebral Blood Flow. Except during periods of intense brain activity, the rate of O2 utiliza...


	Cerebral Microcirculation

	Cerebrospinal Fluid System
	Secretion by the Choroid Plexus. The choroid plexus, a section of which is shown in Figure 62-6, is a cauliflower-like growth ...
	Absorption of Cerebrospinal Fluid Through the Arachnoidal Villi. The arachnoidal villi are microscopic fingerlike inward project...
	Perivascular Spaces and Cerebrospinal Fluid. The large arteries and veins of the brain lie on the surface of the brain but their...
	Lymphatic Function of the Perivascular Spaces. As is true elsewhere in the body, a small amount of protein leaks out of the brai...



	Brain Metabolism
	Total Brain Metabolic Rate and Metabolic Rate of Neurons. Under resting but awake conditions, brain metabolism accounts for abou...
	Special Requirement of the Brain for Oxygen—Lack of Significant Anaerobic Metabolism. Most tissues of the body can live without ...
	Under Normal Conditions, Most Brain Energy Is Supplied by Glucose. Under normal conditions, almost all the energy used by the br...




	63 - General Principles of Gastrointestinal Function—Motility, Nervous Control, and Blood Circulation
	Physiologic Anatomy of the Gastrointestinal Wall
	Gastrointestinal Smooth Muscle Functions as a Syncytium. The individual smooth muscle fibers in the gastrointestinal tract are 2...
	Electrical Activity of Gastrointestinal Smooth Muscle
	“Slow Waves” Caused by Undulating Changes in Resting Membrane Potential. Most gastrointestinal contractions occur rhythmically, ...
	Spike Potentials. The spike potentials are true action potentials. They occur automatically when the resting membrane potential ...
	Changes in Voltage of the Resting Membrane Potential. In addition to the slow waves and spike potentials, the baseline voltage l...
	Entry of Calcium Ions Causes Smooth Muscle Contraction. Smooth muscle contraction occurs in response to entry of calcium ions in...
	Tonic Contraction of Some Gastrointestinal Smooth Muscle. Some smooth muscle of the gastrointestinal tract exhibits tonic contra...



	Neural Control of Gastrointestinal Function—Enteric Nervous System
	Autonomic Control of the Gastrointestinal Tract
	Parasympathetic Stimulation Increases Activity of the Enteric Nervous System. The parasympathetic supply to the gut is divided i...
	Afferent Sensory Nerve Fibers From the Gut
	Gastrointestinal Reflexes


	Hormonal Control of Gastrointestinal Motility
	Functional Movements in the Gastrointestinal Tract
	PROPULSIVE MOVEMENTS—PERISTALSIS
	Function of the Myenteric Plexus in Peristalsis. Peristalsis occurs only weakly or not at all in any portion of the gastrointest...
	Peristaltic Waves Move Toward the Anus With Downstream Receptive Relaxation—“Law of the Gut.” Peristalsis, theoretically, can oc...



	Gastrointestinal Blood Flow—Splanchnic Circulation
	Mechanisms of Increased Blood Flow During Gastrointestinal Activity. Although the precise causes of the increased blood flow dur...
	“Countercurrent” Blood Flow in the Villi. Note in Figure 63-8 that the arterial flow into the villus and the venous flow out of...
	Importance of Nervous Depression of Gastrointestinal Blood Flow When Other Parts of the Body Need Extra Blood Flow. A major valu...




	64 - Propulsion and Mixing of Food in the Alimentary Tract
	Ingestion of Food
	Mastication (Chewing)
	Swallowing (Deglutition)
	Voluntary Stage of Swallowing. When the food is ready for swallowing, it is “voluntarily” squeezed or rolled posteriorly into th...
	Involuntary Pharyngeal Stage of Swallowing. As the bolus of food enters the posterior mouth and pharynx, it stimulates epithelia...
	Nervous Initiation of the Pharyngeal Stage of Swallowing. The most sensitive tactile areas of the posterior mouth and pharynx fo...
	The Pharyngeal Stage of Swallowing Momentarily Interrupts Respiration. The entire pharyngeal stage of swallowing usually occurs ...
	The Esophageal Stage of Swallowing Involves Two Types of Peristalsis. The esophagus functions primarily to conduct food rapidly ...
	Receptive Relaxation of the Stomach. When the esophageal peristaltic wave approaches the stomach, a wave of relaxation, transmit...
	Function of the Lower Esophageal Sphincter (Gastroesophageal Sphincter). At the lower end of the esophagus, extending upward abo...
	Prevention of Esophageal Reflux by Valvelike Closure of the Distal End of the Esophagus. Another factor that helps prevent reflu...



	Motor Functions of the Stomach
	Storage Function of the Stomach
	Chyme. After food in the stomach has become thoroughly mixed with the stomach secretions, the resulting mixture that passes down...
	Hunger Contractions. Besides the peristaltic contractions that occur when food is present in the stomach, another type of intens...


