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IN MEMORIAM

The sudden loss of Dr. Arthur C. Guyton in an automobile accident on April 3,
2003, stunned and saddened all who were privileged to know him. Arthur
Guyton was a giant in the fields of physiology and medicine, a leader among
leaders, a master teacher, and an inspiring role model throughout the world.

Arthur Clifton Guyton was born in Oxford, Mississippi, to Dr. Billy S.
Guyton, a highly respected eye, ear, nose, and throat specialist, who later
became Dean of the University of Mississippi Medical School, and Kate Small-
wood Guyton, a mathematics and physics teacher who had been a missionary
in China before marriage. During his formative years, Arthur enjoyed watching
his father work at the Guyton Clinic, playing chess and swapping stories with
William Faulkner, and building sailboats (one of which he later sold to
Faulkner). He also built countless mechanical and electrical devices, which he
continued to do throughout his life. His brilliance shone early as he graduated
top in his class at the University of Mississippi. He later distinguished himself
at Harvard Medical School and began his postgraduate surgical training at
Massachusetts General Hospital.

His medical training was interrupted twice—once to serve in the Navy during
World War II and again in 1946 when he was stricken with poliomyelitis during
his final year of residency training. Suffering paralysis in his right leg, left arm,
and both shoulders, he spent nine months in Warm Springs, Georgia, recuper-
ating and applying his inventive mind to building the first motorized wheelchair
controlled by a “joy stick,” a motorized hoist for lifting patients, special leg
braces, and other devices to aid the handicapped. For those inventions he
received a Presidential Citation.

He returned to Oxford where he devoted himself to teaching and research
at the University of Mississippi School of Medicine and was named Chair of the
Department of Physiology in 1948. In 1951 he was named one of the ten out-
standing men in the nation. When the University of Mississippi moved its
Medical School to Jackson in 1955, he rapidly developed one of the world’s
premier cardiovascular research programs. His remarkable life as a scientist,
author, and devoted father is detailed in a biography published on the occasion
of his “retirement” in 1989.'

A Great Physiologist. Arthur Guyton’s research contributions, which include
more than 600 papers and 40 books, are legendary and place him among the
greatest physiologists in history. His research covered virtually all areas of car-
diovascular regulation and led to many seminal concepts that are now an inte-
gral part of our understanding of cardiovascular disorders, such as hypertension,
heart failure, and edema. It is difficult to discuss cardiovascular physiology
without including his concepts of cardiac output and venous return, negative
interstitial fluid pressure and regulation of tissue fluid volume and edema,
regulation of tissue blood flow and whole body blood flow autoregulation,
renal-pressure natriuresis, and long-term blood pressure regulation. Indeed, his
concepts of cardiovascular regulation are found in virtually every major text-
book of physiology. They have become so familiar that their origin is sometimes
forgotten.

One of Dr. Guyton’s most important scientific legacies was his application of
principles of engineering and systems analysis to cardiovascular regulation. He
used mathematical and graphical methods to quantify various aspects of circu-
latory function before computers were widely available. He built analog com-
puters and pioneered the application of large-scale systems analysis to modeling
the cardiovascular system before the advent of digital computers. As digital
computers became available, his cardiovascular models expanded dramatically
to include the kidneys and body fluids, hormones, and the autonomic nervous
system, as well as cardiac and circulatory functions.” He also provided the first
comprehensive systems analysis of blood pressure regulation. This unique
approach to physiological research preceded the emergence of biomedical
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engineering—a field that he helped to establish and to
promote in physiology, leading the discipline into a
quantitative rather than a descriptive science.

It is a tribute to Arthur Guyton’s genius that his
concepts of cardiovascular regulation often seemed
heretical when they were first presented, yet stimu-
lated investigators throughout the world to test them
experimentally. They are now widely accepted. In fact,
many of his concepts of cardiovascular regulation
are integral components of what is now taught in
most medical physiology courses. They continue to
be the foundation for generations of cardiovascular
physiologists.

Dr. Guyton received more than 80 major honors
from diverse scientific and civic organizations and uni-
versities throughout the world. A few of these that are
especially relevant to cardiovascular research include
the Wiggers Award of the American Physiological
Society, the Ciba Award from the Council for High
Blood Pressure Research, The William Harvey Award
from the American Society of Hypertension, the
Research Achievement Award of the American Heart
Association, and the Merck Sharp & Dohme Award
of the International Society of Hypertension. It was
appropriate that in 1978 he was invited by the Royal
College of Physicians in London to deliver a special
lecture honoring the 400th anniversary of the birth of
William Harvey, who discovered the circulation of the
blood.

Dr. Guyton’s love of physiology was beautifully
articulated in his president’s address to the American
Physiological Society in 1975, appropriately entitled
Physiology, a Beauty and a Philosophy. Let me quote
just one sentence from his address: What other person,
whether he be a theologian, a jurist, a doctor of medi-
cine, a physicist, or whatever, knows more than you, a
physiologist, about life? For physiology is indeed an
explanation of life. What other subject matter is more
fascinating, more exciting, more beautiful than the
subject of life?

A Master Teacher. Although Dr. Guyton’s research
accomplishments are legendary, his contributions as an
educator have probably had an even greater impact.
He and his wonderful wife Ruth raised ten children,
all of whom became outstanding physicians—a
remarkable educational achievement. Eight of the
Guyton children graduated from Harvard Medical
School, one from Duke Medical School, and one from
The University of Miami Medical School after receiv-
ing a Ph.D. from Harvard. An article published in
Reader’s Digest in 1982 highlighted their extraordinary
family life.*

The success of the Guyton children did not occur by
chance. Dr. Guyton’s philosophy of education was to
“learn by doing.” The children participated in count-
less family projects that included the design and
construction of their home and its heating system,
the swimming pool, tennis court, sailboats, go-carts
and electrical cars, household gadgets, and electronic
instruments for their Oxford Instruments Company.
Television programs such as Good Morning America

and 20/20 described the remarkable home environ-
ment that Arthur and Ruth Guyton created to raise
their family. His devotion to family is beautifully
expressed in the dedication of his Textbook of Medical
Physiology”:

To
My father for his uncompromising principles that
guided my life
My mother for leading her children into intellectual
pursuits
My wife for her magnificent devotion to her family
My children for making everything worthwhile

Dr. Guyton was a master teacher at the University
of Mississippi for over 50 years. Even though he was
always busy with service responsibilities, research,
writing, and teaching, he was never too busy to talk
with a student who was having difficulty. He would
never accept an invitation to give a prestigious lecture
if it conflicted with his teaching schedule.

His contributions to education are also far reach-
ing through generations of physiology graduate
students and postdoctoral fellows. He trained over
150 scientists, at least 29 of whom became chairs of
their own departments and six of whom became pres-
idents of the American Physiological Society. He gave
students confidence in their abilities and emphasized
his belief that “People who are really successful in the
research world are self-taught.” He insisted that his
trainees integrate their experimental findings into a
broad conceptual framework that included other
interacting systems. This approach usually led them
to develop a quantitative analysis and a better
understanding of the particular physiological systems
that they were studying. No one has been more pro-
lific in training leaders of physiology than Arthur
Guyton.

Dr. Guyton’s Textbook of Medical Physiology, first
published in 1956, quickly became the best-selling
medical physiology textbook in the world. He had a
gift for communicating complex ideas in a clear and
interesting manner that made studying physiology fun.
He wrote the book to teach his students, not to impress
his professional colleagues. Its popularity with stu-
dents has made it the most widely used physiology
textbook in history. This accomplishment alone was
enough to ensure his legacy.

The Textbook of Medical Physiology began as
lecture notes in the early 1950s when Dr. Guyton was
teaching the entire physiology course for medical stu-
dents at the University of Mississippi. He discovered
that the students were having difficulty with the text-
books that were available and began distributing
copies of his lecture notes. In describing his experi-
ence, Dr. Guyton stated that “Many textbooks of
medical physiology had become discursive, written pri-
marily by teachers of physiology for other teachers of
physiology, and written in language understood by
other teachers but not easily understood by the basic
student of medical physiology.”®

Through his Textbook of Medical Physiology, which
is translated into 13 languages, he has probably done
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more to teach physiology to the world than any other
individual in history. Unlike most major textbooks,
which often have 20 or more authors, the first eight
editions were written entirely by Dr. Guyton—a feat
that is unprecedented for any major medical textbook.
For his many contributions to medical education, Dr.
Guyton received the 1996 Abraham Flexner Award
from the Association of American Medical Colleges
(AAMC). According to the AAMC, Arthur Guyton
“...for the past 50 years has made an unparalleled
impact on medical education.” He is also honored each
year by The American Physiological Society through
the Arthur C. Guyton Teaching Award.

An Inspiring Role Model. Dr. Guyton’s accomplish-
ments extended far beyond science, medicine, and edu-
cation. He was an inspiring role model for life as well
as for science. No one was more inspirational or influ-
ential on my scientific career than Dr. Guyton. He
taught his students much more than physiology—
he taught us life, not so much by what he said but by
his unspoken courage and dedication to the highest
standards.

He had a special ability to motivate people through
his indomitable spirit. Although he was severely chal-
lenged by polio, those of us who worked with him
never thought of him as being handicapped. We were
too busy trying to keep up with him! His brilliant
mind, his indefatigable devotion to science, education,
and family, and his spirit captivated students and
trainees, professional colleagues, politicians, business
leaders, and virtually everyone who knew him. He
would not succumb to the effects of polio. His courage
challenged and inspired us. He expected the best and
somehow brought out the very best in people.

We celebrate the magnificent life of Arthur Guyton,
recognizing that we owe him an enormous debt. He
gave us an imaginative and innovative approach to
research and many new scientific concepts. He gave
countless students throughout the world a means of
understanding physiology and he gave many of us
exciting research careers. Most of all, he inspired us—
with his devotion to education, his unique ability to
bring out the best in those around him, his warm and
generous spirit, and his courage. We will miss him
tremendously, but he will remain in our memories as
a shining example of the very best in humanity. Arthur
Guyton was a real hero to the world, and his legacy is
everlasting.
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The first edition of the Textbook of Medical Phys-
iology was written by Arthur C. Guyton almost 50
years ago. Unlike many major medical textbooks,
which often have 20 or more authors, the first
eight editions of the Textbook of Medical Physi-
ology were written entirely by Dr. Guyton with
each new edition arriving on schedule for nearly
40 years. Over the years, Dr. Guyton’s textbook
became widely used throughout the world and was translated into 13 languages.
A major reason for the book’s unprecedented success was his uncanny ability
to explain complex physiologic principles in language easily understood by stu-
dents. His main goal with each edition was to instruct students in physiology,
not to impress his professional colleagues. His writing style always maintained
the tone of a teacher talking to his students.

I had the privilege of working closely with Dr. Guyton for almost 30 years
and the honor of helping him with the 9th and 10th editions. For the 11th
edition, I have the same goal as in 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
exciting because our rapidly increasing knowledge of physiology continues to
unravel new mysteries of body functions. Many new techniques for learning
about molecular and cellular physiology have been developed. We can present
more and more the physiology principles in the terminology of molecular and
physical sciences rather than in merely a series of separate and unexplained bio-
logical phenomena. This change is welcomed, but it also makes revision of each
chapter a necessity.

In this edition, I 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 wish to use it in later life
as a basis for their professional careers. I hope that this textbook conveys
the majesty of the human body and its many functions and that it stimulates
students to study physiology throughout their careers. Physiology is the link
between 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 func-
tion, 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? Fortu-
nately, our bodies are endowed with a vast network of feedback controls that
achieve the necessary balances without which we would not be able to live.
Physiologists call this high level of internal bodily control homeostasis. In
disease states, functional balances are often seriously disturbed and homeosta-
sis is impaired. And, when even a single disturbance reaches a limit, the whole
body can no longer live. One of the goals of this text, therefore, is to emphasize
the effectiveness and beauty of the body’s homeostasis mechanisms as well as
to present their abnormal function in disease.

Another objective is to be as accurate as possible. Suggestions and critiques
from many physiologists, students, and clinicians throughout the world have
been sought and then used to check 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, I wish to issue still a further request to all readers
to send along notations of error or inaccuracy. Physiologists understand the
importance of feedback for proper function of the human bodyj; so, too, is feed-
back important for progressive improvement of a textbook of physiology. To
the many persons who have already helped, I send sincere thanks.

XI
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A brief explanation is needed about several features
of the 11th edition. Although many of the chapters
have been revised to include new principles of physi-
ology, the text length has been closely monitored
to limit the book size so that it can be used effec-
tively in physiology courses for medical students and
health care professionals. Many of the figures have
also been redrawn and are now in full color. New
references have been chosen primarily for their pres-
entation of physiologic principles, for the quality of
their own references, and for their easy accessibility.
Most of the selected references are from recently
published scientific journals that can be freely
accessed from the PubMed internet site at http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed.
Use of these references, as well as cross-references
from them, can give the student almost complete cov-
erage of the entire field of physiology.

Another feature is that the print is set in two sizes.
The material in small print is of several different kinds:
first, anatomical, chemical, and other information that
is needed for immediate discussion but that most stu-
dents will learn in more detail in other courses; second,
physiologic information of special importance to
certain fields of clinical medicine; and, third, informa-
tion that will be of value to those students who may

wish to study particular physiologic mechanisms more
deeply.

The material in large print constitutes the funda-
mental physiologic information that students will
require in virtually all their medical activities and
studies.

I wish to express my thanks to many other persons
who have helped in preparing this book, including
my colleagues in the Department of Physiology &
Biophysics at the University of Mississippi Medical
Center who provided valuable suggestions. I am also
grateful to Ivadelle Osberg Heidke, Gerry McAlpin,
and Stephanie Lucas for their excellent secretarial
services, and to William Schmitt, Rebecca Gruliow,
Mary Anne Folcher, and the rest of the staff of
Elsevier Saunders for continued editorial and produc-
tion excellence.

Finally, I owe an enormous debt to Arthur Guyton
for an exciting career in physiology, for his friendship,
for the great privilege of contributing to the Textbook
of Medical Physiology, and for the inspiration that he
provided to all who knew him.

Jonn E. HaLL
Jackson, Mississippi
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C H A P T E R 1

Functional Organization of the
Human Body and Control of the
“Internal Environment”

The goal of physiology is to explain the physical and
chemical factors that are responsible for the origin,
development, and progression of life. Each type of
life, from the simple virus to the largest tree or the
complicated human being, has its own functional
characteristics. Therefore, the vast field of physiol-
ogy can be divided into viral physiology, bacterial
physiology, cellular physiology, plant physiology,
human physiology, and many more subdivisions.

Human Physiology. In human physiology, we attempt to explain the specific char-
acteristics and mechanisms of the human body that make it a living being. The
very fact that we remain alive is almost beyond our control, for 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. Thus,
the human being is actually an automaton, and the fact that we are sensing,
feeling, and knowledgeable beings is part of this automatic sequence of life;
these special attributes allow us to exist under widely varying conditions.

Cells as the Living Units of the Body

The basic living unit of the body is the cell. Each 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 instance, the red blood cells, numbering 25 trillion in each
human being, transport oxygen from the lungs to the tissues. Although the red
cells are the most abundant of any single type of cell in the body, there are
about 75 trillion additional cells of other types that perform functions different
from those of the red cell. The entire body, then, contains about 100 trillion
cells.

Although the many cells of the body often differ markedly from one another,
all of them have certain basic characteristics that are alike. For instance, in all
cells, oxygen reacts with carbohydrate, fat, and protein to release the energy
required for cell function. Further, the general chemical mechanisms for chang-
ing nutrients into energy are basically the same in all cells, and all cells deliver
end products of their chemical reactions into the surrounding fluids.

Almost all cells also have the ability to reproduce additional cells of their
own kind. Fortunately, when cells of a particular type are destroyed from one
cause or another, the remaining cells of this type usually generate new cells until
the supply is replenished.

Extracellular Fluid—The “Internal Environment”

About 60 per cent of the adult human body is fluid, mainly a water solution of
ions and other substances. Although most of this fluid is inside the cells and is
called intracellular fluid, about one third is in the spaces outside the cells and

3



4 Unit| Introduction to Physiology: The Cell and General Physiology

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 the tissue fluids by diffusion
through the capillary walls.

In the extracellular fluid are the ions and nutrients
needed by the cells to maintain cell life. Thus, all cells
live in essentially the same environment—the extra-
cellular fluid. For this reason, the extracellular fluid is
also called the internal environment of the body, or the
milieu intérieur, a term introduced more than 100 years
ago by the great 19th-century French physiologist
Claude Bernard.

Cells are capable of living, growing, and performing
their special functions as long as the proper concen-
trations of oxygen, glucose, different ions, amino acids,
fatty substances, and other constituents are available
in this internal environment.

Differences Between 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 cellular waste products that are
being transported to the kidneys for excretion.

The intracellular fluid differs significantly from
the extracellular fluid; specifically, it contains large
amounts of potassium, magnesium, and phosphate ions
instead of the sodium and chloride ions found in the
extracellular fluid. Special mechanisms for transport-
ing ions through the cell membranes maintain the ion
concentration differences between the extracellular
and intracellular fluids. These transport processes are
discussed in Chapter 4.

“Homeostatic” Mechanisms of
the Major Functional Systems

Homeostasis

The term homeostasis is used by physiologists to mean
maintenance of nearly constant conditions in the inter-
nal environment. Essentially all organs and tissues of
the body perform functions that help maintain these
constant conditions. For instance, the lungs provide
oxygen to the extracellular fluid to replenish the
oxygen used by the cells, the kidneys maintain con-
stant ion concentrations, and the gastrointestinal
system provides nutrients.

A large segment of this text is concerned with the
manner in which each organ or tissue contributes to
homeostasis. To begin this discussion, the different
functional systems of the body and their contributions
to homeostasis are outlined in this chapter; then we
briefly outline 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 all parts of
the body in two stages. The first stage is movement of
blood through the body in the blood vessels, and the
second is movement of fluid between the blood capil-
laries 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 cir-
culatory circuit an average 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 the blood capillaries,
continual exchange of extracellular fluid also occurs
between the plasma portion of the blood and the

Lungs

Nutrition and excretion

G o Kidneys

Regulation Q Excretion
of

electrolytes

Arterial

Capillaries
Figure 1-1

General organization of the circulatory system.
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Arteriole

Figure 1-2

Diffusion of fluid and dissolved constituents through the capillary
walls and through the interstitial spaces.

interstitial fluid that fills the intercellular spaces. This
process is shown in Figure 1-2. The walls of the capil-
laries are permeable to most molecules in the plasma
of the blood, with the exception of the large plasma
protein molecules. Therefore, large amounts of fluid
and its dissolved constituents diffuse back and forth
between the blood and the tissue spaces, as shown by
the arrows. This process of diffusion is caused by
kinetic motion of the molecules in both the plasma and
the interstitial fluid. That is, the fluid and dissolved
molecules are continually moving and bouncing in all
directions within the plasma and the fluid in the inter-
cellular spaces, and also through the capillary pores.
Few cells are located more than 50 micrometers from
a capillary, which ensures diffusion of almost any sub-
stance 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 inter-
stitial fluid—is continually being mixed, thereby
maintaining almost complete homogeneity of the
extracellular fluid throughout the body.

Origin of Nutrients in the
Extracellular Fluid

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

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

Liver and Other Organs That Perform Primarily Metaholic Func-
tions. Not all substances absorbed from the gastroin-
testinal 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
mucosa, kidneys, and endocrine glands—help modify
the absorbed substances or store them until they are
needed.

Musculoskeletal System. Sometimes the question is
asked, How does the musculoskeletal system fit into
the homeostatic functions of the body? The answer is
obvious and simple: Were it not for the muscles, the
body could not move to the appropriate place at the
appropriate time to obtain the foods required for
nutrition. The musculoskeletal system also provides
motility for protection against adverse surroundings,
without which the entire body, along with its homeo-
static mechanisms, could be destroyed instantaneously.

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 dioxide
is released from the blood into the lung alveoli; the res-
piratory movement of air into and out of the lungs
carries the carbon dioxide to the atmosphere. Carbon
dioxide is the most abundant of all the end products
of metabolism.

Kidneys. Passage of the blood through the kidneys
removes from the plasma most of the other substances
besides carbon dioxide that are not needed by the
cells. These substances 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 might have accumulated in the extracellular fluid.

The kidneys perform their function by first filtering
large quantities of plasma through the glomeruli into
the tubules and then reabsorbing into the blood those
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 the metabolic end products
such as urea, are reabsorbed poorly and pass through
the renal tubules into the urine.

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
output portion. Sensory receptors detect the state of
the body or the state of the surroundings. For instance,
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receptors in the skin apprise one whenever an object
touches the skin at any point. The eyes are sensory
organs that give one a visual image of the surrounding
area. The ears also are sensory organs. The central
nervous system is composed of the brain and spinal
cord. The brain can store information, generate
thoughts, create ambition, and determine reactions
that the body performs in response to the sensations.
Appropriate signals are then transmitted through the
motor output portion of the nervous system to carry
out one’s desires.

A large segment of the nervous system is called the
autonomic system. It operates at a subconscious level
and controls many functions of the 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.

Hormonal System of Regulation. Located in the body are
eight major endocrine glands that secrete chemical
substances called hormones. Hormones are trans-
ported in the extracellular fluid to all parts of the body
to help regulate cellular function. For instance, thyroid
hormone increases the rates of most chemical reac-
tions in all cells, thus helping to set the tempo of bodily
activity. Insulin controls glucose metabolism; adreno-
cortical hormones control sodium ion, potassium ion,
and protein metabolism; and parathyroid hormone
controls bone calcium and phosphate. Thus, the hor-
mones are a system of regulation that complements
the nervous system. The nervous system regulates
mainly muscular and secretory activities of the body,
whereas the hormonal system regulates many meta-
bolic functions.

Reproduction

Sometimes reproduction is not considered a homeo-
static function. It does, however, help maintain home-
ostasis by generating new beings to take the place of
those that are 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 such that they help maintain the automatic-
ity and continuity of life.

Control Systems of the Body

The human body has thousands of control systems in
it. The most intricate of these are the genetic control
systems that operate in all cells to help control intra-
cellular function as well as extracellular function. This
subject is discussed in Chapter 3.

Many other control systems operate within the
organs to control functions of the individual parts
of the organs; others operate throughout the entire
body to control the interrelations between the organs.
For instance, the respiratory system, operating in
association with the nervous system, regulates the

concentration of carbon dioxide in the extracellular
fluid. The liver and pancreas regulate the concentra-
tion of glucose in the extracellular fluid, and the
kidneys regulate concentrations of hydrogen, sodium,
potassium, phosphate, and other ions in the extracel-
lular fluid.

Examples of Control Mechanisms

Regulation of Oxygen and Carhon Dioxide Concentrations in the
Extracellular Fluid. Because oxygen is one of the major
substances required for chemical reactions in the cells,
it is fortunate that the body has a special control
mechanism to maintain an almost exact and constant
oxygen concentration in the extracellular fluid. This
mechanism depends principally on the chemical char-
acteristics of hemoglobin, which is present in all red
blood cells. Hemoglobin combines 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. But if the oxygen con-
centration in the tissue fluid is too low, sufficient
oxygen is released to re-establish an adequate con-
centration. Thus, regulation of oxygen concentration
in the tissues is vested principally in the chemical
characteristics of hemoglobin itself. 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 the oxidative reac-
tions in cells. If all the carbon dioxide formed in the
cells continued to accumulate in the tissue fluids, the
mass action of the carbon dioxide itself would soon
halt all energy-giving reactions of the cells. Fortu-
nately, a higher than normal carbon dioxide concen-
tration in the blood excites the respiratory center,
causing a person to breathe rapidly and deeply. This
increases expiration of carbon dioxide and, therefore,
removes excess carbon dioxide from the blood and
tissue fluids. This process continues until the concen-
tration returns to normal.

Regulation of Arterial Blood Pressure. Several systems con-
tribute to the regulation of arterial blood pressure.
One of these, the baroreceptor system, is a simple and
excellent example of a rapidly acting control mecha-
nism. 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, which are stimulated by stretch of the
arterial wall. When the 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 decreases the
number of impulses transmitted from the vasomotor
center through the sympathetic nervous system to the
heart and blood vessels. Lack of these impulses causes
diminished pumping activity by the heart and also
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dilation of the peripheral blood vessels, allowing
increased blood flow through the vessels. Both of these
effects decrease the arterial pressure back toward
normal.