	Stomach Emptying
	Intense Antral Peristaltic Contractions During Stomach Emptying—“Pyloric Pump.” Most of the time, the rhythmic stomach contracti...
	Role of the Pylorus in Controlling Stomach Emptying. The distal opening of the stomach is the pylorus. Here the thickness of the...


	Regulation of Stomach Emptying
	The Hormone Gastrin Promotes Stomach Emptying. In Chapter 65, we discuss how stretching of the stomach wall and the presence of ...
	Hormonal Feedback From the Duodenum Inhibits Gastric Emptying—Role of Fats and the Hormone Cholecystokinin. Hormones released fr...

	Summary of the Control of Stomach Emptying


	Movements of the Small Intestine
	Propulsive Movements
	Peristalsis in the Small Intestine. Chyme is propelled through the small intestine by peristaltic waves, as discussed in Chapter...
	Control of Peristalsis by Nervous and Hormonal Signals. Peristaltic activity of the small intestine increases markedly after a m...
	Propulsive Effect of the Segmentation Movements. The segmentation movements, although lasting for only a few seconds at a time, ...
	Powerful, Rapid Peristalsis—“Peristaltic Rush.” Although peristalsis in the small intestine is normally weak, intense irritation...
	Feedback Control of the Ileocecal Sphincter by Reflexes From the Cecum. The degree of contraction of the ileocecal sphincter and...



	Movements of the Colon
	Mixing Movements—“Haustrations.” In the same manner that segmentation movements occur in the small intestine, large circular con...
	Propulsive Movements—“Mass Movements.” Much of the propulsion in the cecum and ascending colon results from the slow but persist...
	Initiation of Mass Movements by Gastrocolic and Duodenocolic Reflexes. The appearance of mass movements after meals is facilitat...


	Defecation

	Other Autonomic Reflexes That Affect Bowel Activity

	65 - Secretory Functions of the Alimentary Tract
	Basic Mechanisms of Stimulation of the Alimentary Tract Glands
	Contact of Food With Gut Epithelium Activates the Enteric Nervous System and Stimulates Secretion
	Sympathetic Stimulation Has a Dual Effect on Alimentary Tract Glandular Secretion Rate. Stimulation of the sympathetic nerves go...
	Regulation of Glandular Secretion by Hormones. In the stomach and intestine, several different gastrointestinal hormones help re...



	Basic Mechanism of Secretion by Glandular Cells
	Secretion of Organic Substances. Although all the basic mechanisms by which glandular cells function are not known, experimental...

	Secretion of Saliva
	Saliva Contains a Serous Secretion and a Mucus Secretion. The principal glands of salivation are the parotid, submandibular, and...

	Gastric Secretion
	Secretions From the Gastric (Oxyntic) Glands
	Basic Mechanism of Hydrochloric Acid Secretion. When stimulated, the parietal cells secrete an acid solution that contains about...
	The Basic Factors That Stimulate Gastric Secretion Are Acetylcholine, Gastrin, and Histamine. Acetylcholine released by parasymp...
	Secretion and Activation of Pepsinogen. Several slightly different types of pepsinogen are secreted by the peptic and mucous cel...
	Secretion of Intrinsic Factor by Parietal Cells. The substance intrinsic factor, which is essential for vitamin B12 absorption i...


	Surface Mucous Cells

	Stimulation of Gastric Acid Secretion
	Parietal Cells of the Oxyntic Glands Are the Only Cells That Secrete Hydrochloric Acid. As noted earlier in the chapter, the aci...
	Regulation of Pepsinogen Secretion

	Pancreatic Secretion
	Pancreatic Digestive Enzymes
	Secretion of Bicarbonate Ions

	Regulation of Pancreatic Secretion
	Basic Stimuli That Cause Pancreatic Secretion
	Phases of Pancreatic Secretion
	Cephalic and Gastric Phases. During the cephalic phase of pancreatic secretion, the same nervous signals from the brain that cau...
	Intestinal Phase. After chyme leaves the stomach and enters the small intestine, pancreatic secretion becomes copious, mainly in...
	Secretin Stimulates Copious Secretion of Bicarbonate Ions, Which Neutralizes Acidic Stomach Chyme. Secretin is a polypeptide con...
	Cholecystokinin Contributes to Control of Digestive Enzyme Secretion by the Pancreas. The presence of food in the upper small in...



	Bile Secretion by the Liver
	The Gallbladder Stores and Concentrates Bile. Bile is secreted continually by the liver cells, but most of it is normally stored...
	Composition of Bile. Table 65-2 lists the composition of bile when it is first secreted by the liver and then after it has been...
	Cholecystokinin Stimulates Gallbladder Emptying. When food begins to be digested in the upper gastrointestinal tract, the gallbl...



	Secretions of the Small Intestine
	Secretion of Mucus by Brunner's Glands in the Duodenum
	Mechanism of Secretion of the Watery Fluid. The exact mechanism that controls the marked secretion of watery fluid by the crypts...
	Digestive Enzymes in the Small Intestinal Secretion. When secretions of the small intestine are collected without cellular debri...



	Secretion of Mucus by The Large Intestine

	66 - Digestion and Absorption in the Gastrointestinal Tract
	Hydrolysis of Carbohydrates. Almost all the carbohydrates of the diet are either large polysaccharides or disaccharides, which a...
	Hydrolysis of Fats. Almost the entire fat portion of the diet consists of triglycerides (neutral fats), which are combinations o...

	Digestion of Carbohydrates
	Carbohydrate Foods of the Diet. Only three major sources of carbohydrates exist in the normal human diet. They are sucrose, whic...

	Digestion of Carbohydrates in the Small Intestine
	Digestion by Pancreatic Amylase. Pancreatic secretion, like saliva, contains a large quantity of α-amylase that is almost ident...

	Digestion of Proteins
	Proteins of the Diet. Dietary proteins are chemically long chains of amino acids bound together by peptide linkages. A typical l...
	Digestion of Proteins in the Stomach. Pepsin, an important peptic enzyme of the stomach, is most active at a pH of 2.0 to 3.0 an...
	Most Protein Digestion Results From Actions of Pancreatic Proteolytic Enzymes. Most protein digestion occurs in the upper small ...
	Digestion of Peptides by Peptidases in the Enterocytes That Line the Small Intestinal Villi. The last digestive stage of protein...



	Digestion of Fats
	Fats of the Diet. By far the most abundant fats of the diet are the neutral fats, also known as triglycerides, each molecule of ...
	Digestion of Fats Occurs Mainly in the Small Intestine. A small amount of triglycerides is digested in the stomach by lingual li...
	The First Step in Fat Digestion Is Emulsification by Bile Acids and Lecithin. The first step in fat digestion is to physically b...
	Triglycerides Are Digested by Pancreatic Lipase. By far the most important enzyme for digestion of the triglycerides is pancreat...
	End Products of Fat Digestion Are Free Fatty Acids. Most of the triglycerides of the diet are split by pancreatic lipase into fr...
	Bile Salts Form Micelles That Accelerate Fat Digestion. The hydrolysis of triglycerides is a highly reversible process; therefor...
	Digestion of Cholesterol Esters and Phospholipids. Most cholesterol in the diet is in the form of cholesterol esters, which are ...



	Basic Principles of Gastrointestinal Absorption
	Anatomical Basis of Absorption

	Absorption in the Small Intestine
	Isosmotic Absorption of Water

	Absorption of Ions
	Sodium Is Actively Transported Through the Intestinal Membrane. Twenty to 30 grams of sodium are secreted in the intestinal secr...
	Osmosis of the Water. The next step in the transport process is osmosis of water by transcellular and paracellular pathways. Thi...
	Aldosterone Greatly Enhances Sodium Absorption. When a person becomes dehydrated, large amounts of aldosterone are secreted by t...
	Absorption of Chloride Ions in the Small Intestine. In the upper part of the small intestine, chloride ion absorption is rapid a...
	Absorption of Bicarbonate Ions in the Duodenum and Jejunum. Often large quantities of bicarbonate ions (HCO3−) must be reabsorbe...
	Secretion of Bicarbonate and Absorption of Chloride Ions in the Ileum and Large Intestine. The epithelial cells on the surfaces ...
	Active Absorption of Calcium, Iron, Potassium, Magnesium, and Phosphate. Calcium ions are actively absorbed into the blood, espe...



	Absorption of Nutrients
	Carbohydrates Are Mainly Absorbed as Monosaccharides
	Glucose Is Transported by a Sodium Co-Transport Mechanism. In the absence of sodium transport through the intestinal membrane, ...
	Absorption of Other Monosaccharides. Galactose is transported by almost exactly the same mechanism as glucose, using the SGLT1 a...

	Absorption of Proteins as Dipeptides, Tripeptides, or Amino Acids
	Absorption of Fats
	Direct Absorption of Fatty Acids Into the Portal Blood. Small quantities of short- and medium-chain fatty acids, such as those...



	Absorption in the Large Intestine: Formation of Feces
	Absorption and Secretion of Electrolytes and Water. The mucosa of the large intestine, like that of the small intestine, has a h...
	Maximum Absorption Capacity of the Large Intestine. The large intestine can absorb a maximum of 5 to 8 liters of fluid and elect...
	Composition of the Feces. The feces normally are about three-fourths water and one-fourth solid matter that is composed of abo...