Conversely, a decrease in arterial pressure below
normal relaxes the stretch receptors, allowing the
vasomotor center to become more active than usual,
thereby causing vasoconstriction and increased heart
pumping, and raising arterial pressure back toward
normal.

Normal Ranges and Physical Characteristics
of Important Extracellular Fluid Constituents
Table 1-1 lists the more important constituents and
physical characteristics of extracellular fluid, along
with their normal values, normal ranges, and maximum
limits without causing death. Note the narrowness of
the normal range for each one. Values outside these
ranges are usually caused by illness.

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 cellu-
lar 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. Another important
factor is the potassium ion concentration, because
whenever it decreases to less than one third normal,
a person is likely to be paralyzed as a result of the
nerves’ inability to carry signals. Alternatively, if
the potassium ion concentration increases to two or
more times normal, the heart muscle is likely to be
severely depressed. Also, when the calcium ion con-
centration falls below about one half of normal, a
person is likely to experience tetanic contraction of
muscles throughout the body because of the sponta-
neous generation of excess nerve impulses in the
peripheral nerves. When the glucose concentration
falls below one half of normal, a person frequently
develops extreme mental irritability and sometimes
even convulsions.

These examples should give one an appreciation for
the extreme value and even the necessity of the

Table 1-1
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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 certain characteristics in
common. These characteristics are explained in this
section.

Negative Feedback Nature of Most

Control Systems

Most control systems of the body act by negative feed-
back, which can best be explained by reviewing some
of the homeostatic control systems mentioned pre-
viously. In the regulation of carbon dioxide concen-
tration, 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 dioxide from the body. In other
words, the high concentration of carbon dioxide initi-
ates events that decrease the concentration toward
normal, which is negative to the initiating stimulus.
Conversely, if the carbon dioxide concentration falls
too low, this causes feedback to increase the concen-
tration. This response also is negative to the initiating
stimulus.

In the arterial pressure-regulating mechanisms, a
high pressure causes a series of reactions that promote
a lowered pressure, or a low pressure causes a series
of reactions that promote an elevated pressure. In both
instances, 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
feedback, 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

Important Constituents and Physical Characteristics of Extracellular Fluid

Normal Value Normal Range Approximate Short-Term Unit
Nonlethal Limit

Oxygen 40 10-1000 mm Hg
Carbon dioxide 40 5-80 mm Hg
Sodium ion 142 138-146 115-175 mmol/L
Potassium ion 42 3.8-5.0 1.5-9.0 mmol/L
Calcium ion 1.2 1.0-14 0.5-2.0 mmol/L
Chloride ion 108 103-112 70-130 mmol/L
Bicarbonate ion 28 8-45 mmol/L
Glucose 85 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 7.4 7.3-7.5 6.9-8.0 pH
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conditions is determined by the gain of the negative
feedback. For instance, let us assume that a large
volume of blood is transfused into a person whose
baroreceptor pressure control system is not function-
ing, and the arterial pressure 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 baroreceptor system is func-
tioning, and this time the pressure increases only
25 mm Hg. Thus, the feedback control system has
caused a “correction” of —-50 mm Hg—that is, 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 per cent effec-
tive in preventing change. The gain of the system is
then calculated by the following formula:

. Correction
Gain=——"——
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 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 physiologic control systems
are much greater than that of the baroreceptor
system. For instance, the gain of the system controlling
internal body temperature when a person is exposed
to moderately cold weather is about —-33. Therefore,
one can see that the temperature control system is
much more effective than the baroreceptor pressure
control system.

Positive Feedback Can Sometimes Cause
Vicious Cycles and Death

One might ask the question, Why do essentially all
control systems of the body operate by negative feed-
back rather than positive feedback? If one considers
the nature of positive feedback, one immediately sees
that positive feedback does not lead to stability but to
instability and often death.

Figure 1-3 shows an example in which death can
ensue from positive feedback. This figure depicts the
pumping effectiveness of the heart, showing that the
heart of a healthy human being pumps about 5 liters
of blood per minute. If the person is suddenly bled 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 effectively. As a result, the arterial
pressure falls, and the flow of blood to the heart muscle
through the coronary vessels diminishes. This 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 initiating stimulus causes
more of the same, which is positive feedback.
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Figure 1-3

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 of blood are removed.

Positive feedback is better known as a “vicious
cycle,” but a mild degree of positive feedback can be
overcome by the negative feedback control mecha-
nisms of the body, and the vicious cycle fails to
develop. For instance, if the person in the aforemen-
tioned example were bled only 1 liter instead of 2
liters, the normal negative feedback mechanisms for
controlling cardiac output and arterial pressure would
overbalance the positive feedback and the person
would recover, as shown by the dashed curve of
Figure 1-3.

Positive Feedback Can Sometimes Be Useful. In some
instances, the body uses positive feedback to its advan-
tage. Blood clotting is an example of a valuable use of
positive feedback. When a blood vessel is ruptured
and a clot begins to form, multiple enzymes called clot-
ting factors are activated within the clot itself. Some
of these enzymes act on other unactivated 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 the formation of unwanted clots.
In fact, this is what initiates most acute heart
attacks, which are caused by a clot beginning on the
inside surface of an atherosclerotic plaque in a coro-
nary artery and then growing until the artery is
blocked.

Childbirth is another instance in which positive
feedback plays a valuable role. When uterine contrac-
tions become strong enough for the baby’s head to
begin pushing through the cervix, stretch of the cervix
sends signals through the uterine muscle back to the
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body of the uterus, causing even more powerful
contractions. Thus, the uterine contractions stretch
the cervix, and the cervical stretch causes stronger
contractions. When this process becomes powerful
enough, the baby is born. If it is not powerful 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. That is, when
the membrane of a nerve fiber is stimulated, this
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 both the outside
and the inside of the fiber and initiates additional
action potentials. This process continues again and
again 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 itself 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 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.

More Complex Types of Control Systems—
Adaptive Control

Later in this text, when we study the nervous system,
we shall see that this system contains great numbers
of interconnected control mechanisms. Some are
simple feedback systems similar to those already
discussed. Many are not. For instance, some move-
ments of the body occur so rapidly 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 principle called
feed-forward control to cause required muscle con-
tractions. That is, sensory nerve signals from the
moving parts apprise the brain whether the movement
is performed correctly. 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 needed, this will be done again for
subsequent movements. This 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, a major share of
this text is devoted to discussing these life-giving
mechanisms.
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Summary—Automaticity
of the Body

The purpose of this chapter has been to point out, first,
the overall organization of the body and, second, the
means by which the different parts of the body operate
in harmony. To summarize, the body is actually a social
order of about 100 trillion cells organized into differ-
ent functional structures, some of which are called
organs. Each functional structure contributes its share
to the maintenance of homeostatic conditions in the
extracellular fluid, which is called the internal envi-
ronment. As long as normal conditions are maintained
in this internal environment, the cells of the body con-
tinue 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 continuous automaticity
of the body until one or more functional systems lose
their ability to contribute their share of function. When
this happens, all the cells of the body suffer. Extreme
dysfunction leads to death; moderate dysfunction
leads to sickness.
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C H A P T E R 2

The Cell and Its Functions

Each of the 100 trillion cells in a human being is a
living structure that can survive for months or many
years, provided its surrounding fluids contain appro-
priate nutrients. To understand the function of
organs and other structures of the body, it is essen-
tial that we first understand the basic organization
of the cell and the functions of its component
parts.

Organization of the Cell

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 separated 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 proto-
plasm. Protoplasm is composed mainly of five basic substances: water, elec-
trolytes, proteins, lipids, and carbohydrates.

Water. The principal fluid medium of the cell is water, which is present in most
cells, except for fat cells, in a concentration of 70 to 85 per cent. Many cellular
chemicals are dissolved in the water. Others are suspended in the water as solid
particulates. Chemical reactions take place among the dissolved chemicals or at
the surfaces of the suspended particles or membranes.

lons. The most important ions in the cell are potassium, magnesium, phosphate,
sulfate, bicarbonate, and smaller quantities of sodium, chloride, and calcium.
These are all discussed in more detail in Chapter 4, which considers the inter-
relations between the intracellular and extracellular fluids.

The ions provide inorganic chemicals for cellular reactions. Also, they are
necessary for operation of some of the cellular control mechanisms. For
instance, ions acting at the cell membrane are required for transmission of elec-
trochemical impulses in nerve and muscle fibers.

Proteins. After water, the most abundant substances in most cells are proteins,
which normally constitute 10 to 20 per cent of the cell mass. These 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 themselves are polymers of many individual protein molecules. A promi-
nent use of such intracellular filaments is to form microtubules that provide the
“cytoskeletons” of such cellular organelles as cilia, nerve axons, the mitotic
spindles of mitosing cells, and a tangled mass of thin filamentous tubules that
hold the parts of the cytoplasm and nucleoplasm together in their respective
compartments. Extracellularly, fibrillar proteins are found especially in the col-
lagen and elastin fibers of connective tissue and in blood vessel walls, tendons,
ligaments, and so forth.

The functional proteins are an entirely different type of protein, usually com-
posed of combinations of a few molecules in tubular-globular form. These

11
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Figure 2-1

Structure of the cell as seen with the light microscope.

proteins are mainly the enzymes of the cell and, in con-
trast to the fibrillar proteins, are often mobile in the
cell fluid. Also, many of them are adherent to mem-
branous structures inside the cell. The enzymes come
into direct contact with other substances in the cell
fluid and thereby catalyze specific intracellular chem-
ical reactions. For instance, the chemical reactions
that split glucose into its component parts and then
combine these with oxygen to form carbon dioxide
and water while 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 are phospholipids and cholesterol, which
together constitute only about 2 per cent of the total
cell mass. The significance of phospholipids and cho-
lesterol is that they are mainly insoluble in water and,
therefore, are used to form the cell membrane and
intracellular membrane barriers that separate the dif-
ferent cell compartments.

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

Carbohydrates. Carbohydrates have little structural
function in the cell except as parts of glycoprotein mol-
ecules, but they play a major role in nutrition of the
cell. Most human cells do not maintain large stores of
carbohydrates; the amount usually averages about 1
per cent of their total mass but increases to as much
as 3 per cent in muscle cells and, occasionally, 6 per
cent in liver cells. However, carbohydrate in the
form of dissolved glucose is always present in the
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surrounding extracellular fluid so that it is readily
available to the cell. Also, a small amount of carbohy-
drate is virtually always stored in the cells in the form
of glycogen, which is an insoluble polymer of glucose
that can be depolymerized and used rapidly to supply
the cells’ energy needs.

Physical Structure of the Cell

The cell is not merely a bag of fluid, enzymes, and
chemicals; it also contains highly organized physical
structures, called intracellular organelles. The physical
nature of each organelle is as important as the cell’s
chemical constituents for cell function. For instance,
without one of the organelles, the mitochondria, more
than 95 per cent of the cell’s energy release from nutri-
ents 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 mem-
branes of the mitochondria, lysosomes, and Golgi
apparatus.

The lipids of the membranes provide a barrier that
impedes the movement of water and water-soluble
substances from one cell compartment to another
because water is not soluble in lipids. However, protein
molecules in the membrane often do penetrate all the
way through the membrane, thus providing specialized
pathways, often organized into actual pores, for
passage of specific substances through the membrane.
Also, many other membrane proteins are enzymes that
catalyze a multitude of different chemical reactions,
discussed here and in subsequent chapters.

Cell Membrane

The cell membrane (also called the plasma mem-
brane), which envelops the cell, is a thin, pliable,
elastic structure only 7.5 to 10 nanometers thick. It
is composed almost entirely of proteins and lipids.
The approximate composition is proteins, 55 per cent;
phospholipids, 25 per cent; cholesterol, 13 per cent;
other lipids, 4 per cent; and carbohydrates, 3 per cent.

Lipid Barrier of the Cell Membrane Impedes Water Penetration.
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 globu-
lar protein molecules.

The basic lipid bilayer is composed of phospholipid
molecules. One end of each phospholipid molecule is
soluble in water; that is, it is ~ydrophilic. The other end
is soluble only in fats; that is, it is hydrophobic. The
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Reconstruction of a typical Mitochondrion Granular Smooth Microfilaments
cell, showing the internal endoplasmic (agranular)
organelles in the cytoplasm reticulum endoplasmic
and in the nucleus. reticulum

phosphate end of the phospholipid is hydrophilic, and
the fatty acid portion is hydrophobic.

Because the hydrophobic portions of the phospho-
lipid 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 mem-
brane, as shown in Figure 2-3. The hydrophilic phos-
phate portions then constitute the two surfaces of the
complete cell membrane, in contact with intracellular
water on the inside of the membrane 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
substances, such as oxygen, carbon dioxide, and
alcohol, can penetrate this portion of the membrane
with ease.

The cholesterol molecules in the membrane are also
lipid in nature because their steroid nucleus is 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 imperme-
ability) of the bilayer to water-soluble constituents of

body fluids. Cholesterol controls much of the fluidity
of the membrane as well.

Gell Membrane Proteins. Figure 2-3 also shows globular
masses floating in the lipid bilayer. These are mem-
brane proteins, most of which are glycoproteins. Two
types of proteins occur: integral proteins that protrude
all the way through the membrane, and peripheral pro-
teins that are attached only to one surface of the mem-
brane and do not penetrate all the way through.

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

Other integral proteins act as carrier proteins for
transporting substances that otherwise could not pen-
etrate the lipid bilayer. Sometimes these even trans-
port substances in the direction opposite to their
natural direction of diffusion, which is called “active
transport.” Still others act as enzymes.
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Integral membrane proteins can also serve as recep-
tors for water-soluble chemicals, such as peptide hor-
mones, that do not easily penetrate the cell membrane.
Interaction of cell membrane receptors with specific
ligands that bind to the receptor causes conforma-
tional changes in the receptor protein. This, 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 mes-
sengers, thereby relaying the signal from the extracel-
lular part of the receptor to the interior 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
the integral proteins. These peripheral proteins func-
tion almost entirely as enzymes or as controllers of
transport of substances through the cell membrane
“pores.”

Membrane Carhohydrates—The Cell “Glycocalyx.” Mem-
brane carbohydrates occur almost invariably in
combination with proteins or lipids in the form of gly-
coproteins 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
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assembly of cell membranes. Sci
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cell surface. Many other carbohydrate compounds,
called proteoglycans—which are mainly carbohydrate
substances 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
surface 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 negative objects. (2) The gly-
cocalyx of some cells attaches to the glycocalyx of
other cells, thus attaching cells to one another. (3)
Many of the carbohydrates act as receptor substances
for binding 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 reactions, as discussed in Chapter 34.

Cytoplasm and Its Organelles

The cytoplasm is filled with both minute and large dis-
persed particles and organelles. The clear fluid portion
of the cytoplasm in which the particles are dispersed
is called cytosol; this contains mainly dissolved pro-
teins, electrolytes, and glucose.
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Dispersed in the cytoplasm are neutral fat globules,
glycogen granules, ribosomes, secretory vesicles, and
five especially important organelles: the endoplasmic
reticulum, the Golgi apparatus, mitochondria, lyso-
somes, and peroxisomes.

Endoplasmic Reticulum

Figure 2-2 shows a network of tubular and flat vesic-
ular structures in the cytoplasmy; this is the endoplas-
mic reticulum. The tubules and vesicles interconnect
with one another. 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 instance—can be as much as 30 to 40 times
the cell membrane area.

The detailed structure of a small portion of endo-
plasmic reticulum is shown in Figure 2-4. The space
inside the tubules and vesicles is filled with endoplas-
mic matrix, a watery medium that is different from the
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
conducted to other parts of the cell. Also, the vast
surface area of this reticulum and the multiple enzyme
systems attached to its membranes provide machinery
for a major share of the metabolic functions of the cell.

Ribosomes and the Granular Endoplasmic Reticulum.
Attached to the outer surfaces of many parts of the

Granular
endoplasmic Agranular
reticulum endoplasmic
reticulum
Figure 2-4

Structure of the endoplasmic reticulum. (Modified from DeRober-
tis EDP, Saez FA, DeRobertis EMF: Cell Biology, 6th ed. Philadel-
phia: WB Saunders, 1975.)
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endoplasmic reticulum are large numbers of minute
granular particles called ribosomes. Where these are
present, the reticulum is called the granular endoplas-
mic reticulum. The ribosomes are composed of a
mixture of RNA and proteins, and they function to
synthesize new protein molecules in the cell, as dis-
cussed later in this chapter and in Chapter 3.

Agranular Endoplasmic Reticulum. Part of the endoplasmic
reticulum has no attached ribosomes. This part is
called the agranular, or smooth, endoplasmic reticu-
lum. The agranular 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 mem-
branes similar to those of the agranular endoplasmic
reticulum. It usually is composed of four or more
stacked layers of thin, flat, enclosed vesicles lying near
one side of the nucleus. This apparatus is prominent
in secretory cells, where it is located on the side of
the cell from which the 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, or ER vesicles) continually pinch off
from the endoplasmic reticulum and shortly thereafter
fuse with the Golgi apparatus. In this way, substances
entrapped in the 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 that are discussed later
in the chapter.

Golgi vesicles

Golgi
apparatus

A
/) E20,,, ER vesicles

Endoplasmic
reticulum

Figure 2-5

A typical Golgi apparatus and its relationship to the endoplasmic
reticulum (ER) and the nucleus.
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Lysosomes

Lysosomes, shown in Figure 2-2, are vesicular
organelles that form by breaking off from the Golgi
apparatus and then dispersing throughout the cyto-
plasm. The lysosomes provide an intracellular digestive
system that allows the cell to digest (1) damaged cel-
lular structures, (2) food particles that have been
ingested by the cell, and (3) unwanted matter such as
bacteria. The lysosome is quite different in different
types of cells, but it is usually 250 to 750 nanometers
in diameter. It is surrounded by a typical lipid bilayer
membrane and is filled with large numbers of small
granules 5 to 8 nanometers in diameter, which are
protein aggregates of as many as 40 different hydro-
lase (digestive) enzymes. A hydrolytic enzyme is
capable of splitting an organic compound into two or
more parts by combining hydrogen from a water mol-
ecule with one part of the compound and combining
the hydroxyl portion of the water molecule with the
other part of the compound. For instance, protein
is hydrolyzed to form amino acids, glycogen is
hydrolyzed to form glucose, and lipids are hydrolyzed
to form fatty acids and glycerol.

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

Peroxisomes

Peroxisomes are similar physically 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 reticu-
lum) rather than from the Golgi apparatus. Second,
they contain oxidases rather than hydrolases. Several
of the oxidases are capable of combining oxygen with
hydrogen ions derived from different intracellular
chemicals to form hydrogen peroxide (H,O,). Hydro-
gen peroxide is a highly oxidizing substance and is
used in association with catalase, another oxidase
enzyme present in large quantities in peroxisomes, to
oxidize many substances that might otherwise be poi-
sonous to the cell. For instance, about half the alcohol
a person drinks is detoxified by the peroxisomes of the
liver cells in this manner.

Secretory Vesicles

One of the important functions of many cells is secre-
tion 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 storage vesicles called secretory vesicles
or secretory granules. Figure 2-6 shows typical secre-
tory vesicles inside pancreatic acinar cells; these

Secretory
granules v

Figure 2-6

Secretory granules (secretory vesicles) in acinar cells of the
pancreas.

Outer membrane
Inner membrane

Crests Matrix

Oxidative
phosphorylation

Outer chamber enzymes

Figure 2-7

Structure of a mitochondrion. (Modified from DeRobertis EDP,
Saez FA, DeRobertis EMF: Cell Biology, 6th ed. Philadelphia: WB
Saunders, 1975.)

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 thence into the duodenum, where they
become activated and perform digestive functions on
the food in the intestinal tract.

Mitochondria

The mitochondria, shown in Figures 2-2 and 2-7, are
called the “powerhouses” of the cell. Without them,
cells would be unable to extract enough energy from
the nutrients, 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 a hundred up to several thousand, depending
on the amount of energy required by the cell. Further,
the mitochondria are concentrated in those portions
of the cell that are responsible for the major share of
its energy metabolism. They are also variable in size
and shape. Some are only a few hundred nanometers
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in diameter and globular in shape, whereas others are
elongated—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 onto which oxidative enzymes
are attached. In addition, the inner cavity of the mito-
chondrion is filled with a matrix that contains large
quantities of dissolved enzymes that are necessary for
extracting energy from nutrients. These enzymes
operate in association with the oxidative enzymes on
the shelves to cause oxidation of the 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 it diffuses throughout the cell to
release its own energy wherever it is needed for per-
forming cellular functions. The chemical details of ATP
formation by the mitochondrion are given in Chapter
67, but some of the 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 there is a need in the cell for
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 chem-
ical of the nucleus that controls replication of the cell.
The DNA of the mitochondrion plays a similar role,
controlling replication of the mitochondrion itself.

Filament and Tubular Structures of the Cell
The fibrillar proteins of the cell are usually organized
into filaments or tubules. These originate as precursor
protein molecules synthesized by ribosomes in the
cytoplasm. The precursor molecules then polymerize
to form filaments. As an example, large numbers of
actin filaments frequently occur in the outer zone of
the cytoplasm, called the ectoplasm, to form an elastic
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 con-
traction, as discussed in detail in Chapter 6.

A special type of stiff filament composed of poly-
merized tubulin molecules is used in all cells to con-
struct very strong tubular structures, the microtubules.
Figure 2-8 shows typical microtubules that were
teased from the flagellum of a sperm.

Another example of microtubules is the tubular
skeletal structure in the center of each cilium that radi-
ates upward from the cell cytoplasm to the tip of the
cilium. This structure is discussed later in the chapter
and is illustrated in Figure 2-17. Also, both the centri-
oles and the mitotic spindle of the mitosing cell are
composed of stiff microtubules.

Thus, a primary function of microtubules is to act as
a cytoskeleton, providing rigid physical structures for
certain parts of cells.
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Figure 2-8

Microtubules teased from the flagellum of a sperm. (From
Wolstenholme GEW, O’Connor M, and The publisher, JA Churchill,
1967. Figure 4, page 314. Copyright the Novartis Foundation
formerly the Ciba Foundation.)

Nucleus

The nucleus is the control center of the cell. Briefly, the
nucleus contains large quantities of DNA, which are
the genes. The genes determine the characteristics of
the cell’s proteins, including the structural proteins, as
well as the intracellular enzymes that control cyto-
plasmic and nuclear activities.

The genes also control and promote reproduction of
the cell itself. The genes first reproduce to give two
identical sets of genes; then the cell splits by a special
process called mitosis to form two daughter cells, each
of which receives one of the two sets of DNA genes.
All these activities of the nucleus are considered in
detail in the next chapter.

Unfortunately, the appearance of the nucleus under
the microscope does not provide many clues to the
mechanisms by which 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 microscope, as
illustrated in the next chapter.

Nuclear Membrane

The nuclear membrane, also called the nuclear enve-
lope, 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 membranes is
also continuous with the space inside the endoplasmic
reticulum, as shown in Figure 2-9.
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Structure of the nucleus.

The nuclear membrane is penetrated by several
thousand nuclear pores. Large complexes of protein
molecules 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 44,000 molecular weight to
pass through with reasonable 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 organelles discussed here, does not
have a limiting membrane. Instead, it is simply an accu-
mulation of large amounts of RNA and proteins of the
types found in ribosomes. The nucleolus becomes con-
siderably enlarged when the cell is actively synthesiz-
ing 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 is stored
in the nucleoli, but most of it is transported outward
through the nuclear pores into 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 more fully
in Chapter 3.

Comparison of the Animal Cell
with Precellular Forms of Life

Many of us think of the cell as the lowest level of life.
However, the cell is a very complicated organism that
required many hundreds of millions of years to
develop after the earliest form of life, an organism
similar to the present-day virus, first appeared on
earth. Figure 2-10 shows the relative sizes of (1) the
smallest known virus, (2) a large virus, (3) a rickettsia,

15 nm — Small virus

O 150 nm — Large virus
C:D 350 nm — Rickettsia

1 um Bacterium

Cell

Figure 2-10

Comparison of sizes of precellular organisms with that of the
average cell in the human body.