	67 - Physiology of Gastrointestinal Disorders
	68 - Metabolism of Carbohydrates and Formation of Adenosine Triphosphate
	69 - Lipid Metabolism
	Basic Chemical Structure of Triglycerides (Neutral Fat)
	Transport of Triglycerides and Other Lipids From the Gastrointestinal Tract by Lymph—the Chylomicrons


	70 - Protein Metabolism
	71 - The Liver
	72 - Dietary Balances; Regulation of Feeding; Obesity and Starvation; Vitamins and Minerals
	ENERGY INTAKE AND OUTPUT BALANCED UNDER STEADY-STATE CONDITIONS
	REGULATION OF FOOD INTAKE AND ENERGY STORAGE
	The Hypothalamus Contains Hunger and Satiety Centers. Several neuronal centers of the hypothalamus participate in the control of...
	Neurons and Neurotransmitters in the Hypothalamus That Stimulate or Inhibit Feeding. Two distinct types of neurons in the arcua...
	Neural Centers That Influence the Mechanical Process of Feeding. Another aspect of feeding is the mechanical act of the feeding ...


	Short-Term Regulation of Food Intake
	Gastrointestinal Filling Inhibits Feeding. When the gastrointestinal tract becomes distended, especially the stomach and the duo...
	Gastrointestinal Hormonal Factors Suppress Feeding. CCK, which is released mainly in response to fat and proteins entering the d...
	Ghrelin, a Gastrointestinal Hormone, Increases Feeding. Ghrelin is a hormone released mainly by the oxyntic cells of the stomac...
	Oral Receptors Meter Food Intake. When an animal with an esophageal fistula is fed large quantities of food, even though this fo...

	Intermediate- and Long-Term Regulation of Food Intake
	Effect of Blood Concentrations of Glucose, Amino Acids, and Lipids on Hunger and Feeding.
	Temperature Regulation and Food Intake
	Feedback Signals From Adipose Tissue Regulate Food Intake.

	Importance of Having Both Long- and Short-Term Regulatory Systems for Feeding


	73 - Energetics and Metabolic Rate
	74 - Body Temperature Regulation and Fever
	Normal Body Temperatures
	Body Core Temperature and Skin Temperature. The temperature of the deep tissues of the body—the “core” of the body—usually remai...

	Body Temperature is Controlled by Balancing Heat Production and Heat Loss
	Heat Production
	Heat Loss
	Insulator System of the Body
	Blood Flow to the Skin From the Body Core Provides Heat Transfer
	Control of Heat Conduction to the Skin by the Sympathetic Nervous System. Heat conduction to the skin by the blood is controlled...

	Basic Physics of Heat Loss From the Skin Surface
	Radiation Causes Heat Loss in the Form of Infrared Rays. As shown in Figure 74-4, in a nude person sitting inside at normal roo...
	Conductive Heat Loss Occurs by Direct Contact With an Object. As shown in Figure 74-4, only minute quantities of heat, about 3%...
	Convective Heat Loss Results From Air Movement. Heat from the skin is first conducted to the air and then carried away by the co...
	Cooling Effect of Wind. When the body is exposed to wind, the layer of air immediately adjacent to the skin is replaced by new a...
	Conduction and Convection of Heat From a Person Suspended in Water. Water has a specific heat several thousand times as great as...

	Evaporation
	Evaporation is a Necessary Cooling Mechanism at Very High Air Temperatures. As long as skin temperature is greater than the temp...
	Clothing Reduces Conductive and Convective Heat Loss. Clothing entraps air next to the skin in the weave of the cloth, thereby i...

	Sweating and Its Regulation by the Autonomic Nervous System
	Mechanism of Sweat Secretion. In Figure 74-5, the sweat gland is shown to be a tubular structure consisting of two parts: (1) a...
	Acclimatization of the Sweating Mechanism to Heat—The Role of Aldosterone. Although a normal, unacclimatized person seldom produ...



	Regulation of Body Temperature—Role of the Hypothalamus
	Temperature-Decreasing Mechanisms When the Body Is Too Hot
	Temperature-Increasing Mechanisms When the Body Is Too Cold
	Hypothalamic Stimulation of Shivering. Located in the dorsomedial portion of the posterior hypothalamus near the wall of the thi...
	Sympathetic “Chemical” Excitation of Heat Production. As noted in Chapter 73, an increase in either sympathetic stimulation or c...
	Increased Thyroxine Output as a Long-Term Cause of Increased Heat Production. Cooling the anterior hypothalamic-preoptic area ...
	Feedback Gain for Body Temperature Control. As discussed in Chapter 1, feedback gain is a measure of the effectiveness of a cont...

	Skin Temperature Can Slightly Alter the Set Point for Core Temperature Control

	Fever
	Resetting the Hypothalamic Temperature-Regulating Center in Febrile Diseases—Effect of Pyrogens
	Mechanism of Action of Pyrogens in Causing Fever—Role of Cytokines. Experiments in animals have shown that some pyrogens, when i...
	Fever Caused by Brain Lesions. When a brain surgeon operates in the region of the hypothalamus, severe fever almost always occur...




	75 - Introduction to Endocrinology
	Coordination of Body Functions by Chemical Messengers
	Chemical Structure and Synthesis of Hormones
	Polypeptide and Protein Hormones Are Stored in Secretory Vesicles Until Needed. Most of the hormones in the body are polypeptide...
	Steroid Hormones Are Usually Synthesized From Cholesterol and Are Not Stored. Steroid hormones have a chemical structure that is...
	Amine Hormones Are Derived From Tyrosine. The two groups of hormones derived from tyrosine, the thyroid and the adrenal medullar...
	Hormone Secretion After a Stimulus and Duration of Action of Different Hormones. Some hormones, such as norepinephrine and epine...
	Concentrations of Hormones in the Circulating Blood and Hormonal Secretion Rates. The concentrations of hormones required to con...



	Feedback Control of Hormone Secretion
	Negative Feedback Prevents Overactivity of Hormone Systems. Although the plasma concentrations of many hormones fluctuate in re...
	Surges of Hormones Can Occur With Positive Feedback. In a few cases, positive feedback occurs when the biological action of the ...
	Cyclical Variations Occur in Hormone Release. Superimposed on the negative and positive feedback control of hormone secretion ar...
	“Clearance” of Hormones From the Blood. Two factors can increase or decrease the concentration of a hormone in the blood: (1) th...


	Hormone Receptors and their Activation
	The Number and Sensitivity of Hormone Receptors Are Regulated. The number of receptors in a target cell usually does not remain ...
	Ion Channel–Linked Receptors. Virtually all the neurotransmitter substances, such as acetylcholine and norepinephrine, combine w...
	G Protein–Linked Hormone Receptors. Many hormones activate receptors that indirectly regulate the activity of target proteins (e...
	Enzyme-Linked Hormone Receptors. Some receptors, when activated, function directly as enzymes or are closely associated with en...
	Intracellular Hormone Receptors and Activation of Genes. Several hormones, including adrenal and gonadal steroid hormones, thyro...

	Adenylyl Cyclase–cAMP Second Messenger System
	Cell Membrane Phospholipid Second Messenger System
	Calcium-Calmodulin Second Messenger System


	Hormones that Act Mainly on the Genetic Machinery of the Cell
	Steroid Hormones Increase Protein Synthesis
	Thyroid Hormones Increase Gene Transcription in the Cell Nucleus



	76 - Pituitary Hormones and Their Control by the Hypothalamus
	Hypothalamus Controls Pituitary Secretion
	Physiological Functions of Growth Hormone
	Growth Hormone Promotes Protein Deposition in Tissues
	Growth Hormone Enhances Fat Utilization for Energy
	Growth Hormone Decreases Carbohydrate Utilization
	Necessity of Insulin and Carbohydrate for the Growth-Promoting Action of Growth Hormone
	Hypothalamic Growth Hormone–Releasing Hormone Stimulates, and Somatostatin Inhibits Growth Hormone Secretion


	Posterior Pituitary Gland and its Relation to the Hypothalamus
	Regulation of Antidiuretic Hormone Production
	Physiological Functions of Oxytocin

	77 - Thyroid Metabolic Hormones
	Synthesis and Secretion of the Thyroid Metabolic Hormones
	Thyroglobulin and Formation of Thyroxine and Triiodothyronine
	Formation and Secretion of Thyroglobulin by the Thyroid Cells. The thyroid cells are typical protein-secreting glandular cells,...
	Oxidation of the Iodide Ion.The first essential step in thyroid hormone formation is conversion of iodide ions to an oxidized fo... 
	Iodination of Tyrosine and Thyroid Hormone Formation—“Organification” of Thyroglobulin. The binding of iodine with the thyroglob...
	Storage of Thyroglobulin.The thyroid gland is unusual among the endocrine glands in its ability to store large amounts of hormon... 
	Daily Rate of Secretion of Thyroxine and Triiodothyronine.About 93% of the thyroid hormone released from the thyroid gland is no... 



	Transport of Thyroxine and Triiodothyronine to Tissues
	Thyroxine and Triiodothyronine Are Bound to Plasma Proteins.Upon entering the blood, more than 99% of the thyroxine and triiodot... 
	Thyroxine and Triiodothyronine Are Released Slowly to Tissue Cells. Because of high affinity of the plasma-binding proteins for...
	Thyroid Hormones Have Slow Onset and Long Duration of Action.After injection of a large quantity of thyroxine into a human being... 