(4) a bacterium, and (5) a nucleated cell, demonstrat-
ing 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. Correspond-
ingly, 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 constituents (DNA or RNA) found in mammalian
cells, and it is capable of reproducing itself under
appropriate conditions. Thus, the virus propagates its
lineage from generation to generation and is therefore
a living structure in the same way that the cell and the
human being are living structures.

As life evolved, other chemicals besides 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
around the virus, and inside the membrane, a fluid
matrix appeared. Specialized chemicals then devel-
oped inside the fluid to perform special functions;
many protein enzymes appeared that were capable of
catalyzing chemical reactions and, therefore, deter-
mining the organism’s activities.

In still later stages of life, particularly in the rick-
ettsial and bacterial stages, organelles developed inside
the organism, representing physical structures of
chemical aggregates that perform functions in a more
efficient manner than can be achieved by dispersed
chemicals throughout the fluid matrix.

Finally, in the nucleated cell, still more complex
organelles developed, the most important of which is
the nucleus itself. The nucleus distinguishes this type
of cell from all lower forms of life; the nucleus pro-
vides a control center for all cellular activities, and it
provides for exact reproduction of new cells genera-
tion after generation, each new cell having almost
exactly the same structure as its progenitor.
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Functional Systems of the Cell

In the remainder of this chapter, we discuss several
representative functional systems of the cell that make
it a living organism.

Ingestion by the Cell—Endocytosis

If a cell is to live and grow and reproduce, it must
obtain nutrients and other substances from the sur-
rounding fluids. Most substances pass through the cell
membrane by diffusion and active transport.

Diffusion involves simple movement through the
membrane caused by the random motion of the mol-
ecules of the substance; substances move either
through cell membrane pores or, in the case of lipid-
soluble substances, through the lipid matrix of the
membrane.

Active transport involves the actual carrying of a
substance through the membrane by a physical pro-
tein 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.

Very large particles enter the cell by a specialized
function of the cell membrane called endocytosis. The
principal forms of endocytosis are pinocytosis and
phagocytosis. Pinocytosis means ingestion of minute
particles that form vesicles of extracellular fluid and
particulate constituents inside the cell cytoplasm.
Phagocytosis means 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 it is especially rapid
in some cells. For instance, it occurs so rapidly in
macrophages that about 3 per cent of the total macro-
phage membrane is engulfed in the form of vesicles
each minute. Even so, the pinocytotic vesicles are so
small—usually only 100 to 200 nanometers in diame-
ter—that most of them can be seen only with the elec-
tron microscope.

Pinocytosis is the only means by which most large
macromolecules, such as most protein molecules, can
enter cells. In fact, the rate at which pinocytotic vesi-
cles form is usually enhanced when such macro-
molecules attach to the cell membrane.

Figure 2-11 demonstrates the successive steps of
pinocytosis, 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 concentrated 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 pro-
teins, perhaps including contractile filaments of actin
and myosin. Once the protein molecules have bound
with the receptors, the surface properties of the local
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Mechanism of pinocytosis.

membrane change in such a way that the entire pit
invaginates inward, and the fibrillar proteins sur-
rounding the invaginating pit cause its borders to close
over the attached proteins as well as over a small
amount of extracellular fluid. Immediately thereafter,
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
remains mainly a mystery. This process requires energy
from within the cell; this is supplied by ATP, a high-
energy substance discussed later in the chapter. Also,
it requires the presence of calcium ions in the extra-
cellular fluid, which probably react with contractile
protein filaments beneath the coated pits to provide
the force for pinching the vesicles 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 capability of phagocytosis, most notably the
tissue macrophages and some of the white blood cells.
Phagocytosis is initiated when a particle such as a
bacterium, a dead cell, or tissue debris binds with
receptors on the surface of the phagocyte. In the case
of bacteria, each bacterium usually is already attached
to a specific antibody, and it is the antibody that
attaches to the phagocyte receptors, dragging the bac-
terium along with it. This intermediation of antibodies
is called opsonization, which is discussed in Chapters
33 and 34.
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,
progressively more and more membrane receptors
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attach 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
interior.

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 interior in the same way that
pinocytotic vesicles are formed.

Digestion of Pinocytotic and
Phagocytic Foreign Substances Inside
the Cell—Function of the Lysosomes

Almost immediately after a pinocytotic or phagocytic
vesicle 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 amino acids, glucose,
phosphates, and so forth 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 instances,
this is finally excreted through the cell membrane by
a process called exocytosis, which is essentially the
opposite of endocytosis.

Thus, the pinocytotic and phagocytic vesicles con-
taining lysosomes can be called the digestive organs of
the cells.

Regression of Tissues and Autolysis of Cells. Tissues of the
body often regress to a smaller size. For instance, this
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Figure 2-12

Digestion of substances in pinocytotic or phagocytic vesicles by
enzymes derived from lysosomes.
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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. The mechanism by which lack
of activity in a tissue causes the lysosomes to increase
their activity is unknown.

Another special role of the lysosomes is removal of
damaged cells or damaged portions of cells from
tissues. Damage to the cell—caused by heat, cold,
trauma, chemicals, or any other factor—induces lyso-
somes to rupture. The released hydrolases immedi-
ately begin to digest the surrounding organic
substances. If the damage is slight, only a portion of
the cell is removed, followed by repair of the cell. If
the damage is severe, the entire cell is digested, a
process called autolysis. In this way, the cell is com-
pletely removed, and a new cell of the same type ordi-
narily is formed 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 can cause
cellular damage. These agents include (1) lysozyme,
which dissolves the bacterial cell membrane; (2) lyso-
ferrin, 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.

Synthesis and Formation of Cellular
Structures by Endoplasmic Reticulum
and Golgi Apparatus

Specific Functions of the

Endoplasmic Reticulum

The extensiveness of the endoplasmic reticulum and
the 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 synthesis 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. But first, let
us note the specific products that are synthesized in
specific portions of the endoplasmic reticulum and the
Golgi apparatus.

Proteins Are Formed by the Granular Endoplasmic Reticulum.
The granular portion of the endoplasmic reticulum is
characterized by large numbers of ribosomes attached
to the outer surfaces of the endoplasmic reticulum
membrane. As we discuss in Chapter 3, protein mole-
cules are synthesized within the structures of the ribo-
somes. The ribosomes extrude some of the synthesized
protein molecules directly into the cytosol, but they
also extrude many more through the wall of the endo-
plasmic reticulum to the interior of the endoplasmic
vesicles and tubules, that is, into the endoplasmic
matrix.
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Synthesis of Lipids hy the Smooth Endoplasmic Reticulum.
The endoplasmic reticulum also synthesizes lipids,
especially phospholipids and cholesterol. These are
rapidly incorporated into the lipid bilayer of the endo-
plasmic reticulum itself, thus causing the endoplasmic
reticulum to grow more extensive. This 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 sig-
nificant functions of the endoplasmic reticulum, espe-
cially the smooth reticulum, include the following:

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
capable of detoxifying substances, such as drugs,
that might damage the cell. It achieves
detoxification by coagulation, oxidation,
hydrolysis, conjugation with glycuronic acid, and
in other ways.

Specific Functions of the Golgi Apparatus
Synthetic Functions of the Golgi Apparatus. Although the
major function of the Golgi apparatus is to provide
additional processing of substances already formed
in the endoplasmic reticulum, it also has the capability
of synthesizing certain carbohydrates that cannot be
formed in the endoplasmic reticulum. This is especially
true for the formation of large saccharide polymers
bound with small amounts of protein; the most impor-
tant of these are 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 outside
the cells in the interstitial spaces, acting as filler
between collagen fibers and cells; and (3) they are
principal components of the organic matrix in both
cartilage and bone.

Processing of Endoplasmic Secretions by the Golgi Apparatus—
Formation of Vesicles. Figure 2-13 summarizes the
major functions of the endoplasmic reticulum and
Golgi apparatus. As substances are formed in the
endoplasmic reticulum, especially the proteins, they
are transported through the tubules toward portions
of the smooth endoplasmic reticulum that lie nearest
the Golgi apparatus. At this point, small transport vesi-
cles composed of small envelopes of smooth endo-
plasmic reticulum continually break away and diffuse
to the deepest layer of the Golgi apparatus. Inside these
vesicles are the synthesized proteins and other prod-
ucts from the endoplasmic reticulum.

The transport vesicles instantly fuse with the Golgi
apparatus and empty their contained substances into
the vesicular spaces of the Golgi apparatus. Here,
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Formation of proteins, lipids, and cellular vesicles by the endo-
plasmic reticulum and Golgi apparatus.

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
proceed. Finally, both small and large vesicles contin-
ually break away from the Golgi apparatus, carrying
with them the compacted secretory substances, and in
turn, the vesicles diffuse throughout the cell.

To give an idea of the timing of these processes:
When a glandular cell is bathed in radioactive amino
acids, newly formed radioactive 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, radioactive proteins are
secreted from the surface of the cell.

Types of Vesicles Formed by the Golgi Apparatus—Secretory
Vesicles and Lysosomes. In a highly secretory cell, the
vesicles formed by the Golgi apparatus are mainly
secretory vesicles containing protein substances that
are to be secreted through the surface of the cell mem-
brane. These secretory vesicles first diffuse to the cell
membrane, then fuse with it and empty their sub-
stances to the exterior by the mechanism called exo-
cytosis. Exocytosis, in most cases, is stimulated by the
entry of calcium ions into the cell; calcium ions inter-
act with the vesicular membrane in some way that is
not understood and cause its fusion with the cell mem-
brane, followed by exocytosis—that is, opening of the
membrane’s outer surface and extrusion of its contents
outside the cell.

Some vesicles, however, are destined for intracellu-
lar use.
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Use of Intracellular Vesicles to Replenish Cellular Membranes.
Some of the intracellular vesicles formed by the Golgi
apparatus fuse with the cell membrane or with the
membranes of intracellular structures such as the
mitochondria and even the endoplasmic reticulum.
This increases the expanse of these membranes and
thereby replenishes the membranes as they are used
up. For instance, the cell membrane loses much of its
substance every time it forms a phagocytic or pinocy-
totic vesicle, and the vesicular membranes of the Golgi
apparatus continually replenish the cell membrane.

In summary, the membranous system of the endo-
plasmic reticulum and Golgi apparatus represents a
highly metabolic organ capable of forming new intra-
cellular structures as well as secretory substances to be
extruded from the cell.

Extraction of Energy from Nutrients—
Function of the Mitochondria

The principal substances from which cells extract
energy are foodstuffs that react chemically with
oxygen—carbohydrates, fats, and proteins. In the
human body, essentially all carbohydrates are con-
verted 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 into
fatty acids. Figure 2-14 shows oxygen and the food-
stuffs—glucose, fatty acids, and amino acids—all enter-
ing the cell. Inside the cell, the foodstuffs 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
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Formation of adenosine triphosphate (ATP) in the cell, showing
that most of the ATP is formed in the mitochondria. ADP, adeno-
sine diphosphate.

all these digestive and metabolic functions are given
in Chapters 62 through 72.

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 foodstuffs, is used
throughout the cell to energize almost all the subse-
quent intracellular metabolic reactions.

Functional Characteristics of ATP
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ATP is a nucleotide composed of (1) the nitrogenous
base adenine, (2) the pentose sugar ribose, and (3)
three phosphate radicals. The last two phosphate rad-
icals are connected with the remainder of the molecule
by so-called high-energy phosphate bonds, which are
represented in the formula above 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. Further, 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 vir-
tually all of the cell’s other functions, such as synthe-
sis of substances and muscular contraction.

To reconstitute the cellular ATP as it is used up,
energy derived from the cellular nutrients causes ADP
and phosphoric acid to recombine to form new ATP,
and the entire process repeats over and over again. For
these reasons, ATP has been called the energy currency
of the cell because it can be spent and remade contin-
ually, 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 sub-
jected to enzymes in the cyfoplasm that convert it
into pyruvic acid (a process called glycolysis). A small
amount of ADP is changed into ATP by the energy
released during this conversion, but this amount
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accounts for less than 5 per cent of the overall energy
metabolism of the cell.

By far, the major portion of the ATP formed in the
cell, about 95 per cent, is formed in the mitochondria.
The pyruvic acid derived from carbohydrates, fatty
acids from lipids, and amino acids from proteins are
eventually converted into the compound acetyl-CoA
in the matrix of the mitochondrion. This substance, in
turn, is further dissoluted (for the purpose of extract-
ing 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 67.

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,
and they combine instantly with oxygen that has also
diffused into the mitochondria. This releases a tremen-
dous amount of energy, which is used by the mito-
chondria to convert very large amounts of ADP to
ATP. The processes of these reactions are complex,
requiring the participation of large numbers of protein
enzymes that are integral parts of mitochondrial mem-
branous shelves that protrude into the mitochondrial
matrix. The initial event is removal of an electron from
the hydrogen atom, thus converting it to a hydrogen
ion. The terminal event is combination of hydrogen
ions with oxygen to form water plus the release of
tremendous amounts of energy to large globular pro-
teins, called ATP synthetase, that protrude like knobs
from the membranes of the mitochondrial shelves.
Finally, the enzyme ATP synthetase uses the energy
from the hydrogen ions to cause the conversion of
ADP to ATP. The newly formed ATP is transported
out of the mitochondria into all parts of the cell cyto-
plasm and nucleoplasm, where its energy is used to
energize multiple cell functions.

This overall process for formation of ATP is called
the chemiosmotic mechanism of ATP formation. The
chemical and physical details of this mechanism are
presented in Chapter 67, and many of the detailed
metabolic functions of ATP in the body are presented
in Chapters 67 through 71.

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
membranes in the cell, (2) synthesis of chemical
compounds throughout the cell, and (3) mechanical
work. These uses of ATP are illustrated by examples
in Figure 2-15: (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 during muscle contraction.

In addition to membrane transport of sodium,
energy from ATP is required for membrane transport
of potassium ions, calcium ions, magnesium ions, phos-
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Use of adenosine triphosphate (ATP) (formed in the mitochon-
drion) to provide energy for three major cellular functions: mem-
brane transport, protein synthesis, and muscle contraction. ADP,
adenosine diphosphate.

phate ions, chloride ions, urate ions, hydrogen ions,
and many other ions and various organic substances.
Membrane transport is so important to cell function
that some cells—the renal tubular cells, for instance—
use as much as 80 per cent of the ATP that they form
for this purpose alone.

In addition to synthesizing proteins, cells synthesize
phospholipids, cholesterol, purines, pyrimidines, and a
host of other substances. Synthesis of almost any
chemical compound requires energy. For instance, a
single protein molecule 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 break-
down 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 per cent of all the ATP formed in the cell
simply to synthesize new chemical compounds, espe-
cially protein molecules; this is particularly true during
the growth phase of cells.

The final major use of ATP is to supply energy for
special cells to perform mechanical work. We see in
Chapter 6 that each contraction of a muscle fiber
requires expenditure of tremendous quantities of ATP
energy. Other cells perform mechanical work in other
ways, especially by ciliary and ameboid motion, which
are described later in this chapter. The source of
energy for all these types of mechanical work is ATP.

In summary, ATP is always available to release its
energy rapidly and almost explosively wherever in the
cell it is needed. To replace the ATP used by the cell,
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much slower chemical reactions break down carbohy-
drates, fats, and proteins and use the energy derived
from these to form new ATP. More than 95 per cent
of this ATP is formed in the mitochondria, which
accounts for the mitochondria being called the “pow-
erhouses” of the cell.

Locomotion of Cells

By far the most important type of movement that occurs
in the body is that of the muscle cells in skeletal, cardiac,
and smooth muscle, which constitute almost 50 per cent
of the entire body mass. The specialized functions of
these cells are discussed in Chapters 6 through 9. Two
other types of movement—ameboid locomotion and
ciliary movement—occur in other cells.

Ameboid Movement

Ameboid movement is movement of an entire cell in
relation to its surroundings, such as movement of white
blood cells through tissues. It receives its name from the
fact that amebae move in this manner and have pro-
vided an excellent tool for studying the phenomenon.

Typically, ameboid locomotion begins with protrusion
of a pseudopodium from one end of the cell. The
pseudopodium projects far out, 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 2-16 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 moving 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 2-16 shows the
general principle of ameboid motion. Basically, it results
from continual formation of new cell membrane at the
leading edge of the pseudopodium and continual
absorption of the membrane in mid and rear portions
of the cell. Also, two other effects are essential for
forward movement of the cell. The first effect is attach-
ment of the pseudopodium to surrounding tissues so
that it becomes fixed in its leading position, while the
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Ameboid motion by a cell.

remainder of the cell body is pulled forward toward the
point of attachment. This attachment is effected by
receptor proteins that line the insides of exocytotic vesi-
cles. When the vesicles become part of the pseudopodial
membrane, they open so that their insides evert to the
outside, and the receptors 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 vesi-
cles. Then, inside the cell, these vesicles stream toward
the pseudopodial end of the cell, where they are used
to form still 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. Experiments suggest
the following as an explanation: In the cytoplasm of all
cells is a moderate to large amount of the protein actin.
Much of the actin is in the form of single molecules that
do not provide any motive power; however, these poly-
merize to form a filamentous network, and the network
contracts when it binds with an actin-binding protein
such as myosin. The whole process is energized by the
high-energy compound ATP. This is what happens 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 Amehoid 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 in the form of tissue
macrophages. Other types of cells can also move by
ameboid locomotion under certain circumstances. For
instance, fibroblasts move into a damaged area to help
repair the damage, and even the germinal cells of the
skin, though ordinarily completely sessile cells, move
toward a cut area to repair the rent. Finally, cell loco-
motion is especially important in development of the
embryo and fetus after fertilization of an ovum. For
instance, embryonic cells often must migrate long dis-
tances from their sites of origin to new areas during
development of special structures.

Control of Ameboid Locomotion—Chemotaxis. The most
important initiator of ameboid locomotion is the
process called chemotaxis. This results from the appear-
ance of certain chemical substances in the tissues.
Any chemical 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 con-
centration—which is called positive chemotaxis. Some
cells move away from the source, which is called nega-
tive chemotaxis.

But how does chemotaxis control the direction of
ameboid 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

A second type of cellular motion, ciliary movement, is a
whiplike movement of cilia on the surfaces of cells. This
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Structure and function of the cilium. (Modified from Satir P: Cilia.
Sci Am 204:108, 1961. Copyright Donald Garber: Executor of the

estate of Bunji Tagawa.)

occurs in only two places in the human body: on the
sufaces of the respiratory airways and on the inside
surfaces of the uterine tubes (fallopian tubes) of the
reproductive tract. In the nasal cavity and lower respi-
ratory airways, the whiplike motion of 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 particles that have
become trapped in the mucus. In the uterine tubes, the
cilia cause slow movement of fluid from the ostium of
the uterine tube toward the uterus cavity; this move-
ment of fluid transports the ovum from the ovary to the
uterus.

As shown in Figure 2-17, 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. Many
cilia often project from a single cell—for instance, as
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The flagellum of a sperm is similar to a 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 quasi-sinusoidal waves
instead of whiplike movements.

In the inset of Figure 2-17, movement of the 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 direc-
tion 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
ciliated cells have large numbers of cilia on their sur-
faces 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 clear, we do know the following:
First, the nine double tubules and the 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 ele-
ments of the cilium besides the axoneme, the cilium can
still beat under appropriate conditions. Third, there are
two necessary conditions 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, while those on the back edge remain in place.
Fifth, multiple protein arms composed of the protein
dynein, which has ATPase enzymatic activity, project
from each double tubule toward an adjacent double
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, this will cause bending.

The way in which cilia contraction is controlled is not
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.
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C H A P T E R 3

Genetic Control of Protein
Synthesis, Cell Function,
and Cell Reproduction

Virtually everyone knows that the genes, located in
the nuclei of all cells of the body, control heredity
from parents to children, but most people do not
realize that these same genes also control day-to-
day function of all the body’s cells. The genes
control cell function by determining which sub-
stances are synthesized within the cell—which struc-
tures, which enzymes, which chemicals.

Figure 3-1 shows the general schema of genetic control. Each gene, which is
a nucleic acid called deoxyribonucleic acid (DNA), automatically controls the
formation of another nucleic acid, ribonucleic acid (RNA); this RNA then
spreads throughout the cell to control the formation of a specific protein.
Because there are more than 30,000 different genes in each cell, it is theoreti-
cally possible to form a very large number of different cellular proteins.

Some of the cellular proteins are structural proteins, which, in association with
various lipids and carbohydrates, form the structures of the various intracellu-
lar organelles discussed in Chapter 2. However, by far the majority of the pro-
teins are enzymes that catalyze the different chemical reactions in the cells. For
instance, enzymes promote all the oxidative reactions that supply energy to the
cell, and they promote synthesis of all the cell chemicals, such as lipids, glyco-
gen, and adenosine triphosphate (ATP).

Genes in the Cell Nucleus

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, details of which are explained in the next
few paragraphs.

Basic Building Blocks of DNA. Figure 3-3 shows the basic chemical compounds
involved in the formation of DNA. These include (1) phosphoric acid, (2) a
sugar called deoxyribose, and (3) four nitrogenous bases (two purines, adenine
and guanine, and two pyrimidines, thymine and cytosine). The phosphoric acid
and deoxyribose form the two helical 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 3-6.

Nucleotides. The first stage in the formation of DNA is to combine one mole-
cule 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 structure of deoxyadenylic
acid, and Figure 3-5 shows simple symbols for the four nucleotides that form
DNA.

Organization of the Nucleotides to Form Two Strands of DNA Loosely Bound to Each Other.
Figure 3-6 shows the manner in which multiple numbers of nucleotides are
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Figure 3-2

The helical, double-stranded structure of the gene. The outside
strands are composed of phosphoric acid and the sugar deoxyri-
bose. The internal molecules connecting the two strands of the
helix are purine and pyrimidine bases; these determine the “code”

Figure 3-3

The basic building blocks of DNA.
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Deoxyadenylic acid, one of the nucleotides that make up DNA.
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Symbols for the four nucleotides that combine to form DNA.
Each nucleotide contains phosphoric acid (P), deoxyribose (D),
and one of the four nucleotide bases: A, adenine; T, thymine;
G, guanine; or C, cytosine.
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Arrangement of deoxyribose nucleotides
in a double strand of DNA.

bound together to form two strands of DNA. The two
strands are, in turn, loosely bonded with each other by
weak cross-linkages, illustrated in Figure 3-6 by the
central dashed lines. Note that the backbone of each
DNA strand is comprised of alternating phosphoric
acid and deoxyribose molecules. In turn, purine and
pyrimidine bases are attached to the sides of the
deoxyribose molecules. Then, by means of loose
hydrogen bonds (dashed lines) between the purine
and pyrimidine bases, the two respective DNA strands
are held together. But note the following:

1. Each purine base adenine of one strand always
bonds with a pyrimidine base thymine of the other
strand, and

2. Each purine base guanine always bonds with a
pyrimidine base cytosine.

Thus, in Figure 3-6, the sequence of complementary
pairs of bases is CG, CG, GC,TA, CG,TA, GC, AT, and
AT. Because of the looseness of the hydrogen bonds,
the two strands can pull apart with ease, and they do

Y Y

so many times during the course of their function in
the cell.

To put the DNA of Figure 3-6 into its proper phys-
ical perspective, one could merely pick up the two ends
and twist them into a helix. Ten pairs of nucleotides
are present in each full turn of the helix in the DNA
molecule, as shown in Figure 3-2.