	Thyroid Hormones Increase Transcription of Many Genes
	Most of the Thyroxine Secreted by the Thyroid Is Converted to Triiodothyronine. Before acting on the genes to increase genetic t...
	Thyroid Hormones Activate Nuclear Receptors. Thyroid hormone receptors are either attached to the DNA genetic strands or located...
	Thyroid Hormones Increase the Number and Activity of Mitochondria. When thyroxine or triiodothyronine is given to an animal, the...
	Thyroid Hormones Increase Active Transport of Ions Through Cell Membranes. One of the enzymes that increases its activity in res...



	Effects of Thyroid Hormone on Specific Body Functions
	Stimulation of Carbohydrate Metabolism.Thyroid hormone stimulates almost all aspects of carbohydrate metabolism, including rapid... 
	Stimulation of Fat Metabolism. Essentially all aspects of fat metabolism are also enhanced by thyroid hormone. In particular, li...
	Effect on Plasma and Liver Fats. Increased thyroid hormone decreases the concentrations of cholesterol, phospholipids, and trigl...
	Increased Requirement for Vitamins. Because thyroid hormone increases the quantities of many bodily enzymes and because vitamins...
	Increased Basal Metabolic Rate. Because thyroid hormone increases metabolism in almost all cells of the body, excessive quantiti...
	Decreased Body Weight.A greatly increased amount of thyroid hormone almost always decreases body weight, and a greatly decreased... 
	Increased Blood Flow and Cardiac Output. Increased metabolism in the tissues causes more rapid utilization of oxygen than normal...
	Increased Heart Rate.The heart rate increases considerably more under the influence of thyroid hormone than would be expected fr... 
	Increased Heart Strength.A slight excess of thyroid hormone can increase the strength of the heart. This effect is analogous to ... 
	Normal Arterial Pressure. The mean arterial pressure usually remains about normal after administration of thyroid hormone. Becau...
	Increased Respiration. The increased rate of metabolism increases oxygen utilization and carbon dioxide formation; these effects...
	Increased Gastrointestinal Motility. In addition to increased appetite and food intake, which has been discussed, thyroid hormon...
	Excitatory Effects on the Central Nervous System.In general, thyroid hormone increases the rapidity of cerebration, although tho... 
	Effect on the Function of the Muscles.A slight increase in thyroid hormone usually makes the muscles react with vigor but, with ... 
	Muscle Tremor.One of the most characteristic signs of hyperthyroidism is a fine muscle tremor. This symptom is not the coarse tr... 
	Effect on Sleep. Because of the exhausting effect of thyroid hormone on the musculature and on the central nervous system, perso...
	Effect on Other Endocrine Glands. Increased thyroid hormone increases the secretion rates of several other endocrine glands, but...
	Effect of Thyroid Hormone on Sexual Function. For normal sexual function, thyroid secretion needs to be approximately normal. In...



	Regulation of Thyroid Hormone Secretion
	Cyclic Adenosine Monophosphate Mediates the Stimulatory Effect of TSH. Most of the varied effects of TSH on the thyroid cell res...


	78 - Adrenocortical Hormones
	Corticosteroids: Mineralocorticoids, Glucocorticoids, and Androgens
	The Adrenal Cortex has Three Distinct Layers
	Mineralocorticoid Deficiency Causes Severe Renal Sodium Chloride Wasting and Hyperkalemia. Total loss of adrenocortical secretio...
	Aldosterone Is the Major Mineralocorticoid Secreted by the Adrenals. In humans, aldosterone exerts nearly 90% of the mineralocor...



	Renal and Circulatory Effects of Aldosterone
	Aldosterone Increases Renal Tubular Reabsorption of Sodium and Secretion of Potassium. As discussed in Chapter 28, aldosterone i...
	Excess Aldosterone Increases Extracellular Fluid Volume and Arterial Pressure But Has Only a Small Effect on Plasma Sodium Conce...
	Excess Aldosterone Causes Hypokalemia and Muscle Weakness; Aldosterone Deficiency Causes Hyperkalemia and Cardiac Toxicity. Exce...
	Excess Aldosterone Increases Tubular Hydrogen Ion Secretion and Causes Alkalosis. Aldosterone not only causes potassium to be se...



	Functions of Glucocorticoids
	Effects of Cortisol on Carbohydrate Metabolism
	Stimulation of Gluconeogenesis. The best-known metabolic effect of cortisol and other glucocorticoids on metabolism is the abil...
	Decreased Glucose Utilization by Cells. Cortisol also causes a moderate decrease in glucose utilization by most cells in the bod...
	Elevated Blood Glucose Concentration and “Adrenal Diabetes.” Both the increased gluconeogenesis and moderate reduction in glucos...



	Effects of Cortisol on Protein Metabolism
	Reduction in Cellular Protein. One of the principal effects of cortisol on the metabolic systems of the body is reduction of pro...
	Cortisol Increases Liver and Plasma Proteins. Coincidentally with the effect of glucocorticoids to reduce proteins elsewhere in ...
	Increased Blood Amino Acids, Diminished Transport of Amino Acids Into Extrahepatic Cells, and Enhanced Transport Into Hepatic Ce...