Genetic Code

The importance of DNA lies in its ability to control
the formation of proteins in the cell. It does this by
means of the so-called genetic code. That is, when the
two strands of a DNA molecule are split apart, this
exposes the purine and pyrimidine bases projecting to
the side of each DNA strand, as shown by the top
strand in Figure 3-7. It is these projecting bases that
form the genetic code.
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Combination of ribose nucleotides
AN with a strand of DNA to form a
° molecule of RNA that carries the
genetic code from the gene to the
cytoplasm. The RNA polymerase
enzyme moves along the DNA
strand and builds the RNA molecule.

f‘ Figure 3-8
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The genetic code consists of successive “triplets” of
bases—that is, each three successive bases is a code
word. The successive triplets eventually control the
sequence of amino acids in a protein molecule that is
to be synthesized in the cell. Note in Figure 3-6 that
the top strand of DNA, reading from left to right, has
the genetic code GGC, AGA, CTT, the triplets being
separated from one another by the arrows. As we
follow this genetic code through Figures 3—7 and 3-8,
we see that these three respective triplets are respon-
sible for successive placement of the three amino
acids, proline, serine, and glutamic acid, in a newly
formed molecule of protein.

The DNA Code in the Cell
Nucleus Is Transferred to
an RNA Code in the Cell
Cytoplasm—The Process
of Transcription

Because the DNA is located in the nucleus of the cell,
yet most of the functions of the cell are carried out in
the cytoplasm, there must be some means for the DNA
genes of the nucleus to control the chemical reactions
of the cytoplasm. This is achieved through the inter-
mediary of another type of nucleic acid, RNA, the for-
mation of which is controlled by the DNA of the
nucleus. Thus, as shown in Figure 3-7, the code is trans-
ferred to the RNA; this process is called transcription.

i Glutamic acid

Portion of an RNA molecule, showing three RNA
“codons”™—CCG, UCU, and GAA—which control
attachment of the three amino acids proline,
serine, and glutamic acid, respectively, to the
growing RNA chain.

The RNA, in turn, diffuses from the nucleus through
nuclear pores into the cytoplasmic compartment,
where it controls protein synthesis.

Synthesis of RNA

During synthesis of RNA, the two strands of the DNA
molecule separate temporarily; one of these strands is
used as a template for synthesis of an RNA molecule.
The code triplets in the DNA cause formation of com-
plementary code triplets (called codons) in the RNA;
these codons, in turn, will control the sequence of
amino acids in a protein to be synthesized in the cell
cytoplasm.

Basic Building Blocks of RNA. The basic building blocks of
RNA are almost the same as those of DNA, except for
two differences. First, the sugar deoxyribose is not used
in the formation of RNA. In its place is another sugar
of slightly different composition, ribose, containing an
extra hydroxyl ion appended to the ribose ring struc-
ture. Second, thymine is replaced by another pyrimi-
dine, uracil.

Formation of RNA Nucleotides. The basic building blocks
of RNA form RNA nucleotides, exactly as previously
described for DNA synthesis. Here again, four sepa-
rate nucleotides are used in the formation of RNA.
These nucleotides contain the bases adenine, guanine,
cytosine, and uracil. Note that these are the same bases
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as in DNA, except that uracil in RNA replaces
thymine in DNA.

“Activation” of the RNA Nucleotides. The next step in
the synthesis of RNA is “activation” of the RNA
nucleotides by an enzyme, RNA polymerase. This
occurs by adding to each nucleotide two extra phos-
phate radicals to form triphosphates (shown in Figure
3-7 by the two RNA nucleotides to the far right during
RNA chain formation). These last two phosphates are
combined with the nucleotide by high-energy phos-
phate bonds derived from ATP in the cell.

The result of this activation process is that
large quantities of ATP energy are made available to
each of the nucleotides, and this energy is used to
promote the chemical reactions that add each new
RNA nucleotide at the end of the developing RNA
chain.

Assembly of the RNA Chain from
Activated Nucleotides Using the DNA
Strand as a Template—The Process
of “Transcription”

Assembly of the RNA molecule is accomplished in
the manner shown in Figure 3-7 under the influence
of an enzyme, RNA polymerase. This is a large protein
enzyme that has many functional properties necessary
for formation of the RNA molecule. They are as
follows:

1. In the DNA strand immediately ahead of the
initial gene is a sequence of nucleotides called
the promoter. The RNA polymerase has an
appropriate complementary structure that
recognizes this promoter and becomes attached to
it. This is the essential step for initiating formation
of the RNA molecule.

2. After the RNA polymerase attaches to the
promoter, the polymerase causes unwinding of
about two turns of the DNA helix and separation
of the unwound portions of the two strands.

3. Then the polymerase moves along the DNA
strand, temporarily unwinding and separating the
two DNA strands at each stage of its movement.
As it moves along, it adds at each stage a new
activated RNA nucleotide to the end of the newly
forming RNA chain by the following steps:

a. First, it causes a hydrogen bond to form
between the end base of the DNA strand and
the base of an RNA nucleotide in the
nucleoplasm.

b. Then, one at a time, the RNA polymerase
breaks two of the three phosphate radicals
away from each of these RNA nucleotides,
liberating large amounts of energy from the
broken high-energy phosphate bonds; this
energy is used to cause covalent linkage of the
remaining phosphate on the nucleotide with
the ribose on the end of the growing RNA
chain.

c. When the RNA polymerase reaches the
end of the DNA gene, it encounters a new
sequence of DNA nucleotides called the
chain-terminating sequence; this causes the
polymerase and the newly formed RNA chain
to break away from the DNA strand. Then the
polymerase can be used again and again to
form still more new RNA chains.

d. As the new RNA strand is formed, its weak
hydrogen bonds with the DNA template break
away, because the DNA has a high affinity for
rebonding with its own complementary DNA
strand. Thus, the RNA chain is forced away
from the DNA and is released into the
nucleoplasm.

Thus, the code that is present in the DNA strand is
eventually transmitted in complementary form to the
RNA chain. The ribose nucleotide bases always
combine with the deoxyribose bases in the following
combinations:

DNA Base RNA Base
QUATIINE ottt ettt ettt et e e cytosine
CYLOSINE .« ottt e guanine
adenine ... uracil
thymine ........ .. ... . . adenine

Three Different Types of RNA. There are three different
types of RNA, each of which plays an independent and
entirely different role in protein formation:

1. Messenger RNA, which carries the genetic code to
the cytoplasm for controlling the type of protein
formed.

2. Transfer RNA, which transports activated amino
acids to the ribosomes to be used in assembling
the protein molecule.

3. Ribosomal RNA, which, along with about 75
different proteins, forms ribosomes, the physical
and chemical structures on which protein
molecules are actually assembled.

Messenger RNA—The Codons

Messenger RNA molecules are long, single RNA
strands that are suspended in the cytoplasm. These
molecules are composed of several hundred to several
thousand RNA nucleotides in unpaired strands, and
they contain codons that are exactly complementary
to the code triplets of the DNA genes. Figure 3-8
shows a small segment of a molecule of messenger
RNA. Its codons are CCG, UCU, and GAA.These are
the codons for the amino acids proline, serine, and glu-
tamic acid. The transcription of these codons from the
DNA molecule to the RNA molecule is shown in
Figure 3-7.

RNA Codons for the Different Amino Acids. Table 3—1 gives
the RNA codons for the 20 common amino acids
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found in protein molecules. Note that most of the
amino acids are represented by more than one codon;
also, one codon represents the signal “start manufac-
turing the protein molecule,” and three codons repre-
sent “stop manufacturing the protein molecule.” In
Table 3-1, these two types of codons are designated CI
for “chain-initiating” and CT for “chain-terminating.”

Transfer RNA—The Anticodons

Another type of RNA that plays an essential role in
protein synthesis is called transfer RNA, because it
transfers amino acid molecules to protein molecules as
the protein is being synthesized. Each type of transfer
RNA combines specifically with 1 of the 20 amino
acids that are to be incorporated into proteins. The
transfer RNA then acts as a carrier to transport its
specific type of amino acid to the ribosomes, where
protein molecules are forming. In the ribosomes, each
specific type of transfer RNA recognizes a particular
codon on the messenger RNA (described later) and
thereby delivers the appropriate amino acid to the
appropriate place in the chain of the newly forming
protein molecule.

Transfer RNA, which contains only about 80
nucleotides, is a relatively small molecule in com-
parison with messenger RNA. It is a folded chain of
nucleotides with a cloverleaf appearance similar to
that shown in Figure 3-9. At one end of the molecule
is always an adenylic acid; it is to this that the trans-
ported amino acid attaches at a hydroxyl group of the
ribose in the adenylic acid.

Because the function of transfer RNA is to cause
attachment of a specific amino acid to a forming
protein chain, it is essential that each type of transfer
RNA also have specificity for a particular codon in the

Alanine
Cysteine
Histidine
Alanine
Phenylalanine )

) Serine
Transfer RNA

) Proline
Start codon v b
/ GGG

Forming protein

Table 3-1
RNA Codons for Amino Acids and for Start and Stop

Amino Acid RNA Codons

Alanine GCU GCC GCA GCG

Arginine CGU CGC CGA CGG AGA AGG
Asparagine AAU AAC

Asparticacid  GAU GAC

Cysteine UGU UGC

Glutamic acid GAA GAG

Glutamine CAA CAG

Glycine GGU GGC GGA GGG

Histidine CAU CAC

Isoleucine AUU AUC AUA

Leucine CUU CuC CUA CuG UUA UUG
Lysine AAA AAG

Methionine AUG

Phenylalanine UUU UUC

Proline CCU CCC CCA cCcCG

Serine UCU UCC UCA UCG AGC AGU
Threonine ACU ACC ACA ACG

Tryptophan UGG

Tyrosine UAU UAC

Valine GUU GUC GUA GUG

Start (CI) AUG

Stop (CT) UAA UAG UGA

CI, chain-initiating; CT, chain-terminating.

messenger RNA. The specific code in the transfer
RNA that allows it to recognize a specific codon is
again a triplet of nucleotide bases and is called an anti-
codon. This is located approximately in the middle
of the transfer RNA molecule (at the bottom of the
cloverleaf configuration shown in Figure 3-9). During
formation of the protein molecule, the anticodon bases
combine loosely by hydrogen bonding with the codon

Figure 3-9

[AuG|cec]uculcaulcecluuuucc]ceclaAalCAG GACIUAU]

~—

Messenger

Ribosome Ribosome

RNA movement

A messenger RNA strand is moving through two
ribosomes. As each “codon” passes through,
an amino acid is added to the growing protein
chain, which is shown in the right-hand ribo-
some. The transfer RNA molecule transports
each specific amino acid to the newly forming
protein.
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bases of the messenger RNA. In this way, the respec-
tive amino acids are lined up one after another along
the messenger RNA chain, thus establishing the
appropriate sequence of amino acids in the newly
forming protein molecule.

Ribosomal RNA

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

The ribosome is the physical structure in the cyto-
plasm on which protein molecules are actually syn-
thesized. However, it always functions in association
with the other two types of RNA as well: transfer RNA
transports amino acids to the ribosome for incorpora-
tion into the developing protein molecule, whereas
messenger RNA provides the information necessary
for sequencing the amino acids in proper order for
each specific type of protein to be manufactured.

Thus, the ribosome acts as a manufacturing plant in
which the protein molecules are formed.

Formation of Ribosomes in the Nucleolus. The DNA genes
for formation of ribosomal RNA are located in five
pairs of chromosomes in the nucleus, and each of these
chromosomes contains many duplicates of these par-
ticular genes because of the large amounts of riboso-
mal RNA required for cellular function.

As the ribosomal RNA forms, it collects in the
nucleolus, a specialized structure lying adjacent to the
chromosomes. When large amounts of ribosomal RNA
are being synthesized, as occurs in cells that manufac-
ture large amounts of protein, the nucleolus is a large
structure, whereas in cells that synthesize little protein,
the nucleolus may not even be seen. Ribosomal RNA
is specially processed in the nucleolus, where it binds
with “ribosomal proteins” to form granular condensa-
tion products that are primordial subunits of ribo-
somes. These subunits are then released from the
nucleolus and transported through the large pores of
the nuclear envelope to almost all parts of the cyto-
plasm. After the subunits enter the cytoplasm, they
are assembled to form mature, functional ribosomes.
Therefore, proteins are formed in the cytoplasm of the
cell, but not in the cell nucleus, because the nucleus
does not contain mature ribosomes.

Formation of Proteins on
the Ribosomes—The Process
of “Translation”

When a molecule of messenger RNA comes in contact
with a ribosome, it travels through the ribosome,
beginning at a predetermined end of the RNA mole-
cule specified by an appropriate sequence of RNA
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bases called the “chain-initiating” codon. Then, as
shown in Figure 3-9, while the messenger RNA travels
through the ribosome, a protein molecule is formed—
a process called translation. Thus, the ribosome reads
the codons of the messenger RNA in much the same
way that a tape is “read” as it passes through the play-
back head of a tape recorder. Then, when a “stop” (or
“chain-terminating”) codon slips past the ribosome,
the end of a protein molecule is signaled and the
protein molecule is freed into the cytoplasm.

Polyrihosomes. A single messenger RNA molecule can
form protein molecules in several ribosomes at the
same time because the initial end of the RNA strand
can pass to a successive ribosome as it leaves the first,
as shown at the bottom left in Figure 3-9 and in Figure
3-10. The protein molecules are in different stages of
development in each ribosome. As a result, clusters of
ribosomes frequently occur, 3 to 10 ribosomes being
attached to a single messenger RNA at the same time.
These clusters are called polyribosomes.

It is especially important to note that a messenger
RNA can cause the formation of a protein molecule
in any ribosome; that is, there is no specificity of ribo-
somes for given types of protein. The ribosome is
simply the physical manufacturing plant in which the
chemical reactions take place.

Many Ribosomes Attach to the Endoplasmic Reticulum. In
Chapter 2, it was noted that many ribosomes become
attached to the endoplasmic reticulum. This occurs
because the initial ends of many forming protein mol-
ecules have amino acid sequences that immediately
attach to specific receptor sites on the endoplasmic
reticulum; this causes these molecules to penetrate the
reticulum wall and enter the endoplasmic reticulum
matrix. This gives a granular appearance to those por-
tions of the reticulum where proteins are being formed
and entering the matrix of the reticulum.

Figure 3-10 shows the functional relation of mes-
senger RNA to the ribosomes and the manner in
which the ribosomes attach to the membrane of the
endoplasmic reticulum. Note the process of translation
occurring in several ribosomes at the same time in
response to the same strand of messenger RNA. Note
also the newly forming polypeptide (protein) chains
passing through the endoplasmic reticulum membrane
into the endoplasmic matrix.

Yet it should be noted that except in glandular cells
in which large amounts of protein-containing secre-
tory vesicles are formed, most proteins synthesized by
the ribosomes are released directly into the cytosol
instead of into the endoplasmic reticulum. These pro-
teins are enzymes and internal structural proteins of
the cell.

Chemical Steps in Protein Synthesis. Some of the chemical
events that occur in synthesis of a protein molecule are
shown in Figure 3-11. This figure shows representative
reactions for three separate amino acids, AA;, AA,,
and AA,. The stages of the reactions are the follow-
ing: (1) Each amino acid is activated by a chemical
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Figure 3-11

process in which ATP combines with the amino acid
to form an adenosine monophosphate complex with the
amino acid, giving up two high-energy phosphate
bonds in the process. (2) The activated amino acid,
having an excess of energy, then combines with its
specific transfer RNA to form an amino acid—tRNA
complex and, at the same time, releases the adenosine
monophosphate. (3) The transfer RNA carrying the
amino acid complex then comes in contact with the
messenger RNA molecule in the ribosome, where
the anticodon of the transfer RNA attaches tem-
porarily to its specific codon of the messenger RNA,
thus lining up the amino acid in appropriate sequence
to form a protein molecule. Then, under the influence
of the enzyme peptidy! transferase (one of the proteins
in the ribosome), peptide bonds are formed between
the successive amino acids, thus adding progressively
to the protein chain. These chemical events require

Chemical events in the formation of
a protein molecule.

energy from two additional high-energy phosphate
bonds, making a total of four high-energy bonds used
for each amino acid added to the protein chain. Thus,
the synthesis of proteins is one of the most energy-con-
suming processes of the cell.

Peptide Linkage. The successive amino acids in the
protein chain combine with one another according to
the typical reaction:

M § wR
R—C—C-OH + H—N—C—- COOH —>

MR
R—C—C—N—C~-COOH + H,0
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In this chemical reaction, a hydroxyl radical (OH")
is removed from the COOH portion of the first amino
acid, and a hydrogen (H") of the NH, portion of the
other amino acid is removed. These combine to form
water, and the two reactive sites left on the two suc-
cessive amino acids bond with each other, resulting
in a single molecule. This process is called peptide
linkage. As each additional amino acid is added, an
additional peptide linkage is formed.

Synthesis of Other
Substances in the Cell

Many thousand protein enzymes formed in the
manner just described control essentially all the other
chemical reactions that take place in cells. These
enzymes promote synthesis of lipids, glycogen, purines,
pyrimidines, and hundreds of other substances. We
discuss many of these synthetic processes in relation
to carbohydrate, lipid, and protein metabolism in
Chapters 67 through 69. It is by means of all these
substances that the many functions of the cells are
performed.

Control of Gene Function and
Biochemical Activity in Cells

From our discussion thus far, it is clear that the genes
control both the physical and the chemical functions
of the cells. However, the degree of activation of
respective genes must be controlled as well; otherwise,
some parts of the cell might overgrow or some chem-
ical reactions might overact until they kill the cell.
Each cell has powerful internal feedback control
mechanisms that keep the various functional opera-
tions of the cell in step with one another. For each gene
(more than 30,000 genes in all), there is at least one
such feedback mechanism.
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There are basically two methods by which the bio-
chemical activities in the cell are controlled. One of
these is genetic regulation, in which the degree of acti-
vation of the genes themselves is controlled, and the
other is enzyme regulation, in which the activity levels
of already formed enzymes in the cell are controlled.

Genetic Regulation

The “Operon” of the Cell and Its Control of Biochemical Syn-
thesis—Function of the Promoter. Synthesis of a cellular
biochemical product usually requires a series of reac-
tions, and each of these reactions is catalyzed by a
special protein enzyme. Formation of all the enzymes
needed for the synthetic process often is controlled by
a sequence of genes located one after the other on
the same chromosomal DNA strand. This area of the
DNA strand is called an operon, and the genes respon-
sible for forming the respective enzymes are called
structural genes. In Figure 3-12, three respective
structural genes are shown in an operon, and it is
demonstrated that they control the formation of three
respective enzymes that in turn cause synthesis of a
specific intracellular product.

Note in the figure the segment on the DNA strand
called the promoter. This is a group of nucleotides that
has specific affinity for RNA polymerase, as already
discussed. The polymerase must bind with this pro-
moter before it can begin traveling along the DNA
strand to synthesize RNA. Therefore, the promoter is
an essential element for activating the operon.

Control of the Operon by a “Repressor Protein”—The
“Repressor Operator.” Also note in Figure 3-12 an addi-
tional band of nucleotides lying in the middle of the
promoter. This area is called a repressor operator
because a “regulatory” protein can bind here and
prevent attachment of RNA polymerase to the pro-
moter, thereby blocking transcription of the genes of

Activator Repressor
operator  operator
\ / Operon
.
i y .
Promoter Structural Structural Structural
Gene A Gene B Gene C

1
Inhibition of
the operator

Figure 3-12

Function of an operon to control synthesis of a non
protein intracellular product, such as an intra-
cellular metabolic chemical. Note that the synthe-
sized product exerts negative feedback to inhibit
the function of the operon, in this way automatically
controlling the concentration of the product itself.
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this operon. Such a negative regulatory protein is
called a repressor protein.

Control of the Operon by an “Activator Protein”—The “Activa-
tor Operator.” Note in Figure 3-12 another operator,
called the activator operator, that lies adjacent to but
ahead of the promoter. When a regulatory protein
binds to this operator, it helps attract the RNA po-
lymerase to the promoter, in this way activating the
operon. Therefore, a regulatory protein of this type is
called an activator protein.

Negative Feedback Control of the Operon. Finally, note in
Figure 3-12 that the presence of a critical amount
of a synthesized product in the cell can cause negative
feedback inhibition of the operon that is responsible
for its synthesis. It can do this either by causing a
regulatory repressor protein to bind at the repressor
operator or by causing a regulatory activator protein
to break its bond with the activator operator. In either
case, the operon becomes inhibited. Therefore, once
the required synthesized product has become abun-
dant enough for proper cell function, the operon
becomes dormant. Conversely, when the synthesized
product becomes degraded in the cell and its concen-
tration decreases, the operon once again becomes
active. In this way, the desired concentration of the
product is controlled automatically.

Other Mechanisms for Control of Transcription by the Operon.

Variations in the basic mechanism for control of the

operon have been discovered with rapidity in the past

2 decades. Without giving details, let us list some of

them:

1. An operon frequently is controlled by a
regulatory gene located elsewhere in the genetic
complex of the nucleus. That is, the regulatory
gene causes the formation of a regulatory protein
that in turn acts either as an activator or as a
repressor substance to control the operon.

2. Occasionally, many different operons are
controlled at the same time by the same
regulatory protein. In some instances, the same
regulatory protein functions as an activator
for one operon and as a repressor for another
operon. When multiple operons are controlled
simultaneously in this manner, all the operons
that function together are called a regulon.

3. Some operons are controlled not at the starting
point of transcription on the DNA strand but
farther along the strand. Sometimes the control is
not even at the DNA strand itself but during the
processing of the RNA molecules in the nucleus
before they are released into the cytoplasm;
rarely, control might occur at the level of protein
formation in the cytoplasm during RNA
translation by the ribosomes.

4. In nucleated cells, the nuclear DNA is packaged
in specific structural units, the chromosomes.
Within each chromosome, the DNA is wound
around small proteins called histones, which in
turn are held tightly together in a compacted state

by still other proteins. As long as the DNA is in

this compacted state, it cannot function to form

RNA. However, multiple control mechanisms are

beginning to be discovered that can cause selected

areas of chromosomes to become decompacted
one part at a time so that partial RNA
transcription can occur. Even then, some specific
“transcriptor factor” controls the actual rate of
transcription by the separate operon in the
chromosome. Thus, still higher orders of control
are used for establishing proper cell function. In
addition, signals from outside the cell, such as
some of the body’s hormones, can activate specific
chromosomal areas and specific transcription
factors, thus controlling the chemical machinery
for function of the cell.

Because there are more than 30,000 different genes
in each human cell, the large number of ways in which
genetic activity can be controlled is not surprising. The
gene control systems are especially important for con-
trolling intracellular concentrations of amino acids,
amino acid derivatives, and intermediate substrates
and products of carbohydrate, lipid, and protein
metabolism.

Control of Intracellular Function
by Enzyme Regulation

In addition to control of cell function by genetic
regulation, some cell activities are controlled by intra-
cellular inhibitors or activators that act directly on spe-
cific intracellular enzymes. Thus, enzyme regulation
represents a second category of mechanisms by which
cellular biochemical functions can be controlled.

Enzyme Inhibition. Some chemical substances formed in
the cell have direct feedback effects in inhibiting the
specific enzyme systems that synthesize them. Almost
always the synthesized product acts on the first
enzyme in a sequence, rather than on the subsequent
enzymes, usually binding directly with the enzyme and
causing an allosteric conformational change that inac-
tivates it. One can readily recognize the importance of
inactivating the first enzyme: this prevents buildup of
intermediary products that are not used.

Enzyme inhibition is another example of negative
feedback control; it is responsible for controlling
intracellular concentrations of multiple amino acids,
purines, pyrimidines, vitamins, and other substances.

Enzyme Activation. Enzymes that are normally inactive
often can be activated when needed. An example of
this occurs when most of the ATP has been depleted
in a cell. In this case, a considerable amount of cyclic
adenosine monophosphate (cAMP) begins to be
formed as a breakdown product of the ATP; the pres-
ence of this cAMP, in turn, immediately activates the
glycogen-splitting enzyme phosphorylase, liberating
glucose molecules that are rapidly metabolized and
their energy used for replenishment of the ATP stores.
Thus, cAMP acts as an enzyme activator for the
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enzyme phosphorylase and thereby helps control
intracellular ATP concentration.

Another interesting instance of both enzyme inhi-
bition and enzyme activation occurs in the formation
of the purines and pyrimidines. These substances are
needed by the cell in approximately equal quantities
for formation of DNA and RNA. When purines are
formed, they inhibit the enzymes that are required for
formation of additional purines. However, they acti-
vate the enzymes for formation of pyrimidines. Con-
versely, the pyrimidines inhibit their own enzymes but
activate the purine enzymes. In this way, there is con-
tinual cross-feed between the synthesizing systems
for these two substances, resulting in almost exactly
equal amounts of the two substances in the cells at all
times.