	Effects of Cortisol on Fat Metabolism
	Mobilization of Fatty Acids. In much the same manner that cortisol promotes amino acid mobilization from muscle, it also promote...
	Anti-inflammatory Effects of High Levels of Cortisol
	Cortisol Prevents the Development of Inflammation by Stabilizing Lysosomes and by Other Effects. Cortisol has the following effe...
	Cortisol Causes Resolution of Inflammation. Even after inflammation has become well established, administration of cortisol can ...



	Regulation of Cortisol Secretion by Adrenocorticotropic Hormone from the Pituitary Gland
	ACTH Stimulates Cortisol Secretion. Unlike aldosterone secretion by the zona glomerulosa, which is controlled mainly by potassiu...
	Chemistry of ACTH. ACTH has been isolated in pure form from the anterior pituitary. It is a large polypeptide, having a chain le...
	ACTH Secretion Is Controlled by Corticotropin-Releasing Factor From the Hypothalamus. In the same way that other pituitary horm...
	ACTH Activates Adrenocortical Cells to Produce Steroids by Increasing cAMP. The principal effect of ACTH on the adrenocortical c...
	Physiological Stress Increases ACTH and Adrenocortical Secretion. As pointed out earlier in the chapter, almost any type of phys...
	Inhibitory Effect of Cortisol on the Hypothalamus and Anterior Pituitary to Decrease ACTH Secretion. Cortisol has direct negativ...

	Summary of the Cortisol Control System
	Synthesis and Secretion of ACTH in Association With Melanocyte-Stimulating Hormone, Lipotropin, and Endorphin



	79 - Insulin, Glucagon, and Diabetes Mellitus
	Insulin and its Metabolic Effects
	Insulin Promotes Muscle Glucose Uptake and Metabolism
	Quantitative Effect of Insulin to Facilitate Glucose Transport Through the Muscle Cell Membrane
	Insulin Promotes Liver Uptake, Storage, and Use of Glucose
	Glucose Is Released From the Liver Between Meals. When the blood glucose level begins to fall to a low level between meals, seve...
	Insulin Promotes Conversion of Excess Glucose Into Fatty Acids and Inhibits Gluconeogenesis in the Liver. When the quantity of g...

	Lack of Effect of Insulin on Glucose Uptake and Usage by the Brain
	Effect of Insulin on Carbohydrate Metabolism in Other Cells

	Effect of Insulin on Fat Metabolism
	Insulin Promotes Fat Synthesis and Storage
	Role of Insulin in Storage of Fat in the Adipose Cells. Insulin has two other essential effects that are required for fat storag...

	Insulin Deficiency Increases Use of Fat for Energy
	Insulin Deficiency Causes Lipolysis of Storage Fat and Release of Free Fatty Acids. In the absence of insulin, all the effects o...
	Insulin Deficiency Increases Plasma Cholesterol and Phospholipid Concentrations. The excess of fatty acids in the plasma associa...
	Excess Usage of Fats During Insulin Deficiency Causes Ketosis and Acidosis. Insulin deficiency also causes excessive amounts of ...



	Effect of Insulin on Protein Metabolism and Growth
	Insulin Promotes Protein Synthesis and Storage
	Insulin Deficiency Causes Protein Depletion and Increased Plasma Amino Acids
	Insulin and Growth Hormone Interact Synergistically to Promote Growth

	Mechanisms of Insulin Secretion
	Control of Insulin Secretion
	Increased Blood Glucose Stimulates Insulin Secretion. At the normal fasting level of blood glucose of 80 to 90 mg/100 ml, the ra...
	Feedback Relation Between Blood Glucose Concentration and the Insulin Secretion Rate. As blood glucose concentration rises above...



	Glucagon and its Functions
	Effects on Glucose Metabolism
	Glucagon Causes Glycogenolysis and Increased Blood Glucose Concentration
	Glucagon Increases Gluconeogenesis
	Other Effects of Glucagon


	Regulation of Glucagon Secretion
	Increased Blood Glucose Inhibits Glucagon Secretion. Blood glucose concentration is by far the most potent factor that controls ...
	Increased Blood Amino Acids Stimulate Secretion of Glucagon. High concentrations of amino acids, such as those that occur in the...
	Exercise Stimulates Secretion of Glucagon. During exhaustive exercise, blood glucagon concentration often increases fourfold to ...



	Summary of Blood Glucose Regulation

	80 - Parathyroid Hormone, Calcitonin, Calcium and Phosphate Metabolism, Vitamin D, Bone, and Teeth
	Overview of Calcium and Phosphate Regulation in Extracellular Fluid and Plasma
	Hypocalcemia Causes Nervous System Excitement and Tetany. When the extracellular fluid concentration of calcium ions falls below...