Summary. In summary, there are two principal methods
by which cells control proper proportions and proper
quantities of different cellular constituents: (1) the
mechanism of genetic regulation and (2) the mecha-
nism of enzyme regulation. The genes can be either
activated or inhibited, and likewise, the enzyme
systems can be either activated or inhibited. These reg-
ulatory mechanisms most often function as feedback
control systems that continually monitor the cell’s
biochemical composition and make corrections as
needed. But on occasion, substances from without the
cell (especially some of the hormones discussed
throughout this text) also control the intracellular
biochemical reactions by activating or inhibiting one
or more of the intracellular control systems.

The DNA-Genetic System Also
Controls Cell Reproduction

Cell reproduction is another example of the ubiqui-
tous role that the DNA-genetic system plays in all life
processes. The genes and their regulatory mechanisms
determine the growth characteristics of the cells and
also when or whether these cells will divide to form
new cells. In this way, the all-important genetic system
controls each stage in the development of the human
being, from the single-cell fertilized ovum to the whole
functioning body. Thus, if there is any central theme to
life, it is the DNA-genetic system.

Life Cycle of the Gell. The life cycle of a cell is the period
from cell reproduction to the next cell reproduction.
When mammalian cells are not inhibited and are repro-
ducing as rapidly as they can, this life cycle may be as
little as 10 to 30 hours. It is terminated by a series of
distinct physical events called mitosis that cause divi-
sion of the cell into two new daughter cells. The events
of mitosis are shown in Figure 3-13 and are described
later. The actual stage of mitosis, however, lasts for
only about 30 minutes, so that more than 95 per cent
of the life cycle of even rapidly reproducing cells is
represented by the interval between mitosis, called
interphase.
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Figure 3-13

Stages of cell reproduction. A, B, and C, Prophase. D,
Prometaphase. E, Metaphase. Ff, Anaphase. G and H, Telophase.
(From Margaret C. Gladbach, Estate of Mary E. and Dan Todd,
Kansas.)

Except in special conditions of rapid cellular repro-
duction, inhibitory factors almost always slow or stop
the uninhibited life cycle of the cell. Therefore, differ-
ent cells of the body actually have life cycle periods
that vary from as little as 10 hours for highly stimu-
lated bone marrow cells to an entire lifetime of the
human body for most nerve cells.

Cell Reproduction Begins
with Replication of DNA

As is true of almost all other important events in the
cell, reproduction begins in the nucleus itself. The first
step is replication (duplication) of all DNA in the chro-
mosomes. Only after this has occurred can mitosis take
place.

The DNA begins to be duplicated some 5 to 10
hours before mitosis, and this is completed in 4 to 8
hours. The net result is two exact replicas of all DNA.
These replicas become the DNA in the two new
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daughter cells that will be formed at mitosis. After
replication of the DNA, there is another period of 1 to
2 hours before mitosis begins abruptly. Even during
this period, preliminary changes are beginning to take
place that will lead to the mitotic process.

Chemical and Physical Events of DNA Replication. DNA is

replicated in much the same way that RNA is tran-

scribed in response to DNA, except for a few impor-
tant differences:

1. Both strands of the DNA in each chromosome
are replicated, not simply one of them.

2. Both entire strands of the DNA helix are
replicated from end to end, rather than small
portions of them, as occurs in the transcription of
RNA.

3. The principal enzymes for replicating DNA
are a complex of multiple enzymes called DNA
polymerase, which is comparable to RNA
polymerase. It attaches to and moves along the
DNA template strand while another enzyme,
DNA ligase, causes bonding of successive DNA
nucleotides to one another, using high-energy
phosphate bonds to energize these attachments.

4. Formation of each new DNA strand occurs
simultaneously in hundreds of segments along
each of the two strands of the helix until the
entire strand is replicated. Then the ends of the
subunits are joined together by the DNA ligase
enzyme.

5. Each newly formed strand of DNA remains
attached by loose hydrogen bonding to the
original DNA strand that was used as its template.
Therefore, two DNA helixes are coiled together.

6. Because the DNA helixes in each chromosome
are approximately 6 centimeters in length and
have millions of helix turns, it would be
impossible for the two newly formed DNA helixes
to uncoil from each other were it not for some
special mechanism. This is achieved by enzymes
that periodically cut each helix along its entire
length, rotate each segment enough to cause
separation, and then resplice the helix. Thus, the
two new helixes become uncoiled.

DNA Repair, DNA “Proofreading,” and “Mutation.” During
the hour or so between DNA replication and the
beginning of mitosis, there is a period of very active
repair and “proofreading” of the DNA strands. That is,
wherever inappropriate DNA nucleotides have been
matched up with the nucleotides of the original tem-
plate strand, special enzymes cut out the defective
areas and replace these with appropriate complemen-
tary nucleotides. This is achieved by the same DNA
polymerases and DNA ligases that are used in repli-
cation. This repair process is referred to as DNA
proofreading.

Because of repair and proofreading, the transcrip-
tion process rarely makes a mistake. But when a
mistake is made, this is called a mutation. The muta-
tion causes formation of some abnormal protein in the
cell rather than a needed protein, often leading to

abnormal cellular function and sometimes even cell
death. Yet, given that there are 30,000 or more genes
in the human genome and that the period from one
human generation to another is about 30 years, one
would expect as many as 10 or many more mutations
in the passage of the genome from parent to child. As
a further protection, however, each human genome is
represented by two separate sets of chromosomes with
almost identical genes. Therefore, one functional gene
of each pair is almost always available to the child
despite mutations.

Chromosomes and Their Replication

The DNA helixes of the nucleus are packaged in chro-
mosomes. The human cell contains 46 chromosomes
arranged in 23 pairs. Most of the genes in the two chro-
mosomes of each pair are identical or almost identical
to each other, so it is usually stated that the different
genes also exist in pairs, although occasionally this is
not the case.

In addition to DNA in the chromosome, there is a
large amount of protein in the chromosome, composed
mainly of many small molecules of electropositively
charged histones. The histones are organized into vast
numbers of small, bobbin-like cores. Small segments of
each DNA helix are coiled sequentially around one
core after another.

The histone cores play an important role in the reg-
ulation of DNA activity because as long as the DNA
is packaged tightly, it cannot function as a template for
either the formation of RNA or the replication of new
DNA. Further, some of the regulatory proteins have
been shown to decondense the histone packaging of
the DNA and to allow small segments at a time to form
RNA.

Several nonhistone proteins are also major compo-
nents of chromosomes, functioning both as chromoso-
mal structural proteins and, in connection with the
genetic regulatory machinery, as activators, inhibitors,
and enzymes.

Replication of the chromosomes in their entirety
occurs during the next few minutes after replication of
the DNA helixes has been completed; the new DNA
helixes collect new protein molecules as needed. The
two newly formed chromosomes remain attached to
each other (until time for mitosis) at a point called the
centromere located near their center. These duplicated
but still attached chromosomes are called chromatids.

Cell Mitosis

The actual process by which the cell splits into two new
cells is called mitosis. Once each chromosome has
been replicated to form the two chromatids, in many
cells, mitosis follows automatically within 1 or 2 hours.

Mitotic Apparatus: Function of the Centrioles. One of the
first events of mitosis takes place in the cytoplasm,
occurring during the latter part of interphase in or
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around the small structures called centrioles. As shown
in Figure 3-13, two pairs of centrioles lie close to each
other near one pole of the nucleus. (These centrioles,
like the DNA and chromosomes, were also replicated
during interphase, usually shortly before replication of
the DNA.) Each centriole is a small cylindrical body
about 0.4 micrometer long and about 0.15 micrometer
in diameter, consisting mainly of nine parallel tubular
structures arranged in the form of a cylinder. The two
centrioles of each pair lie at right angles to each other.
Each pair of centrioles, along with attached pericen-
triolar material, is called a centrosome.

Shortly before mitosis is to take place, the two pairs
of centrioles begin to move apart from each other. This
is caused by polymerization of protein microtubules
growing between the respective centriole pairs and
actually pushing them apart. At the same time, other
microtubules grow radially away from each of the cen-
triole pairs, forming a spiny star, called the aster, in
each end of the cell. Some of the spines of the aster
penetrate the nuclear membrane and help separate
the two sets of chromatids during mitosis. The complex
of microtubules extending between the two new cen-
triole pairs is called the spindle, and the entire set of
microtubules plus the two pairs of centrioles is called
the mitotic apparatus.

Prophase. The first stage of mitosis, called prophase, is
shown in Figure 3-13A4, B, and C. While the spindle is
forming, the chromosomes of the nucleus (which in
interphase consist of loosely coiled strands) become
condensed into well-defined chromosomes.

Prometaphase. During this stage (see Figure 3-13D),
the growing microtubular spines of the aster fragment
the nuclear envelope. At the same time, multiple
microtubules from the aster attach to the chromatids
at the centromeres, where the paired chromatids are
still bound to each other; the tubules then pull one
chromatid of each pair toward one cellular pole and
its partner toward the opposite pole.

Metaphase. During metaphase (see Figure 3—-13FE), the
two asters of the mitotic apparatus are pushed farther
apart. This is believed to occur because the micro-
tubular spines from the two asters, where they inter-
digitate with each other to form the mitotic spindle,
actually push each other away. There is reason to
believe that minute contractile protein molecules
called “motor molecules,” perhaps composed of the
muscle protein actin, extend between the respective
spines and, using a stepping action as in muscle,
actively slide the spines in a reverse direction along
each other. Simultaneously, the chromatids are pulled
tightly by their attached microtubules to the very
center of the cell, lining up to form the equatorial plate
of the mitotic spindle.

Anaphase. During this phase (see Figure 3-13F), the
two chromatids of each chromosome are pulled apart
at the centromere. All 46 pairs of chromatids are
separated, forming two separate sets of 46 daughter
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chromosomes. One of these sets is pulled toward one
mitotic aster and the other toward the other aster as
the two respective poles of the dividing cell are pushed
still farther apart.

Telophase. In telophase (see Figure 3-13G and H), the
two sets of daughter chromosomes are pushed com-
pletely apart. Then the mitotic apparatus dissolutes,
and a new nuclear membrane develops around each
set of chromosomes. This membrane is formed from
portions of the endoplasmic reticulum that are already
present in the cytoplasm. Shortly thereafter, the cell
pinches in two, midway between the two nuclei. This is
caused by formation of a contractile ring of micro-
filaments composed of actin and probably myosin (the
two contractile proteins of muscle) at the juncture of
the newly developing cells that pinches them off from
each other.

Control of Cell Growth and
Cell Reproduction

We know that certain cells grow and reproduce all the
time, such as the blood-forming cells of the bone
marrow, the germinal layers of the skin, and the epithe-
lium of the gut. Many other cells, however, such as
smooth muscle cells, may not reproduce for many
years. A few cells, such as the neurons and most stri-
ated muscle cells, do not reproduce during the entire
life of a person, except during the original period of
fetal life.

In certain tissues, an insufficiency of some types of
cells causes these to grow and reproduce rapidly until
appropriate numbers of them are again available. For
instance, in some young animals, seven eighths of
the liver can be removed surgically, and the cells of
the remaining one eighth will grow and divide until the
liver mass returns almost to normal. The same occurs
for many glandular cells and most cells of the bone
marrow, subcutaneous tissue, intestinal epithelium,
and almost any other tissue except highly differenti-
ated cells such as nerve and muscle cells.

We know little about the mechanisms that maintain
proper numbers of the different types of cells in
the body. However, experiments have shown at least
three ways in which growth can be controlled. First,
growth often is controlled by growth factors that come
from other parts of the body. Some of these circulate
in the blood, but others originate in adjacent tissues.
For instance, the epithelial cells of some glands, such
as the pancreas, fail to grow without a growth factor
from the sublying connective tissue of the gland.
Second, most normal cells stop growing when they
have run out of space for growth. This occurs when
cells are grown in tissue culture; the cells grow until
they contact a solid object, and then growth stops.
Third, cells grown in tissue culture often stop growing
when minute amounts of their own secretions are
allowed to collect in the culture medium. This, too,
could provide a means for negative feedback control
of growth.
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Regulation of Cell Size. Cell size is determined almost
entirely by the amount of functioning DNA in the
nucleus. If replication of the DNA does not occur, the
cell grows to a certain size and thereafter remains at
that size. Conversely, it is possible, by use of the chem-
ical colchicine, to prevent formation of the mitotic
spindle and therefore to prevent mitosis, even though
replication of the DNA continues. In this event, the
nucleus contains far greater quantities of DNA than
it normally does, and the cell grows proportionately
larger. It is assumed that this results simply from
increased production of RNA and cell proteins, which
in turn cause the cell to grow larger.

Cell Differentiation

A special characteristic of cell growth and cell division
is cell differentiation, which refers to changes in
physical and functional properties of cells as they pro-
liferate in the embryo to form the different bodily
structures and organs. The description of an especially
interesting experiment that helps explain these pro-
cesses follows.

When the nucleus from an intestinal mucosal cell of
a frog is surgically implanted into a frog ovum from
which the original ovum nucleus was removed, the
result is often the formation of a normal frog. This
demonstrates that even the intestinal mucosal cell,
which is a well-differentiated cell, carries all the
necessary genetic information for development of all
structures required in the frog’s body.

Therefore, it has become clear that differentiation
results not from loss of genes but from selective
repression of different genetic operons. In fact, elec-
tron micrographs suggest that some segments of DNA
helixes wound around histone cores become so con-
densed that they no longer uncoil to form RNA mol-
ecules. One explanation for this is as follows: It has
been supposed that the cellular genome begins at a
certain stage of cell differentiation to produce a regu-
latory protein that forever after represses a select
group of genes. Therefore, the repressed genes never
function again. Regardless of the mechanism, mature
human cells produce a maximum of about 8000 to
10,000 proteins rather than the potential 30,000 or
more if all genes were active.

Embryological experiments show that certain cells
in an embryo control differentiation of adjacent cells.
For instance, the primordial chorda-mesoderm is called
the primary organizer of the embryo because it forms
a focus around which the rest of the embryo develops.
It differentiates into a mesodermal axis that contains
segmentally arranged somites and, as a result of induc-
tions in the surrounding tissues, causes formation of
essentially all the organs of the body.

Another instance of induction occurs when the
developing eye vesicles come in contact with the ecto-
derm of the head and cause the ectoderm to thicken
into a lens plate that folds inward to form the lens of
the eye. Therefore, a large share of the embryo devel-
ops as a result of such inductions, one part of the body
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affecting another part, and this part affecting still other
parts.

Thus, although our understanding of cell differenti-
ation is still hazy, we know many control mechanisms
by which differentiation could occur.

Apoptosis—Programmed
Cell Death

The 100 trillion cells of the body are members of a
highly organized community in which the total number
of cells is regulated not only by controlling the rate of
cell division but also by controlling the rate of cell
death. When cells are no longer needed or become a
threat to the organism, they undergo a suicidal pro-
grammed cell death, or apoptosis. This process involves
a specific proteolytic cascade that causes the cell to
shrink and condense, to disassemble its cytoskeleton,
and to alter its cell surface so that a neighboring
phagocytic cell, such as a macrophage, can attach to
the cell membrane and digest the cell.

In contrast to programmed death, cells that die as a
result of an acute injury usually swell and burst due to
loss of cell membrane integrity, a process called cell
necrosis. Necrotic cells may spill their contents, causing
inflammation and injury to neighboring cells. Apopto-
sis, however, is an orderly cell death that results in
disassembly and phagocytosis of the cell before any
leakage of its contents occurs, and neighboring cells
usually remain healthy.

Apoptosis is initiated by activation of a family of
proteases called caspases. These are enzymes that are
synthesized and stored in the cell as inactive procas-
pases. The mechanisms of activation of caspases are
complex, but once activated, the enzymes cleave and
activate other procaspases, triggering a cascade that
rapidly breaks down proteins within the cell. The cell
thus dismantles itself, and its remains are rapidly
digested by neighboring phagocytic cells.

A tremendous amount of apoptosis occurs in tissues
that are being remodeled during development. Even
in adult humans, billions of cells die each hour in
tissues such as the intestine and bone marrow and
are replaced by new cells. Programmed cell death,
however, is precisely balanced with the formation
of new cells in healthy adults. Otherwise, the body’s
tissues would shrink or grow excessively. Recent
studies suggest that abnormalities of apoptosis may
play a key role in neurodegenerative diseases such as
Alzheimer’s disease, as well as in cancer and auto-
immune disorders. Some drugs that have been used
successfully for chemotherapy appear to induce apop-
tosis in cancer cells.

Cancer

Cancer is caused in all or almost all instances by muta-
tion or by some other abnormal activation of cellular
genes that control cell growth and cell mitosis. The
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abnormal genes are called oncogenes. As many as 100

different oncogenes have been discovered.

Also present in all cells are antioncogenes, which
suppress the activation of specific oncogenes. There-
fore, loss of or inactivation of antioncogenes can allow
activation of oncogenes that lead to cancer.

Only a minute fraction of the cells that mutate in the
body ever lead to cancer. There are several reasons for
this. First, most mutated cells have less survival capa-
bility than normal cells and simply die. Second, only
a few of the mutated cells that do survive become
cancerous, because even most mutated cells still
have normal feedback controls that prevent excessive
growth.

Third, those cells that are potentially cancerous are
often, if not usually, destroyed by the body’s immune
system before they grow into a cancer. This occurs in
the following way: Most mutated cells form abnormal
proteins within their cell bodies because of their
altered genes, and these proteins activate the body’s
immune system, causing it to form antibodies or sen-
sitized lymphocytes that react against the cancerous
cells, destroying them. In support of this is the fact
that in people whose immune systems have been sup-
pressed, such as in those taking immunosuppressant
drugs after kidney or heart transplantation, the prob-
ability of a cancer’s developing is multiplied as much
as fivefold.

Fourth, usually several different activated onco-
genes are required simultaneously to cause a cancer.
For instance, one such gene might promote rapid
reproduction of a cell line, but no cancer occurs
because there is not a simultaneous mutant gene to
form the needed blood vessels.

But what is it that causes the altered genes? Con-
sidering that many trillions of new cells are formed
each year in humans, a better question might be, Why
is it that all of us do not develop millions or billions of
mutant cancerous cells? The answer is the incredible
precision with which DNA chromosomal strands are
replicated in each cell before mitosis can take place,
and also the proofreading process that cuts and repairs
any abnormal DNA strand before the mitotic process
is allowed to proceed. Yet, despite all these inherited
cellular precautions, probably one newly formed cell
in every few million still has significant mutant
characteristics.

Thus, chance alone is all that is required for muta-
tions to take place, so we can suppose that a large
number of cancers are merely the result of an unlucky
occurrence.

However, the probability of mutations can be
increased manyfold when a person is exposed to
certain chemical, physical, or biological factors, includ-
ing the following:

1. It is well known that ionizing radiation, such as
x-rays, gamma rays, and particle radiation from
radioactive substances, and even ultraviolet light
can predispose individuals to cancer. Ions formed
in tissue cells under the influence of such
radiation are highly reactive and can rupture
DNA strands, thus causing many mutations.
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2. Chemical substances of certain types also have a
high propensity for causing mutations. It was
discovered long ago that various aniline dye
derivatives are likely to cause cancer, so that
workers in chemical plants producing such
substances, if unprotected, have a special
predisposition to cancer. Chemical substances that
can cause mutation are called carcinogens. The
carcinogens that currently cause the greatest
number of deaths are those in cigarette smoke.
They cause about one quarter of all cancer
deaths.

3. Physical irritants also can lead to cancer, such as
continued abrasion of the linings of the intestinal
tract by some types of food. The damage to
the tissues leads to rapid mitotic replacement of
the cells. The more rapid the mitosis, the greater
the chance for mutation.

4. In many families, there is a strong hereditary
tendency to cancer. This results from the fact that
most cancers require not one mutation but two or
more mutations before cancer occurs. In those
families that are particularly predisposed to
cancer, it is presumed that one or more cancerous
genes are already mutated in the inherited
genome. Therefore, far fewer additional mutations
must take place in such family members before a
cancer begins to grow.

5. In laboratory animals, certain types of viruses can
cause some kinds of cancer, including leukemia.
This usually results in one of two ways. In the case
of DNA viruses, the DNA strand of the virus can
insert itself directly into one of the chromosomes
and thereby cause a mutation that leads to
cancer. In the case of RNA viruses, some of these
carry with them an enzyme called reverse
transcriptase that causes DNA to be transcribed
from the RNA. The transcribed DNA then inserts
itself into the animal cell genome, leading to
cancer.

Invasive Characteristic of the Cancer Cell. The major dif-
ferences between the cancer cell and the normal cell
are the following: (1) The cancer cell does not respect
usual cellular growth limits; the reason for this is that
these cells presumably do not require all the same
growth factors that are necessary to cause growth of
normal cells. (2) Cancer cells often are far less adhe-
sive to one another than are normal cells. Therefore,
they have a tendency to wander through the tissues, to
enter the blood stream, and to be transported all
through the body, where they form nidi for numerous
new cancerous growths. (3) Some cancers also produce
angiogenic factors that cause many new blood vessels
to grow into the cancer, thus supplying the nutrients
required for cancer growth.

Why Do Cancer Cells Kill? The answer to this question
usually is simple. Cancer tissue competes with normal
tissues for nutrients. Because cancer cells continue to
proliferate indefinitely, their number multiplying day
by day, cancer cells soon demand essentially all the
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nutrition available to the body or to an essential part
of the body. As a result, normal tissues gradually suffer
nutritive death.
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Transport of Substances Through
the Cell Membrane

Figure 4-1 gives the approximate concentrations of
important electrolytes and other substances in the
extracellular fluid and intracellular fluid. Note that
the extracellular fluid contains a large amount of
sodium but only a small amount of potassium.
Exactly the opposite is true of the intracellular fluid.
Also, the extracellular fluid contains a large amount
of chloride ions, whereas the intracellular fluid con-
tains very little. But the concentrations of phosphates and proteins in the intra-
cellular fluid are considerably greater than those in the extracellular fluid. These
differences are extremely important to the life of the cell. The purpose of this
chapter is to explain how the differences are brought about by the transport
mechanisms of the cell membranes.

- mm =

The Lipid Barrier of the Cell Membrane,
and Cell Membrane Transport Proteins

The structure of the membrane covering the outside of every cell of the body
is discussed in Chapter 2 and illustrated in Figures 2-3 and 4-2. This membrane
consists almost entirely of a lipid bilayer, but it also contains large numbers of
protein molecules in the lipid, many of which penetrate all the way through the
membrane, as shown in Figure 4-2.

The lipid bilayer is not miscible with either the extracellular fluid or the intra-
cellular fluid. Therefore, it constitutes a barrier against movement of water
molecules and water-soluble substances between the extracellular and intracel-
lular fluid compartments. However, as demonstrated in Figure 4-2 by the left-
most arrow, a few substances can penetrate this lipid bilayer, diffusing directly
through the lipid substance itself; this is true mainly of lipid-soluble substances,
as described later.

The protein molecules in the membrane have entirely different properties for
transporting substances. Their molecular structures interrupt the continuity of
the lipid bilayer, constituting an alternative pathway through the cell mem-
brane. Most of these penetrating proteins, therefore, can function as transport
proteins. Different proteins function differently. Some have watery spaces all
the way through the molecule and allow free movement of water as well as
selected ions or molecules; these are called channel proteins. Others, called
carrier proteins, bind with molecules or ions that are to be transported; confor-
mational changes in the protein molecules then move the substances through
the interstices of the protein to the other side of the membrane. Both the
channel proteins and the carrier proteins are usually highly selective in the types
of molecules or ions that are allowed to cross the membrane.

“Diffusion” Versus “Active Transport.” Transport through the cell membrane, either
directly through the lipid bilayer or through the proteins, occurs by one of two
basic processes: diffusion or active transport.

Although there are many variations of these basic mechanisms, diffusion
means random molecular movement of substances molecule by molecule, either
through intermolecular spaces in the membrane or in combination with a carrier
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EXTRACELLULAR / INTRACELLULAR

FLUID FLUID
----- 10 mEg/L
----- 140 mEg/L
1+ 0.0001 mEqg/L
1+ 58 mEg/L
------ 4 mEg/L
------ 10 mEqg/L
------ 75 mEg/L
------ 2 mEq/L
------ 0 to 20 mg/dl
------ 200 mg/dl ?
Cholesterol
Phospholipids > 0.5 g/dl--------3----- 2to 95 g/dl
Neutral fat
PO, --=mmeeeeee 35 mm Hg ---+---- 20 mm Hg ?
PCO, -----mmmmmee- 46 mm Hg ---+---- 50 mm Hg ?
pH 7.4 7.0
Proteins 2 g/l 16 g/dI
(5 mEqg/L) \ (40 mEg/L)
Figure 4-1

Chemical compositions of extracellular and intracellular fluids.
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Figure 4-2

Transport pathways through the cell membrane, and the basic
mechanisms of transport.

protein. The energy that causes diffusion is the energy
of the normal kinetic motion of matter.

By contrast, active transport means movement of
ions or other substances across the membrane in com-
bination with a carrier protein in such a way that the
carrier protein causes the substance to move against
an energy gradient, such as from a low-concentration
state to a high-concentration state. This movement
requires an additional source of energy besides kinetic
energy. Following is a more detailed explanation of

Figure 4-3

Diffusion of a fluid molecule during a thousandth of a second.

the basic physics and physical chemistry of these two
processes.

Diffusion

All molecules and ions in the body fluids, including
water molecules and dissolved substances, are in con-
stant motion, each particle moving its own separate
way. Motion of these particles is what physicists call
“heat”—the greater the motion, the higher the tem-
perature—and the motion never ceases under any
condition except at absolute zero temperature. When
a moving molecule, A, approaches a stationary mole-
cule, B, the electrostatic and other nuclear forces of
molecule A repel molecule B, transferring some of the
energy of motion of molecule A to molecule B. Con-
sequently, molecule B gains kinetic energy of motion,
while molecule A slows down, losing some of its
kinetic energy. Thus, as shown in Figure 4-3, a single
molecule in a solution bounces among the other
molecules first in one direction, then another, then
another, and so forth, randomly bouncing thousands of
times each second. This continual movement of mole-
cules among one another in liquids or in gases is called
diffusion.

Tons diffuse in the same manner as whole molecules,
and even suspended colloid particles diffuse in a
similar manner, except that the colloids diffuse far
less rapidly than molecular substances because of their
large size.

Diffusion Through the Cell Membrane

Diffusion through the cell membrane is divided into
two subtypes called simple diffusion and facilitated
diffusion. Simple diffusion means that kinetic move-
ment of molecules or ions occurs through a membrane
opening or through intermolecular spaces without any
interaction with carrier proteins in the membrane.
The rate of diffusion is determined by the amount of
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substance available, the velocity of kinetic motion, and
the number and sizes of openings in the membrane
through which the molecules or ions can move.

Facilitated diffusion requires interaction of a carrier
protein. The carrier protein aids passage of the mole-
cules or ions through the membrane by binding
chemically with them and shuttling them through the
membrane in this form.

Simple diffusion can occur through the cell mem-
brane by two pathways: (1) through the interstices of
the lipid bilayer if the diffusing substance is lipid
soluble, and (2) through watery channels that pene-
trate all the way through some of the large transport
proteins, as shown to the left in Figure 4-2.

Diffusion of Lipid-Soluble Substances Through the Lipid Bilayer.
One of the most important factors that determines
how rapidly a substance diffuses through the lipid
bilayer is the lipid solubility of the substance. For
instance, the lipid solubilities of oxygen, nitrogen,
carbon dioxide, and alcohols are high, so that all these
can dissolve directly in the lipid bilayer and diffuse
through the cell membrane in the same manner that
diffusion of water solutes occurs in a watery solution.
For obvious reasons, the rate of diffusion of each of
these substances through the membrane is directly
proportional to its lipid solubility. Especially large
amounts of oxygen can be transported in this way;
therefore, oxygen can be delivered to the interior of
the cell almost as though the cell membrane did not
exist.

Diffusion of Water and Other Lipid-Insoluble Molecules Through
Protein Channels. Even though water is highly insoluble
in the membrane lipids, it readily passes through chan-
nels in protein molecules that penetrate all the way
through the membrane. The rapidity with which water
molecules can move through most cell membranes is
astounding. As an example, the total amount of water
that diffuses in each direction through the red cell
membrane during each second is about 100 times as
great as the volume of the red cell itself.

Other lipid-insoluble molecules can pass through
the protein pore channels in the same way as water
molecules if they are water soluble and small enough.
However, as they become larger, their penetration falls
off rapidly. For instance, the diameter of the urea
molecule is only 20 per cent greater than that of water,
yet its penetration through the cell membrane pores is
about 1000 times less than that of water. Even so, given
the astonishing rate of water penetration, this amount
of urea penetration still allows rapid transport of urea
through the membrane within minutes.

Diffusion Through Protein Channels,
and “Gating” of These Channels

Computerized three-dimensional reconstructions of
protein channels have demonstrated tubular pathways
all the way from the extracellular to the intracellu-
lar fluid. Therefore, substances can move by simple
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diffusion directly along these channels from one side
of the membrane to the other. The protein channels
are distinguished by two important characteristics: (1)
they are often selectively permeable to certain sub-
stances, and (2) many of the channels can be opened
or closed by gates.

Selective Permeability of Protein Channels. Many of the
protein channels are highly selective for transport of
one or more specific ions or molecules. This results
from the characteristics of the channel itself, such as
its diameter, its shape, and the nature of the electrical
charges and chemical bonds along its inside surfaces.
To give an example, one of the most important of the
protein channels, the so-called sodium channel, is only
0.3 by 0.5 nanometer in diameter, but more important,
the inner surfaces of this channel are strongly nega-
tively charged, as shown by the negative signs inside
the channel proteins in the top panel of Figure 4-4.
These strong negative charges can pull small dehy-
drated sodium ions into these channels, actually pulling
the sodium ions away from their hydrating water
molecules. Once in the channel, the sodium ions
diffuse in either direction according to the usual laws
of diffusion. Thus, the sodium channel is specifically
selective for passage of sodium ions.

Conversely, another set of protein channels is selec-
tive for potassium transport, shown in the lower panel
of Figure 4-4. These channels are slightly smaller than
the sodium channels, only 0.3 by 0.3 nanometer, but
they are not negatively charged, and their chemical
bonds are different. Therefore, no strong attrac-
tive force is pulling ions into the channels, and the
potassium ions are not pulled away from the water
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Transport of sodium and potassium ions through protein channels.
Also shown are conformational changes in the protein molecules
to open or close “gates” guarding the channels.
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molecules that hydrate them. The hydrated form of
the potassium ion is considerably smaller than the
hydrated form of sodium because the sodium ion
attracts far more water molecules than does potas-
sium. Therefore, the smaller hydrated potassium ions
can pass easily through this small channel, whereas the
larger hydrated sodium ions are rejected, thus provid-
ing selective permeability for a specific ion.

Gating of Protein Channels. Gating of protein channels
provides a means of controlling ion permeability of the
channels. This is shown in both panels of Figure 4-4
for selective gating of sodium and potassium ions. It is
believed that some of the gates are actual gatelike
extensions of the transport protein molecule, which
can close the opening of the channel or can be lifted
away from the opening by a conformational change in
the shape of the protein molecule itself.

The opening and closing of gates are controlled in

two principal ways:

1. Voltage gating. In this instance, the molecular
conformation of the gate or of its chemical bonds
responds to the electrical potential across the cell
membrane. For instance, in the top panel of Figure
4-4, when there is a strong negative charge
on the inside of the cell membrane, this presumably
could cause the outside sodium gates to remain
tightly closed; conversely, when the inside of the
membrane loses its negative charge, these gates
would open suddenly and allow tremendous
quantities of sodium to pass inward through the
sodium pores. This is the basic mechanism for
eliciting action potentials in nerves that are
responsible for nerve signals. In the bottom panel
of Figure 4-4, the potassium gates are on the
intracellular ends of the potassium channels, and
they open when the inside of the cell membrane
becomes positively charged. The opening of these
gates is partly responsible for terminating the
action potential, as is discussed more fully in
Chapter 5.

2. Chemical (ligand) gating. Some protein channel
gates are opened by the binding of a chemical
substance (a ligand) with the protein; this causes a
conformational or chemical bonding change in the
protein molecule that opens or closes the gate. This
is called chemical gating or ligand gating. One of
the most important instances of chemical gating
is the effect of acetylcholine on the so-called
acetylcholine channel. Acetylcholine opens the gate
of this channel, providing a negatively charged pore
about 0.65 nanometer in diameter that allows
uncharged molecules or positive ions smaller
than this diameter to pass through. This gate is
exceedingly important for the transmission of nerve
signals from one nerve cell to another (see Chapter
45) and from nerve cells to muscle cells to cause
muscle contraction (see Chapter 7).

Open-State Versus Closed-State of Gated Channels.
Figure 4-5A shows an especially interesting charac-
teristic of most voltage-gated channels. This figure
shows two recordings of electrical current flowing
through a single sodium channel when there was an
approximate 25-millivolt potential gradient across the
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A, Record of current flow through a single voltage-gated sodium
channel, demonstrating the “all or none” principle for opening and
closing of the channel. B, The “patch-clamp” method for record-
ing current flow through a single protein channel. To the left,
recording is performed from a “patch” of a living cell membrane.
To the right, recording is from a membrane patch that has been
torn away from the cell.

membrane. Note that the channel conducts current
either “all or none.” That is, the gate of the channel
snaps open and then snaps closed, each open state
lasting for only a fraction of a millisecond up to several
milliseconds. This demonstrates the rapidity with



Chapter 4

which changes can occur during the opening and
closing of the protein molecular gates. At one voltage
potential, the channel may remain closed all the time
or almost all the time, whereas at another voltage
level, it may remain open either all or most of the time.
At in-between voltages, as shown in the figure, the
gates tend to snap open and closed intermittently,
giving an average current flow somewhere between
the minimum and the maximum.

Patch-Clamp Method for Recording lon Current Flow Through
Single Channels. One might wonder how it is technically
possible to record ion current flow through single
protein channels as shown in Figure 4-5A. This has been
achieved by using the “patch-clamp” method illustrated
in Figure 4-5B. Very simply, a micropipette, having a tip
diameter of only 1 or 2 micrometers, is abutted against
the outside of a cell membrane. Then suction is applied
inside the pipette to pull the membrane against the tip
of the pipette. This creates a seal where the edges of the
pipette touch the cell membrane. The result is a minute
membrane “patch” at the tip of the pipette through
which electrical current flow can be recorded.

Alternatively, as shown to the right in Figure 4-5B,
the small cell membrane patch at the end of the pipette
can be torn away from the cell. The pipette with
its sealed patch is then inserted into a free solution.
This allows the concentrations of ions both inside the
micropipette and in the outside solution to be altered
as desired. Also, the voltage between the two sides of
the membrane can be set at will—that is, “clamped” to
a given voltage.

It has been possible to make such patches small
enough so that only a single channel protein is found
in the membrane patch being studied. By varying the
concentrations of different ions, as well as the voltage
across the membrane, one can determine the transport
characteristics of the single channel and also its gating
properties.

Facilitated Diffusion

Facilitated diffusion is also called carrier-mediated dif-
fusion because a substance transported in this manner
diffuses through the membrane using a specific carrier
protein to help. That is, the carrier facilitates diffusion
of the substance to the other side.

Facilitated diffusion differs from simple diffusion in
the following important way: Although the rate of
simple diffusion through an open channel increases
proportionately with the concentration of the diffus-
ing substance, in facilitated diffusion the rate of
diffusion approaches a maximum, called V., as the
concentration of the diffusing substance increases. This
difference between simple diffusion and facilitated dif-
fusion is demonstrated in Figure 4-6. The figure shows
that as the concentration of the diffusing substance
increases, the rate of simple diffusion continues to
increase proportionately, but in the case of facilitated
diffusion, the rate of diffusion cannot rise greater than
the V.« level.

What is it that limits the rate of facilitated diffusion?
A probable answer is the mechanism illustrated in
Figure 4-7. This figure shows a carrier protein with a
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Postulated mechanism for facilitated diffusion.

pore large enough to transport a specific molecule
partway through. It also shows a binding “receptor” on
the inside of the protein carrier. The molecule to be
transported enters the pore and becomes bound. Then,
in a fraction of a second, a conformational or chemi-
cal change occurs in the carrier protein, so that the
pore now opens to the opposite side of the membrane.
Because the binding force of the receptor is weak, the
thermal motion of the attached molecule causes it to
break away and to be released on the opposite side of
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the membrane. The rate at which molecules can be
transported by this mechanism can never be greater
than the rate at which the carrier protein molecule
can undergo change back and forth between its two
states. Note specifically, though, that this mechanism
allows the transported molecule to move—that is, to
“diffuse”—in either direction through the membrane.

Among the most important substances that cross
cell membranes by facilitated diffusion are glucose and
most of the amino acids. In the case of glucose, the
carrier molecule has been discovered, and it has a
molecular weight of about 45,000; it can also transport
several other monosaccharides that have structures
similar to that of glucose, including galactose. Also,
insulin can increase the rate of facilitated diffusion of
glucose as much as 10-fold to 20-fold. This is the prin-
cipal mechanism by which insulin controls glucose use
in the body, as discussed in Chapter 78.

Factors That Affect Net Rate
of Diffusion

By now it is evident that many substances can diffuse
through the cell membrane. What is usually important
is the net rate of diffusion of a substance in the desired
direction. This net rate is determined by several
factors.

Effect of Concentration Difference on Net Diffusion Through a
Membrane. Figure 4-8A shows a cell membrane with a
substance in high concentration on the outside and low
concentration on the inside. The rate at which the sub-
stance diffuses inward is proportional to the con-
centration of molecules on the outside, because this
concentration determines how many molecules strike
the outside of the membrane each second. Conversely,
the rate at which molecules diffuse outward is propor-
tional to their concentration inside the membrane.
Therefore, the rate of net diffusion into the cell is pro-
portional to the concentration on the outside minus
the concentration on the inside, or:

Net diffusion « (C, — C))

in which C, is concentration outside and C; is concen-
tration inside.

Effect of Membrane Electrical Potential on Diffusion of lons—
The “Nernst Potential.” If an electrical potential is
applied across the membrane, as shown in Figure
4-8B, the electrical charges of the ions cause them to
move through the membrane even though no concen-
tration difference exists to cause movement. Thus, in
the left panel of Figure 4-8B, the concentration of
negative ions is the same on both sides of the mem-
brane, but a positive charge has been applied to the
right side of the membrane and a negative charge to
the left, creating an electrical gradient across the mem-
brane. The positive charge attracts the negative ions,
whereas the negative charge repels them. Therefore,
net diffusion occurs from left to right. After much time,
large quantities of negative ions have moved to the
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Effect of concentration difference (A), electrical potential differ-
ence affecting negative ions (B), and pressure difference (C) to
cause diffusion of molecules and ions through a cell membrane.

right, creating the condition shown in the right panel
of Figure 4-8B, in which a concentration difference of
the ions has developed in the direction opposite to the
electrical potential difference. The concentration dif-
ference now tends to move the ions to the left, while
the electrical difference tends to move them to the
right. When the concentration difference rises high
enough, the two effects balance each other. At normal
body temperature (37°C), the electrical difference
that will balance a given concentration difference of
univalent ions—such as sodium (Na') ions—can be
determined from the following formula, called the
Nernst equation:

EMF (in millivolts) =+ 61 log %
2

in which EMF is the electromotive force (voltage)
between side 1 and side 2 of the membrane, C, is the
concentration on side 1, and C, is the concentration on
side 2. This equation is extremely important in under-
standing the transmission of nerve impulses and is dis-
cussed in much greater detail in Chapter 5.

Effect of a Pressure Difference Across the Membrane. At
times, considerable pressure difference develops
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between the two sides of a diffusible membrane.
This occurs, for instance, at the blood capillary mem-
brane in all tissues of the body. The pressure is about
20 mm Hg greater inside the capillary than outside.

Pressure actually means the sum of all the forces of
the different molecules striking a unit surface area at
a given instant. Therefore, when the pressure is higher
on one side of a membrane than on the other, this
means that the sum of all the forces of the molecules
striking the channels on that side of the membrane is
greater than on the other side. In most instances, this
is caused by greater numbers of molecules striking the
membrane per second on one side than on the other
side. The result is that increased amounts of energy are
available to cause net movement of molecules from
the high-pressure side toward the low-pressure side.
This effect is demonstrated in Figure 4-8C, which
shows a piston developing high pressure on one side
of a “pore,” thereby causing more molecules to strike
the pore on this side and, therefore, more molecules to
“diffuse” to the other side.

Osmosis Across Selectively
Permeable Membranes—
“Net Diffusion” of Water

By far the most abundant substance that diffuses
through the cell membrane is water. Enough water
ordinarily diffuses in each direction through the red
cell membrane per second to equal about 100 times the
volume of the cell itself. Yet, normally, the amount that
diffuses in the two directions is balanced so precisely
that zero net movement of water occurs. Therefore, the
volume of the cell remains constant. However, under
certain conditions, a concentration difference for water
can develop across a membrane, just as concentration
differences for other substances can occur. When this
happens, net movement of water does occur across the
cell membrane, causing the cell either to swell or to
shrink, depending on the direction of the water move-
ment. This process of net movement of water caused
by a concentration difference of water is called
0SMOosis.

To give an example of osmosis, let us assume the
conditions shown in Figure 4-9, with pure water on
one side of the cell membrane and a solution of
sodium chloride on the other side. Water molecules
pass through the cell membrane with ease, whereas
sodium and chloride ions pass through only with diffi-
culty. Therefore, sodium chloride solution is actually a
mixture of permeant water molecules and nonperme-
ant sodium and chloride ions, and the membrane is
said to be selectively permeable to water but much less
so to sodium and chloride ions. Yet the presence of the
sodium and chloride has displaced some of the water
molecules on the side of the membrane where these
ions are present and, therefore, has reduced the con-
centration of water molecules to less than that of pure
water. As a result, in the example of Figure 4-9, more
water molecules strike the channels on the left side,
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Osmosis at a cell membrane when a sodium chloride solution is
placed on one side of the membrane and water is placed on the
other side.

where there is pure water, than on the right side, where
the water concentration has been reduced. Thus, net
movement of water occurs from left to right—that is,
osmosis occurs from the pure water into the sodium
chloride solution.

Osmotic Pressure
If in Figure 4-9 pressure were applied to the sodium
chloride solution, osmosis of water into this solution
would be slowed, stopped, or even reversed. The exact
amount of pressure required to stop osmosis is called
the osmotic pressure of the sodium chloride solution.
The principle of a pressure difference opposing
osmosis is demonstrated in Figure 4-10, which shows
a selectively permeable membrane separating two
columns of fluid, one containing pure water and the
other containing a solution of water and any solute
that will not penetrate the membrane. Osmosis of
water from chamber B into chamber A causes the
levels of the fluid columns to become farther and
farther apart, until eventually a pressure difference
develops between the two sides of the membrane great
enough to oppose the osmotic effect. The pressure dif-
ference across the membrane at this point is equal to
the osmotic pressure of the solution that contains the
nondiffusible solute.

Importance of Number of Osmotic Particles (Molar Concentra-
tion) in Determining Osmotic Pressure. The osmotic pres-
sure exerted by particles in a solution, whether they
are molecules or ions, is determined by the number of
particles per unit volume of fluid, not by the mass of
the particles. The reason for this is that each particle
in a solution, regardless of its mass, exerts, on average,
the same amount of pressure against the membrane.
That is, large particles, which have greater mass (m)
than small particles, move at slower velocities (v). The
small particles move at higher velocities in such a way
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Demonstration of osmotic pressure caused by osmosis at a semi-
permeable membrane.

that their average kinetic energies (k), determined by
the equation

are the same for each small particle as for each large
particle. Consequently, the factor that determines the
osmotic pressure of a solution is the concentration of
the solution in terms of number of particles (which is
the same as its molar concentration if it is a nondisso-
ciated molecule), not in terms of mass of the solute.

“Osmolality”—The Osmole. To express the concentration
of a solution in terms of numbers of particles, the unit
called the osmole is used in place of grams.

One osmole is 1 gram molecular weight of osmoti-
cally active solute. Thus, 180 grams of glucose, which
is 1 gram molecular weight of glucose, is equal to 1
osmole of glucose because glucose does not dissociate
into ions. Conversely, if a solute dissociates into two
ions, 1 gram molecular weight of the solute will
become 2 osmoles because the number of osmotically
active particles is now twice as great as is the case for
the nondissociated solute. Therefore, when fully disso-
ciated, 1 gram molecular weight of sodium chloride,
58.5 grams, is equal to 2 osmoles.

Thus, a solution that has I osmole of solute dissolved
in each kilogram of water is said to have an osmolality
of 1 osmole per kilogram, and a solution that has
1/1000 osmole dissolved per kilogram has an osmo-
lality of 1 milliosmole per kilogram. The normal

osmolality of the extracellular and intracellular fluids
is about 300 milliosmoles per kilogram of water.

Relation of Osmolality to Osmotic Pressure. At normal body
temperature, 37°C, a concentration of 1 osmole per
liter will cause 19,300 mm Hg osmotic pressure in the
solution. Likewise, I milliosmole per liter concentra-
tion is equivalent to 19.3 mm Hg osmotic pressure.
Multiplying this value by the 300 milliosmolar con-
centration of the body fluids gives a total calculated
osmotic pressure of the body fluids of 5790 mm Hg.
The measured value for this, however, averages only
about 5500 mm Hg. The reason for this difference is
that many of the ions in the body fluids, such as sodium
and chloride ions, are highly attracted to one another;
consequently, they cannot move entirely unrestrained
in the fluids and create their full osmotic pressure
potential. Therefore, on average, the actual osmotic
pressure of the body fluids is about 0.93 times the cal-
culated value.

The Term “Osmolarity.” Because of the difficulty of meas-
uring kilograms of water in a solution, which is required
to determine osmolality, osmolarity, which is the
osmolar concentration expressed as osmoles per liter of
solution rather than osmoles per kilogram of water, is
used instead. Although, strictly speaking, it is osmoles
per kilogram of water (osmolality) that determines
osmotic pressure, for dilute solutions such as those in
the body, the quantitative differences between osmo-
larity and osmolality are less than 1 per cent. Because it
is far more practical to measure osmolarity than osmo-
lality, this is the usual practice in almost all physiologic
studies.

“Active Transport” of
Substances Through
Membranes

At times, a large concentration of a substance is
required in the intracellular fluid even though the
extracellular fluid contains only a small concentration.
This is true, for instance, for potassium ions. Con-
versely, it is important to keep the concentrations of
other ions very low inside the cell even though their
concentrations in the extracellular fluid are great. This
is especially true for sodium ions. Neither of these two
effects could occur by simple diffusion, because simple
diffusion eventually equilibrates concentrations on the
two sides of the membrane. Instead, some energy
source must cause excess movement of potassium ions
to the inside of cells and excess movement of sodium
ions to the outside of cells. When a cell membrane
moves molecules or ions “uphill” against a concentra-
tion gradient (or “uphill” against an electrical or pres-
sure gradient), the process is called active transport.

Different substances that are actively transported
through at least some cell membranes include sodium
ions, potassium ions, calcium ions, iron ions, hydrogen
ions, chloride ions, iodide ions, urate ions, several dif-
ferent sugars, and most of the amino acids.
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Primary Active Transport and Secondary Active Transport.
Active transport is divided into two types according to
the source of the energy used to cause the transport:
primary active transport and secondary active trans-
port. In primary active transport, the energy is derived
directly from breakdown of adenosine triphosphate
(ATP) or of some other high-energy phosphate com-
pound. In secondary active transport, the energy is
derived secondarily from energy that has been stored
in the form of ionic concentration differences of
secondary molecular or ionic substances between the
two sides of a cell membrane, created originally by
primary active transport. In both instances, transport
depends on carrier proteins that penetrate through the
cell membrane, as is true for facilitated diffusion.
However, in active transport, the carrier protein func-
tions differently from the carrier in facilitated diffu-
sion because it is capable of imparting energy to the
transported substance to move it against the electro-
chemical gradient. Following are some examples
of primary active transport and secondary active
transport, with more detailed explanations of their
principles of function.