	Absorption and Excretion of Calcium and Phosphate
	Intestinal Absorption and Fecal Excretion of Calcium and Phosphate. The usual rates of intake are approximately 1000 mg/day each...

	Bone and its Relationship to Extracellular Calcium and Phosphate
	Organic Matrix of Bone. The organic matrix of bone is 90% to 95% collagen fibers, and the remainder is a homogeneous gelatinous ...
	Bone Salts. The crystalline salts deposited in the organic matrix of bone are composed principally of calcium and phosphate. The...
	Tensile and Compressional Strength of Bone. Each collagen fiber of cortical (compact) bone is composed of repeating periodic seg...



	Precipitation and Absorption of Calcium and Phosphate in Bone—Equilibrium With the Extracellular Fluids
	Hydroxyapatite Does Not Precipitate in Extracellular Fluid Despite Supersaturation of Calcium and Phosphate Ions. The concentrat...
	Mechanism of Bone Calcification. The initial stage in bone production is secretion of collagen molecules (called collagen monome...
	Precipitation of Calcium in Nonosseous Tissues Under Abnormal Conditions. Although calcium salts usually do not precipitate in n...



	Deposition and Resorption of Bone—Remodeling of Bone
	Deposition of Bone by the Osteoblasts. Bone is continually being deposited by osteoblasts, and it is continually being resorbed ...
	Resorption of Bone—Function of the Osteoclasts. Bone is also being continually resorbed in the presence of osteoclasts, which ar...
	Bone Deposition and Resorption Are Normally in Equilibrium. Except in growing bones, the rates of bone deposition and resorption...
	Value of Continual Bone Remodeling. The continual deposition and resorption of bone have several important functions. First, bon...
	Control of the Rate of Bone Deposition by Bone “Stress” Bone is deposited in proportion to the compressional load that the bone ...



	Vitamin D
	Cholecalciferol (Vitamin D3) Is Formed in the Skin. Several compounds derived from sterols belong to the vitamin D family, and t...
	Cholecalciferol Is Converted to 25-Hydroxycholecalciferol in the Liver. The first step in the activation of cholecalciferol is...
	Formation of 1,25-Dihydroxycholecalciferol in the Kidneys and Its Control by Parathyroid Hormone. Figure 80-8 also shows the c...
	Calcium Ion Concentration Controls the Formation of 1,25-Dihydroxycholecalciferol. Figure 80-10 demonstrates that plasma conce...


	Actions of Vitamin D
	“Hormonal” Effect of Vitamin D to Promote Intestinal Calcium Absorption. 1,25-Dihydroxycholecal- ciferol functions as a type o...
	Vitamin D Promotes Phosphate Absorption by the Intestines. Although phosphate is usually absorbed easily, phosphate flux through...
	Vitamin D Decreases Renal Calcium and Phosphate Excretion. Vitamin D also increases calcium and phosphate reabsorption by the ep...
	Effect of Vitamin D on Bone and Its Relation to Parathyroid Hormone Activity. Vitamin D plays important roles in bone resorption...



	Parathyroid Hormone
	Parathyroid Hormone Mobilizes Calcium and Phosphate From Bone
	Rapid Phase of Calcium and Phosphate Mobilization From Bone—Osteolysis. When large quantities of PTH are injected, calcium ion c...
	Slow Phase of Bone Resorption and Calcium Phosphate Release—Activation of the Osteoclasts. A much better known effect of PTH and...

	Parathyroid Hormone Decreases Calcium Excretion and Increases Phosphate Excretion by the Kidneys
	Parathyroid Hormone Increases Intestinal Absorption of Calcium and Phosphate
	Cyclic Adenosine Monophosphate Mediates the Effects of Parathyroid Hormone. A large share of the effect of PTH on its target org...



	Calcitonin
	Increased Plasma Calcium Concentration Stimulates Calcitonin Secretion. The primary stimulus for calcitonin secretion is increas...
	Calcitonin Decreases Plasma Calcium Concentration. In some young animals, calcitonin decreases blood calcium ion concentration r...
	Calcitonin Has a Weak Effect on Plasma Calcium Concentration in Adult Humans. The reason for the weak effect of calcitonin on pl...



	Summary of Control of Calcium ion Concentration
	Buffer Function of the Exchangeable Calcium in Bones—The First Line of Defense. The exchangeable calcium salts in the bones, dis...

	Physiology of the Teeth
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	Inhibition of Anterior Pituitary Secretion of Luteinizing and Follicle-Stimulating Hormones by Testosterone—Negative Feedback C...
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	A Surge of Luteinizing Hormone Is Necessary for Ovulation. LH is necessary for final follicular growth and ovulation. Without th...
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	Proliferative Phase (Estrogen Phase) of the Endometrial Cycle Occurs Before Ovulation. At the beginning of each monthly cycle, m...
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