Primary Active Transport

Sodium-Potassium Pump

Among the substances that are transported by primary
active transport are sodium, potassium, calcium,
hydrogen, chloride, and a few other ions.

The active transport mechanism that has been
studied in greatest detail is the sodium-potassium
(Na*-K*) pump, a transport process that pumps
sodium ions outward through the cell membrane of all
cells and at the same time pumps potassium ions from
the outside to the inside. This pump is responsible for
maintaining the sodium and potassium concentration
differences across the cell membrane, as well as for
establishing a negative electrical voltage inside the
cells. Indeed, Chapter 5 shows that this pump is also
the basis of nerve function, transmitting nerve signals
throughout the nervous system.

Figure 4-11 shows the basic physical components of
the Na*-K* pump. The carrier protein is a complex of
two separate globular proteins: a larger one called the
o subunit, with a molecular weight of about 100,000,
and a smaller one called the B subunit, with a molec-
ular weight of about 55,000. Although the function of
the smaller protein is not known (except that it might
anchor the protein complex in the lipid membrane),
the larger protein has three specific features that are
important for the functioning of the pump:

1. It has three receptor sites for binding sodium ions

on the portion of the protein that protrudes to the
inside of the cell.

2. It has two receptor sites for potassium ions on the

outside.

3. The inside portion of this protein near the sodium

binding sites has ATPase activity.

To put the pump into perspective: When two potas-
sium ions bind on the outside of the carrier protein
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Postulated mechanism of the sodium-potassium pump. ADP,
adenosine diphosphate; ATP, adenosine triphosphate; Pi,
phosphate ion.

and three sodium ions bind on the inside, the ATPase
function of the protein becomes activated. This then
cleaves one molecule of ATP, splitting it to adenosine
diphosphate (ADP) and liberating a high-energy
phosphate bond of energy. This liberated energy is
then believed to cause a chemical and conformational
change in the protein carrier molecule, extruding the
three sodium ions to the outside and the two potas-
sium ions to the inside.

As with other enzymes, the Na*-K* ATPase pump
can run in reverse. If the electrochemical gradients for
Na* and K* are experimentally increased enough so
that the energy stored in their gradients is greater than
the chemical energy of ATP hydrolysis, these ions will
move down their concentration gradients and the Na*-
K" pump will synthesize ATP from ADP and phos-
phate. The phosphorylated form of the Na*-K* pump,
therefore, can either donate its phosphate to ADP to
produce ATP or use the energy to change its confor-
mation and pump Na* out of the cell and K* into the
cell. The relative concentrations of ATP, ADP, and
phosphate, as well as the electrochemical gradients for
Na*® and K", determine the direction of the enzyme
reaction. For some cells, such as electrically active
nerve cells, 60 to 70 per cent of the cells’ energy
requirement may be devoted to pumping Na* out of
the cell and K* into the cell.

Importance of the Na*-K* Pump for Controlling Cell Volume.
One of the most important functions of the Na*-K*
pump is to control the volume of each cell. Without
function of this pump, most cells of the body would
swell until they burst. The mechanism for controlling
the volume is as follows: Inside the cell are large
numbers of proteins and other organic molecules that
cannot escape from the cell. Most of these are nega-
tively charged and therefore attract large numbers of
potassium, sodium, and other positive ions as well. All
these molecules and ions then cause osmosis of water
to the interior of the cell. Unless this is checked, the
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cell will swell indefinitely until it bursts. The normal
mechanism for preventing this is the Na*-K* pump.
Note again that this device pumps three Na* ions to
the outside of the cell for every two K* ions pumped
to the interior. Also, the membrane is far less perme-
able to sodium ions than to potassium ions, so that
once the sodium ions are on the outside, they have a
strong tendency to stay there. Thus, this represents a
net loss of ions out of the cell, which initiates osmosis
of water out of the cell as well.

If a cell begins to swell for any reason, this auto-
matically activates the Na*-K* pump, moving still more
ions to the exterior and carrying water with them.
Therefore, the Na*-K* pump performs a continual sur-
veillance role in maintaining normal cell volume.

Electrogenic Nature of the Na*-K* Pump. The fact that the
Na*-K* pump moves three Na* ions to the exterior for
every two K* ions to the interior means that a net of one
positive charge is moved from the interior of the cell to
the exterior for each cycle of the pump. This creates pos-
itivity outside the cell but leaves a deficit of positive ions
inside the cell; that is, it causes negativity on the inside.
Therefore, the Na*-K* pump is said to be electrogenic
because it creates an electrical potential across the cell
membrane. As discussed in Chapter 5, this electrical
potential is a basic requirement in nerve and muscle
fibers for transmitting nerve and muscle signals.

Primary Active Transport of Calcium lons
Another important primary active transport mecha-
nism is the calcium pump. Calcium ions are normally
maintained at extremely low concentration in the
intracellular cytosol of virtually all cells in the body, at
a concentration about 10,000 times less than that in the
extracellular fluid. This is achieved mainly by two
primary active transport calcium pumps. One is in the
cell membrane and pumps calcium to the outside of
the cell. The other pumps calcium ions into one or
more of the intracellular vesicular organelles of the
cell, such as the sarcoplasmic reticulum of muscle cells
and the mitochondria in all cells. In each of these
instances, the carrier protein penetrates the membrane
and functions as an enzyme ATPase, having the same
capability to cleave ATP as the ATPase of the sodium
carrier protein. The difference is that this protein has
a highly specific binding site for calcium instead of for
sodium.

Primary Active Transport of Hydrogen lons

At two places in the body, primary active transport of
hydrogen ions is very important: (1) in the gastric
glands of the stomach, and (2) in the late distal tubules
and cortical collecting ducts of the kidneys.

In the gastric glands, the deep-lying parietal cells
have the most potent primary active mechanism for
transporting hydrogen ions of any part of the body.
This is the basis for secreting hydrochloric acid in the
stomach digestive secretions. At the secretory ends of
the gastric gland parietal cells, the hydrogen ion con-
centration is increased as much as a millionfold and
then released into the stomach along with chloride
ions to form hydrochloric acid.

In the renal tubules are special intercalated cells in
the late distal tubules and cortical collecting ducts that
also transport hydrogen ions by primary active trans-
port. In this case, large amounts of hydrogen ions are
secreted from the blood into the urine for the purpose
of eliminating excess hydrogen ions from the body
fluids. The hydrogen ions can be secreted into the
urine against a concentration gradient of about
900-fold.

Energetics of Primary Active Transport

The amount of energy required to transport a sub-
stance actively through a membrane is determined by
how much the substance is concentrated during trans-
port. Compared with the energy required to concen-
trate a substance 10-fold, to concentrate it 100-fold
requires twice as much energy, and to concentrate
it 1000-fold requires three times as much energy.
In other words, the energy required is proportional
to the logarithm of the degree that the substance
is concentrated, as expressed by the following
formula:

Energy (in calories per osmole) = 1400 log %

2

Thus, in terms of calories, the amount of energy
required to concentrate 1 osmole of substance 10-fold
is about 1400 calories; or to concentrate it 100-fold,
2800 calories. One can see that the energy expenditure
for concentrating substances in cells or for removing
substances from cells against a concentration gradient
can be tremendous. Some cells, such as those lining the
renal tubules and many glandular cells, expend as
much as 90 per cent of their energy for this purpose
alone.

Secondary Active Transport—
Co-Transport and Counter-Transport

When sodium ions are transported out of cells by
primary active transport, a large concentration gradi-
ent of sodium ions across the cell membrane usually
develops—high concentration outside the cell and
very low concentration inside. This gradient represents
a storehouse of energy because the excess sodium
outside the cell membrane is always attempting to
diffuse to the interior. Under appropriate conditions,
this diffusion energy of sodium can pull other sub-
stances along with the sodium through the cell mem-
brane. This phenomenon is called co-transport; it is one
form of secondary active transport.

For sodium to pull another substance along with it,
a coupling mechanism is required. This is achieved by
means of still another carrier protein in the cell mem-
brane. The carrier in this instance serves as an attach-
ment point for both the sodium ion and the substance
to be co-transported. Once they both are attached, the
energy gradient of the sodium ion causes both the
sodium ion and the other substance to be transported
together to the interior of the cell.
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In counter-transport, sodium ions again attempt to
diffuse to the interior of the cell because of their large
concentration gradient. However, this time, the sub-
stance to be transported is on the inside of the cell and
must be transported to the outside. Therefore, the
sodium ion binds to the carrier protein where it pro-
jects to the exterior surface of the membrane, while
the substance to be counter-transported binds to the
interior projection of the carrier protein. Once both
have bound, a conformational change occurs, and
energy released by the sodium ion moving to the
interior causes the other substance to move to the
exterior.

Co-Transport of Glucose and Amino Acids
Along with Sodium lons

Glucose and many amino acids are transported into
most cells against large concentration gradients; the
mechanism of this is entirely by co-transport, as shown
in Figure 4-12. Note that the transport carrier protein
has two binding sites on its exterior side, one for
sodium and one for glucose. Also, the concentration of
sodium ions is very high on the outside and very low
inside, which provides energy for the transport. A
special property of the transport protein is that a con-
formational change to allow sodium movement to the
interior will not occur until a glucose molecule also
attaches. When they both become attached, the con-
formational change takes place automatically, and the
sodium and glucose are transported to the inside of the
cell at the same time. Hence, this is a sodium-glucose
co-transport mechanism.

Sodium co-transport of the amino acids occurs in the
same manner as for glucose, except that it uses a dif-
ferent set of transport proteins. Five amino acid trans-
port proteins have been identified, each of which is
responsible for transporting one subset of amino acids
with specific molecular characteristics.

Sodium co-transport of glucose and amino acids
occurs especially through the epithelial cells of the
intestinal tract and the renal tubules of the kidneys to
promote absorption of these substances into the
blood, as is discussed in later chapters.

Na* Glucose

Na-binding ¢ Glucose-binding
sﬂe\ /site
X

Na* Glucose
Figure 4-12

Postulated mechanism for sodium co-transport of glucose.
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Other important co-transport mechanisms in at
least some cells include co-transport of chloride ions,
iodine ions, iron ions, and urate ions.

Sodium Counter-Transport of Calcium and
Hydrogen lons

Two especially important counter-transport mecha-
nisms (transport in a direction opposite to the primary
ion) are sodium-calcium counter-transport and
sodium-hydrogen counter-transport.

Sodium-calcium counter-transport occurs through
all or almost all cell membranes, with sodium ions
moving to the interior and calcium ions to the exterior,
both bound to the same transport protein in a counter-
transport mode. This is in addition to primary active
transport of calcium that occurs in some cells.

Sodium-hydrogen counter-transport occurs in
several tissues. An especially important example is in
the proximal tubules of the kidneys, where sodium ions
move from the lumen of the tubule to the interior
of the tubular cell, while hydrogen ions are counter-
transported into the tubule lumen. As a mechanism for
concentrating hydrogen ions, counter-transport is not
nearly as powerful as the primary active transport of
hydrogen ions that occurs in the more distal renal
tubules, but it can transport extremely large numbers
of hydrogen ions, thus making it a key to hydrogen
ion control in the body fluids, as discussed in detail in
Chapter 30.

Active Transport Through
Cellular Sheets

At many places in the body, substances must be trans-
ported all the way through a cellular sheet instead of
simply through the cell membrane. Transport of this
type occurs through the (1) intestinal epithelium, (2)
epithelium of the renal tubules, (3) epithelium of all
exocrine glands, (4) epithelium of the gallbladder, and
(5) membrane of the choroid plexus of the brain and
other membranes.

The basic mechanism for transport of a substance
through a cellular sheet is (1) active transport through
the cell membrane on one side of the transporting cells
in the sheet, and then (2) either simple diffusion or
facilitated diffusion through the membrane on the
opposite side of the cell.

Figure 4-13 shows a mechanism for transport
of sodium ions through the epithelial sheet of the
intestines, gallbladder, and renal tubules. This figure
shows that the epithelial cells are connected together
tightly at the luminal pole by means of junctions called
“kisses.” The brush border on the luminal surfaces of
the cells is permeable to both sodium ions and water.
Therefore, sodium and water diffuse readily from the
lumen into the interior of the cell. Then, at the basal
and lateral membranes of the cells, sodium ions are
actively transported into the extracellular fluid of
the surrounding connective tissue and blood vessels.
This creates a high sodium ion concentration gradient
across these membranes, which in turn causes osmosis
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Basic mechanism of active transport across a layer of cells.

of water as well. Thus, active transport of sodium ions
at the basolateral sides of the epithelial cells results in
transport not only of sodium ions but also of water.

These are the mechanisms by which almost all the
nutrients, ions, and other substances are absorbed into
the blood from the intestine; they are also the way the
same substances are reabsorbed from the glomerular
filtrate by the renal tubules.

Throughout this text are numerous examples of the
different types of transport discussed in this chapter.

Membrane Physiology, Nerve, and Muscle
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C H A P T E R 5

Membrane Potentials and
Action Potentials

Electrical potentials exist across the membranes of
virtually all cells of the body. In addition, some cells,
such as nerve and muscle cells, are capable of gen-
erating rapidly changing electrochemical impulses
at their membranes, and these impulses are used to
transmit signals along the nerve or muscle mem-
branes. In still other types of cells, such as glandular
cells, macrophages, and ciliated cells, local changes
in membrane potentials also activate many of the cells’ functions. The present
discussion is concerned with membrane potentials generated both at rest and
during action by nerve and muscle cells.

Basic Physics of Membrane Potentials

Membrane Potentials Caused by Diffusion

“Diffusion Potential” Caused by an lon Concentration Difference on the Two Sides of the
Membrane. In Figure 5-1A, the potassium concentration is great inside a nerve
fiber membrane but very low outside the membrane. Let us assume that the
membrane in this instance is permeable to the potassium ions but not to any
other ions. Because of the large potassium concentration gradient from inside
toward outside, there is a strong tendency for extra numbers of potassium ions
to diffuse outward through the membrane. As they do so, they carry positive
electrical charges to the outside, thus creating electropositivity outside the
membrane and electronegativity inside because of negative anions that remain
behind and do not diffuse outward with the potassium. Within a millisecond or
so, the potential difference between the inside and outside, called the diffusion
potential, becomes great enough to block further net potassium diffusion to the
exterior, despite the high potassium ion concentration gradient. In the normal
mammalian nerve fiber, the potential difference required is about 94 millivolts,
with negativity inside the fiber membrane.

Figure 5-1B shows the same phenomenon as in Figure 5-1A4, but this time
with high concentration of sodium ions outside the membrane and low sodium
inside. These ions are also positively charged. This time, the membrane is highly
permeable to the sodium ions but impermeable to all other ions. Diffusion of
the positively charged sodium ions to the inside creates a membrane potential
of opposite polarity to that in Figure 5-1A, with negativity outside and positiv-
ity inside. Again, the membrane potential rises high enough within milliseconds
to block further net diffusion of sodium ions to the inside; however, this time,
in the mammalian nerve fiber, the potential is about 61 millivolts positive inside
the fiber.

Thus, in both parts of Figure 5-1, we see that a concentration difference of
ions across a selectively permeable membrane can, under appropriate condi-
tions, create a membrane potential. In later sections of this chapter, we show
that many of the rapid changes in membrane potentials observed during nerve
and muscle impulse transmission result from the occurrence of such rapidly
changing diffusion potentials.

57
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A, Establishment of a “diffusion” potential across a nerve fiber
membrane, caused by diffusion of potassium ions from inside the
cell to outside through a membrane that is selectively permeable
only to potassium. B, Establishment of a “diffusion potential” when
the nerve fiber membrane is permeable only to sodium ions. Note
that the internal membrane potential is negative when potassium
ions diffuse and positive when sodium ions diffuse because of
opposite concentration gradients of these two ions.

Relation of the Diffusion Potential to the Concentration Differ-
ence—The Nernst Potential. The diffusion potential level
across a membrane that exactly opposes the net diffu-
sion of a particular ion through the membrane is called
the Nernst potential for that ion, a term that was intro-
duced in Chapter 4. The magnitude of this Nernst
potential is determined by the ratio of the concentra-
tions of that specific ion on the two sides of the mem-
brane. The greater this ratio, the greater the tendency
for the ion to diffuse in one direction, and therefore
the greater the Nernst potential required to prevent
additional net diffusion. The following equation, called
the Nernst equation, can be used to calculate the
Nernst potential for any univalent ion at normal body
temperature of 98.6°F (37°C):

Concentration inside

- -
EMF (millivolts) =+ 61 log Concentration outside
where EMF is electromotive force.

When using this formula, it is usually assumed that
the potential in the extracellular fluid outside the
membrane remains at zero potential, and the Nernst
potential is the potential inside the membrane. Also,
the sign of the potential is positive (+) if the ion dif-
fusing from inside to outside is a negative ion, and it
is negative (-) if the ion is positive. Thus, when the con-
centration of positive potassium ions on the inside is
10 times that on the outside, the log of 10 is 1, so that
the Nernst potential calculates to be —61 millivolts
inside the membrane.

Calculation of the Diffusion Potential

When the Membrane Is Permeable to

Several Different lons

When a membrane is permeable to several different
ions, the diffusion potential that develops depends on

three factors: (1) the polarity of the electrical charge
of each ion, (2) the permeability of the membrane (P)
to each ion, and (3) the concentrations (C) of the
respective ions on the inside (i) and outside (o) of
the membrane. Thus, the following formula, called the
Goldman equation, or the Goldman-Hodgkin-Katz
equation, gives the calculated membrane potential on
the inside of the membrane when two univalent posi-
tive ions, sodium (Na*) and potassium (K*), and one
univalent negative ion, chloride (CI"), are involved.

EMF (millivolts)
Crat Puar +Cy Byr +C - P

Cl ™ CI”

CWOPNa+ +CK_DPK+ +CCD o

=-61-log

Let us study the importance and the meaning of this
equation. First, sodium, potassium, and chloride ions
are the most important ions involved in the develop-
ment of membrane potentials in nerve and muscle
fibers, as well as in the neuronal cells in the nervous
system. The concentration gradient of each of these
ions across the membrane helps determine the voltage
of the membrane potential.

Second, the degree of importance of each of the ions
in determining the voltage is proportional to the mem-
brane permeability for that particular ion. That is, if the
membrane has zero permeability to both potassium
and chloride ions, the membrane potential becomes
entirely dominated by the concentration gradient of
sodium ions alone, and the resulting potential will be
equal to the Nernst potential for sodium. The same
holds for each of the other two ions if the membrane
should become selectively permeable for either one of
them alone.

Third, a positive ion concentration gradient from
inside the membrane to the outside causes electroneg-
ativity inside the membrane. The reason for this is that
excess positive ions diffuse to the outside when their
concentration is higher inside than outside. This carries
positive charges to the outside but leaves the nondif-
fusible negative anions on the inside, thus creating
electronegativity on the inside. The opposite effect
occurs when there is a gradient for a negative ion. That
is, a chloride ion gradient from the outside to the inside
causes negativity inside the cell because excess nega-
tively charged chloride ions diffuse to the inside, while
leaving the nondiffusible positive ions on the outside.

Fourth, as explained later, the permeability of the
sodium and potassium channels undergoes rapid
changes during transmission of a nerve impulse,
whereas the permeability of the chloride channels
does not change greatly during this process. Therefore,
rapid changes in sodium and potassium permeability
are primarily responsible for signal transmission in
nerves, which is the subject of most of the remainder
of this chapter.

Measuring the Membrane
Potential

The method for measuring the membrane potential is
simple in theory but often difficult in practice because
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Measurement of the membrane potential of the nerve fiber using
a microelectrode.

of the small size of most of the fibers. Figure 5-2 shows
a small pipette filled with an electrolyte solution. The
pipette is impaled through the cell membrane to
the interior of the fiber. Then another electrode, called
the “indifferent electrode,” is placed in the extracellular
fluid, and the potential difference between the inside
and outside of the fiber is measured using an appropri-
ate voltmeter. This voltmeter is a highly sophisticated
electronic apparatus that is capable of measuring very
small voltages despite extremely high resistance to elec-
trical flow through the tip of the micropipette, which
has a lumen diameter usually less than 1 micrometer
and a resistance more than a million ohms. For record-
ing rapid changes in the membrane potential during
transmission of nerve impulses, the microelectrode is
connected to an oscilloscope, as explained later in the
chapter.

The lower part of Figure 5-3 shows the electrical
potential that is measured at each point in or near the
nerve fiber membrane, beginning at the left side of the
figure and passing to the right. As long as the electrode
is outside the nerve membrane, the recorded potential
is zero, which is the potential of the extracellular fluid.
Then, as the recording electrode passes through the
voltage change area at the cell membrane (called the
electrical dipole layer), the potential decreases abruptly
to —90 millivolts. Moving across the center of the fiber,
the potential remains at a steady —90-millivolt level but
reverses back to zero the instant it passes through the
membrane on the opposite side of the fiber.

To create a negative potential inside the membrane,
only enough positive ions to develop the electrical
dipole layer at the membrane itself must be transported
outward. All the remaining ions inside the nerve fiber
can be both positive and negative, as shown in the upper
panel of Figure 5-3. Therefore, an incredibly small
number of ions needs to be transferred through the
membrane to establish the normal “resting potential” of
—90 millivolts inside the nerve fiber; this means that only
about 1/3,000,000 to 1/100,000,000 of the total positive
charges inside the fiber needs to be transferred. Also, an
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Figure 5-3

Distribution of positively and negatively charged ions in the extra-
cellular fluid surrounding a nerve fiber and in the fluid inside the
fiber; note the alignment of negative charges along the inside
surface of the membrane and positive charges along the outside
surface. The lower panel displays the abrupt changes in mem-
brane potential that occur at the membranes on the two sides of
the fiber.

equally small number of positive ions moving from
outside to inside the fiber can reverse the potential from
—90 millivolts to as much as +35 millivolts within as little
as 1/10,000 of a second. Rapid shifting of ions in this
manner causes the nerve signals discussed in subse-
quent sections of this chapter.

Resting Membrane Potential
of Nerves

The resting membrane potential of large nerve fibers
when not transmitting nerve signals is about —90
millivolts. That is, the potential inside the fiber is 90
millivolts more negative than the potential in the extra-
cellular fluid on the outside of the fiber. In the next few
paragraphs, we explain all the factors that determine
the level of this resting potential, but before doing so,
we must describe the transport properties of the resting
nerve membrane for sodium and potassium.

Active Transport of Sodium and Potassium lons Through the
Membrane—The Sodium-Potassium (Na*-K*) Pump. First, let
us recall from Chapter 4 that all cell membranes of the
body have a powerful Na*-K* that continually pumps
sodium ions to the outside of the cell and potassium
ions to the inside, as illustrated on the left-hand side in
Figure 5-4. Further, note that this is an electrogenic
pump because more positive charges are pumped to
the outside than to the inside (three Na* ions to the
outside for each two K* ions to the inside), leaving a
net deficit of positive ions on the inside; this causes a
negative potential inside the cell membrane.
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Functional characteristics of the Na*-K* pump and of the K*-Na*
“leak” channels. ADP, adenosine diphosphate; ATP, adenosine
triphosphate.

The Na*-K" also causes large concentration gradi-
ents for sodium and potassium across the resting nerve
membrane. These gradients are the following:

Na* (outside): 142 mEq/L

Na* (inside): 14 mEq/L
K* (outside): 4 mEq/L
K* (inside): 140 mEq/L

The ratios of these two respective ions from the inside
to the outside are

Na+insidc/Na+outsidc = 0 1
K+inside/K+outside = 350

Leakage of Potassium and Sodium Through the Nerve Mem-
brane. The right side of Figure 5-4 shows a channel
protein in the nerve membrane through which potas-
sium and sodium ions can leak, called a potassium-
sodium (K*-Na*) “leak” channel. The emphasis is on
potassium leakage because, on average, the channels
are far more permeable to potassium than to sodium,
normally about 100 times as permeable. As discussed
later, this differential in permeability is exceedingly
important in determining the level of the normal
resting membrane potential.

Origin of the Normal Resting
Membrane Potential

Figure 5-5 shows the important factors in the estab-
lishment of the normal resting membrane potential of
—90 millivolts. They are as follows.

Contribution of the Potassium Diffusion Potential. In Figure
5-5A, we make the assumption that the only move-
ment of ions through the membrane is diffusion of
potassium ions, as demonstrated by the open channels
between the potassium symbols (K*) inside and
outside the membrane. Because of the high ratio of
potassium ions inside to outside, 35:1, the Nernst
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Establishment of resting membrane potentials in nerve fibers
under three conditions: A, when the membrane potential is caused
entirely by potassium diffusion alone; B, when the membrane
potential is caused by diffusion of both sodium and potassium
ions; and C, when the membrane potential is caused by diffusion
of both sodium and potassium ions plus pumping of both these
ions by the Na*-K* pump.

potential corresponding to this ratio is —94 millivolts
because the logarithm of 35 is 1.54, and this times —61
millivolts is —94 millivolts. Therefore, if potassium ions
were the only factor causing the resting potential, the
resting potential inside the fiber would be equal to -94
millivolts, as shown in the figure.

Contribution of Sodium Diffusion Through the Nerve Membrane.
Figure 5-5B shows the addition of slight permeability
of the nerve membrane to sodium ions, caused by the
minute diffusion of sodium ions through the K*-Na*
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leak channels. The ratio of sodium ions from inside to
outside the membrane is 0.1, and this gives a calculated
Nernst potential for the inside of the membrane of
+61 millivolts. But also shown in Figure 5-5B is the
Nernst potential for potassium diffusion of —94 milli-
volts. How do these interact with each other, and what
will be the summated potential? This can be answered
by using the Goldman equation described previously.
Intuitively, one can see that if the membrane is highly
permeable to potassium but only slightly permeable to
sodium, it is logical that the diffusion of potassium con-
tributes far more to the membrane potential than does
the diffusion of sodium. In the normal nerve fiber, the
permeability of the membrane to potassium is about
100 times as great as its permeability to sodium. Using
this value in the Goldman equation gives a potential
inside the membrane of —86 millivolts, which is near
the potassium potential shown in the figure.

Contribution of the Na*-K* Pump. In Figure 5-5C, the
Na*-K* pump is shown to provide an additional con-
tribution to the resting potential. In this figure, there
is continuous pumping of three sodium ions to the
outside for each two potassium ions pumped to the
inside of the membrane. The fact that more sodium
ions are being pumped to the outside than potassium
to the inside causes continual loss of positive charges
from inside the membrane; this creates an additional
degree of negativity (about —4 millivolts additional) on
the inside beyond that which can be accounted for by
diffusion alone. Therefore, as shown in Figure 5-5C,
the net membrane potential with all these factors
operative at the same time is about —90 millivolts.

In summary, the diffusion potentials alone caused by
potassium and sodium diffusion would give a mem-
brane potential of about —86 millivolts, almost all of
this being determined by potassium diffusion. Then, an
additional —4 millivolts is contributed to the mem-
brane potential by the continuously acting electro-
genic Na*™-K* pump, giving a net membrane potential
of —90 millivolts.

Nerve Action Potential

Nerve signals are transmitted by action potentials,
which are rapid changes in the membrane potential
that spread rapidly along the nerve fiber membrane.
Each action potential begins with a sudden change
from the normal resting negative membrane potential
to a positive potential and then ends with an almost
equally rapid change back to the negative potential.
To conduct a nerve signal, the action potential moves
along the nerve fiber until it comes to the fiber’s
end.

The upper panel of Figure 5-6 shows the changes
that occur at the membrane during the action poten-
tial, with transfer of positive charges to the interior of
the fiber at its onset and return of positive charges to
the exterior at its end. The lower panel shows graphi-
cally the successive changes in membrane potential
over a few 10,000ths of a second, illustrating the

0

I
\\\\ I///

S 2
Silver—silver
chloride

++4++ == electrode
T ++++44, T
R
FH++ ——== T+

Millivolts

Resting

T T T T T T 1
0 0.1 0.2 0304 05 0.6 0.7
Milliseconds

Figure 5-6

Typical action potential recorded by the method shown in the
upper panel of the figure.

explosive onset of the action potential and the
almost equally rapid recovery.

The successive stages of the action potential are as
follows.

Resting Stage. This is the resting membrane potential
before the action potential begins. The membrane is
said to be “polarized” during this stage because of the
-90 millivolts negative membrane potential that is
present.

Depolarization Stage. At this time, the membrane sud-
denly becomes very permeable to sodium ions, allow-
ing tremendous numbers of positively charged sodium
ions to diffuse to the interior of the axon. The normal
“polarized” state of —90 millivolts is immediately neu-
tralized by the inflowing positively charged sodium
ions, with the potential rising rapidly in the positive
direction. This is called depolarization. In large nerve
fibers, the great excess of positive sodium ions moving
to the inside causes the membrane potential to actu-
ally “overshoot” beyond the zero level and to become
somewhat positive. In some smaller fibers, as well as in
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many central nervous system neurons, the potential
merely approaches the zero level and does not over-
shoot to the positive state.

Repolarization Stage. Within a few 10,000ths of a second
after the membrane becomes highly permeable to
sodium ions, the sodium channels begin to close and
the potassium channels open more than normal.
Then, rapid diffusion of potassium ions to the exterior
re-establishes the normal negative resting mem-
brane potential. This is called repolarization of the
membrane.

To explain more fully the factors that cause both
depolarization and repolarization, we need to describe
the special characteristics of two other types of trans-
port channels through the nerve membrane: the
voltage-gated sodium and potassium channels.

Voltage-Gated Sodium and
Potassium Channels

The necessary actor in causing both depolarization
and repolarization of the nerve membrane during the
action potential is the voltage-gated sodium channel. A
voltage-gated potassium channel also plays an impor-
tant role in increasing the rapidity of repolarization of
the membrane. These two voltage-gated channels are
in addition to the Na*-K* pump and the K*-Na* leak
channels.

Voltage-Gated Sodium Channel—Activation
and Inactivation of the Channel

The upper panel of Figure 5-7 shows the voltage-gated
sodium channel in three separate states. This channel
has two gates—one near the outside of the channel
called the activation gate, and another near the inside
called the inactivation gate. The upper left of the figure
depicts the state of these two gates in the normal
resting membrane when the membrane potential is
—90 millivolts. In this state, the activation gate is closed,
which prevents any entry of sodium ions to the inte-
rior of the fiber through these sodium channels.

Activation of the Sodium Channel. When the membrane
potential becomes less negative than during the
resting state, rising from —90 millivolts toward zero, it
finally reaches a voltage—usually somewhere between
—70 and -50 millivolts—that causes a sudden confor-
mational change in the activation gate, flipping it all
the way to the open position. This is called the acti-
vated state; during this state, sodium ions can pour
inward through the channel, increasing the sodium
permeability of the membrane as much as 500- to
5000-fold.

Inactivation of the Sodium Channel. The upper right panel
of Figure 5-7 shows a third state of the sodium
channel. The same increase in voltage that opens the
activation gate also closes the inactivation gate. The
inactivation gate, however, closes a few 10,000ths of
a second after the activation gate opens. That is, the

Activation
gate Na* Na* Na*

%

Inactivation
gate
Resting Activated Inactivated
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Figure 5-7

Characteristics of the voltage-gated sodium (top) and potassium
(bottom) channels, showing successive activation and inactiva-
tion of the sodium channels and delayed activation of the potas-
sium channels when the membrane potential is changed from the
normal resting negative value to a positive value.

conformational change that flips the inactivation gate
to the closed state is a slower process than the con-
formational change that opens the activation gate.
Therefore, after the sodium channel has remained
open for a few 10,000ths of a second, the inactivation
gate closes, and sodium ions no longer can pour to the
inside of the membrane. At this point, the membrane
potential begins to recover back toward the resting
membrane state, which is the repolarization process.

Another important characteristic of the sodium
channel inactivation process is that the inactivation
gate will not reopen until the membrane potential
returns to or near the original resting membrane
potential level. Therefore, it usually is not possible for
the sodium channels to open again without the nerve
fiber’s first repolarizing.

Voltage-Gated Potassium Channel and

Its Activation

The lower panel of Figure 5-7 shows the voltage-gated
potassium channel in two states: during the resting
state (left) and toward the end of the action potential
(right). During the resting state, the gate of the potas-
sium channel is closed, and potassium ions are pre-
vented from passing through this channel to the
exterior. When the membrane potential rises from
-90 millivolts toward zero, this voltage change causes
a conformational opening of the gate and allows
increased potassium diffusion outward through the
channel. However, because of the slight delay in
opening of the potassium channels, for the most part,
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they open just at the same time that the sodium chan-
nels are beginning to close because of inactivation.
Thus, the decrease in sodium entry to the cell and the
simultaneous increase in potassium exit from the cell
combine to speed the repolarization process, leading
to full recovery of the resting membrane potential
within another few 10,000ths of a second.

Research Method for Measuring the Effect of Voltage on Opening
and Closing of the Voltage-Gated Channels—The “Voltage
Clamp.” The original research that led to quantitative
understanding of the sodium and potassium channels
was so ingenious that it led to Nobel Prizes for the sci-
entists responsible, Hodgkin and Huxley. The essence of
these studies is shown in Figures 5-8 and 5-9.
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“Voltage clamp” method for studying flow of ions through specific
channels.
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Typical changes in conductance of sodium and potassium ion
channels when the membrane potential is suddenly increased
from the normal resting value of —-90 millivolts to a positive value
of +10 millivolts for 2 milliseconds. This figure shows that the
sodium channels open (activate) and then close (inactivate)
before the end of the 2 milliseconds, whereas the potassium chan-
nels only open (activate), and the rate of opening is much slower
than that of the sodium channels.

Figure 5-8 shows an experimental apparatus called a
voltage clamp, which is used to measure flow of ions
through the different channels. In using this apparatus,
two electrodes are inserted into the nerve fiber. One of
these is to measure the voltage of the membrane poten-
tial, and the other is to conduct electrical current into
or out of the nerve fiber. This apparatus is used in the
following way: The investigator decides which voltage
he or she wants to establish inside the nerve fiber. The
electronic portion of the apparatus is then adjusted to
the desired voltage, and this automatically injects either
positive or negative electricity through the current elec-
trode at whatever rate is required to hold the voltage,
as measured by the voltage electrode, at the level set by
the operator. When the membrane potential is suddenly
increased by this voltage clamp from —90 millivolts to
zero, the voltage-gated sodium and potassium channels
open, and sodium and potassium ions begin to pour
through the channels. To counterbalance the effect of
these ion movements on the desired setting of the intra-
cellular voltage, electrical current is injected automati-
cally through the current electrode of the voltage clamp
to maintain the intracellular voltage at the required
steady zero level. To achieve this, the current injected
must be equal to but of opposite polarity to the net
current flow through the membrane channels. To
measure how much current flow is occurring at each
instant, the current electrode is connected to an oscillo-
scope that records the current flow, as demonstrated on
the screen of the oscilloscope in Figure 5-8. Finally, the
investigator adjusts the concentrations of the ions to
other than normal levels both inside and outside the
nerve fiber and repeats the study. This can be done
easily when using large nerve fibers removed from some
crustaceans, especially the giant squid axon, which in
some cases is as large as 1 millimeter in diameter. When
sodium is the only permeant ion in the solutions inside
and outside the squid axon, the voltage clamp measures
current flow only through the sodium channels. When
potassium is the only permeant ion, current flow only
through the potassium channels is measured.

Another means for studying the flow of ions through
an individual type of channel is to block one type of
channel at a time. For instance, the sodium channels can
be blocked by a toxin called fetrodotoxin by applying it
to the outside of the cell membrane where the sodium
activation gates are located. Conversely, tetraethylam-
monium ion blocks the potassium channels when it is
applied to the interior of the nerve fiber.

Figure 5-9 shows typical changes in conductance of
the voltage-gated sodium and potassium channels when
the membrane potential is suddenly changed by use of
the voltage clamp from —90 millivolts to +10 millivolts
and then, 2 milliseconds later, back to —90 millivolts.
Note the sudden opening of the sodium channels (the
activation stage) within a small fraction of a millisecond
after the membrane potential is increased to the posi-
tive value. However, during the next millisecond or so,
the sodium channels automatically close (the inactiva-
tion stage).

Note the opening (activation) of the potassium chan-
nels. These open slowly and reach their full open state
only after the sodium channels have almost completely
closed. Further, once the potassium channels open, they
remain open for the entire duration of the positive
membrane potential and do not close again until after
the membrane potential is decreased back to a negative
value.
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Summary of the Events That Cause
the Action Potential

Figure 5-10 shows in summary form the sequential
events that occur during and shortly after the action
potential. The bottom of the figure shows the changes
in membrane conductance for sodium and potassium
ions. During the resting state, before the action
potential begins, the conductance for potassium ions is
50 to 100 times as great as the conductance for sodium
ions. This is caused by much greater leakage of potas-
sium ions than sodium ions through the leak channels.
However, at the onset of the action potential, the
sodium channels instantaneously become activated
and allow up to a 5000-fold increase in sodium con-
ductance. Then the inactivation process closes the
sodium channels within another fraction of a millisec-
ond. The onset of the action potential also causes
voltage gating of the potassium channels, causing them
to begin opening more slowly a fraction of a millisec-
ond after the sodium channels open. At the end of the
action potential, the return of the membrane potential
to the negative state causes the potassium channels to
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Changes in sodium and potassium conductance during the
course of the action potential. Sodium conductance increases
several thousand-fold during the early stages of the action poten-
tial, whereas potassium conductance increases only about 30-fold
during the latter stages of the action potential and for a short
period thereafter. (These curves were constructed from theory pre-
sented in papers by Hodgkin and Huxley but transposed from
squid axon to apply to the membrane potentials of large mam-
malian nerve fibers.)

close back to their original status, but again, only after
an additional millisecond or more delay.

The middle portion of Figure 5-10 shows the ratio
of sodium conductance to potassium conductance at
each instant during the action potential, and above this
is the action potential itself. During the early portion
of the action potential, the ratio of sodium to potas-
sium conductance increases more than 1000-fold.
Therefore, far more sodium ions flow to the interior of
the fiber than do potassium ions to the exterior. This
is what causes the membrane potential to become
positive at the action potential onset. Then the sodium
channels begin to close and the potassium channels to
open, so that the ratio of conductance shifts far in
favor of high potassium conductance but low sodium
conductance. This allows very rapid loss of potassium
ions to the exterior but virtually zero flow of
sodium ions to the interior. Consequently, the action
potential quickly returns to its baseline level.

Roles of Other lons During
the Action Potential

Thus far, we have considered only the roles of sodium
and potassium ions in the generation of the action
potential. At least two other types of ions must be con-
sidered: negative anions and calcium ions.

Impermeant Negatively Charged lons (Anions) Inside the Nerve
Axon. Inside the axon are many negatively charged ions
that cannot go through the membrane channels. They
include the anions of protein molecules and of many
organic phosphate compounds, sulfate compounds, and
so forth. Because these ions cannot leave the interior of
the axon, any deficit of positive ions inside the mem-
brane leaves an excess of these impermeant negative
anions. Therefore, these impermeant negative ions are
responsible for the negative charge inside the fiber
when there is a net deficit of positively charged potas-
sium ions and other positive ions.

Calcium lons. The membranes of almost all cells of the
body have a calcium pump similar to the sodium pump,
and calcium serves along with (or instead of) sodium in
some cells to cause most of the action potential. Like
the sodium pump, the calcium pump pumps calcium
ions from the interior to the exterior of the cell mem-
brane (or into the endoplasmic reticulum of the cell),
creating a calcium ion gradient of about 10,000-fold.
This leaves an internal cell concentration of calcium
ions of about 10”7 molar, in contrast to an external con-
centration of about 10~ molar.

In addition, there are voltage-gated calcium channels.
These channels are slightly permeable to sodium ions as
well as to calcium ions; when they open, both calcium
and sodium ions flow to the interior of the fiber. There-
fore, these channels are also called Ca*-Na* channels.
The calcium channels are slow to become activated,
requiring 10 to 20 times as long for activation as the
sodium channels. Therefore, they are called slow chan-
nels, in contrast to the sodium channels, which are called
fast channels.

Calcium channels are numerous in both cardiac
muscle and smooth muscle. In fact, in some types of
smooth muscle, the fast sodium channels are hardly
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present, so that the action potentials are caused almost
entirely by activation of slow calcium channels.

Increased Permeability of the Sodium Channels When
There Is a Deficit of Calcium lons. The concentration of
calcium ions in the extracellular fluid also has a pro-
found effect on the voltage level at which the sodium
channels become activated. When there is a deficit of
calcium ions, the sodium channels become activated
(opened) by very little increase of the membrane poten-
tial from its normal, very negative level. Therefore, the
nerve fiber becomes highly excitable, sometimes dis-
charging repetitively without provocation rather than
remaining in the resting state. In fact, the calcium ion
concentration needs to fall only 50 per cent below
normal before spontaneous discharge occurs in some
peripheral nerves, often causing muscle “tetany.” This is
sometimes lethal because of tetanic contraction of the
respiratory muscles.

The probable way in which calcium ions affect the
sodium channels is as follows: These ions appear to bind
to the exterior surfaces of the sodium channel protein
molecule. The positive charges of these calcium ions
in turn alter the electrical state of the channel protein
itself, in this way altering the voltage level required to
open the sodium gate.

Initiation of the Action Potential

Up to this point, we have explained the changing
sodium and potassium permeability of the membrane,
as well as the development of the action potential
itself, but we have not explained what initiates the
action potential. The answer is quite simple.

A Positive-Feedback Vicious Cycle Opens the Sodium Channels.
First, as long as the membrane of the nerve fiber
remains undisturbed, no action potential occurs in the
normal nerve. However, if any event causes enough
initial rise in the membrane potential from —90 milli-
volts toward the zero level, the rising voltage itself
causes many voltage-gated sodium channels to begin
opening. This allows rapid inflow of sodium ions, which
causes a further rise in the membrane potential, thus
opening still more voltage-gated sodium channels and
allowing more streaming of sodium ions to the interior
of the fiber. This process is a positive-feedback vicious
cycle that, once the feedback is strong enough, contin-
ues until all the voltage-gated sodium channels have
become activated (opened). Then, within another frac-
tion of a millisecond, the rising membrane potential
causes closure of the sodium channels as well as
opening of potassium channels, and the action poten-
tial soon terminates.

Threshold for Initiation of the Action Potential. An action
potential will not occur until the initial rise in mem-
brane potential is great enough to create the vicious
cycle described in the preceding paragraph. This
occurs when the number of Na* ions entering the fiber
becomes greater than the number of K* ions leaving
the fiber. A sudden rise in membrane potential of 15
to 30 millivolts usually is required. Therefore, a sudden
increase in the membrane potential in a large nerve

fiber from —90 millivolts up to about —65 millivolts
usually causes the explosive development of an action
potential. This level of —65 millivolts is said to be the
threshold for stimulation.

Propagation of the
Action Potential

In the preceding paragraphs, we discussed the action
potential as it occurs at one spot on the membrane.
However, an action potential elicited at any one point
on an excitable membrane usually excites adjacent
portions of the membrane, resulting in propagation of
the action potential along the membrane. This mecha-
nism is demonstrated in Figure 5-11. Figure 5-11A4
shows a normal resting nerve fiber, and Figure 5-11B
shows a nerve fiber that has been excited in its mid-
portion—that is, the midportion suddenly develops
increased permeability to sodium. The arrows show a
“local circuit” of current flow from the depolarized
areas of the membrane to the adjacent resting mem-
brane areas. That is, positive electrical charges are
carried by the inward-diffusing sodium ions through
the depolarized membrane and then for several mil-
limeters in both directions along the core of the axon.
These positive charges increase the voltage for a dis-
tance of 1 to 3 millimeters inside the large myelinated
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Figure 5-11

Propagation of action potentials in both directions along a con-
ductive fiber.
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fiber to above the threshold voltage value for initiat-
ing an action potential. Therefore, the sodium channels
in these new areas immediately open, as shown in
Figure 5-11C and D, and the explosive action poten-
tial spreads. These newly depolarized areas produce
still more local circuits of current flow farther along
the membrane, causing progressively more and more
depolarization. Thus, the depolarization process
travels along the entire length of the fiber. This trans-
mission of the depolarization process along a nerve or
muscle fiber is called a nerve or muscle impulse.

Direction of Propagation. As demonstrated in Figure
5-11, an excitable membrane has no single direction
of propagation, but the action potential travels in all
directions away from the stimulus—even along all
branches of a nerve fiber—until the entire membrane
has become depolarized.

All-or-Nothing Principle. Once an action potential has
been elicited at any point on the membrane of a
normal fiber, the depolarization process travels over
the entire membrane if conditions are right, or it does
not travel at all if conditions are not right. This is called
the all-or-nothing principle, and it applies to all normal
excitable tissues. Occasionally, the action potential
reaches a point on the membrane at which it does not
generate sufficient voltage to stimulate the next area
of the membrane. When this occurs, the spread of
depolarization stops. Therefore, for continued propa-
gation of an impulse to occur, the ratio of action poten-
tial to threshold for excitation must at all times be
greater than 1. This “greater than 1” requirement is
called the safety factor for propagation.

Re-establishing Sodium and
Potassium lonic Gradients
After Action Potentials Are
Completed—Importance

of Energy Metabolism

The transmission of each action potential along a
nerve fiber reduces very slightly the concentration
differences of sodium and potassium inside and
outside the membrane, because sodium ions diffuse to
the inside during depolarization and potassium ions
diffuse to the outside during repolarization. For a
single action potential, this effect is so minute that
it cannot be measured. Indeed, 100,000 to 50 million
impulses can be transmitted by large nerve fibers
before the concentration differences reach the point
that action potential conduction ceases. Even so, with
time, it becomes necessary to re-establish the sodium
and potassium membrane concentration differences.
This is achieved by action of the Na*™-K*" pump in the
same way as described previously in the chapter for
the original establishment of the resting potential. That
is, sodium ions that have diffused to the interior of the
cell during the action potentials and potassium ions
that have diffused to the exterior must be returned to
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Heat production in a nerve fiber at rest and at progressively
increasing rates of stimulation.

their original state by the Na*-K" pump. Because this
pump requires energy for operation, this “recharging”
of the nerve fiber is an active metabolic process, using
energy derived from the adenosine triphosphate
(ATP) energy system of the cell. Figure 5-12 shows
that the nerve fiber produces excess heat during
recharging, which is a measure of energy expenditure
when the nerve impulse frequency increases.

A special feature of the Na™-K*" ATPase pump is that
its degree of activity is strongly stimulated when excess
sodium ions accumulate inside the cell membrane. In
fact, the pumping activity increases approximately in
proportion to the third power of this intracellular
sodium concentration. That is, as the internal sodium
concentration rises from 10 to 20 mEq/L, the activity
of the pump does not merely double but increases
about eightfold. Therefore, it is easy to understand
how the “recharging” process of the nerve fiber can be
set rapidly into motion whenever the concentration
differences of sodium and potassium ions across the
membrane begin to “run down.”

Plateau in Some Action
Potentials

In some instances, the excited membrane does not
repolarize immediately after depolarization; instead,
the potential remains on a plateau near the peak of the
spike potential for many milliseconds, and only then
does repolarization begin. Such a plateau is shown
in Figure 5-13; one can readily see that the plateau
greatly prolongs the period of depolarization. This
type of action potential occurs in heart muscle fibers,
where the plateau lasts for as long as 0.2 to 0.3 second
and causes contraction of heart muscle to last for this
same long period.

The cause of the plateau is a combination of several
factors. First, in heart muscle, two types of channels
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Figure 5-13

Action potential (in millivolts) from a Purkinje fiber of the heart,
showing a “plateau.”

enter into the depolarization process: (1) the usual
voltage-activated sodium channels, called fast chan-
nels, and (2) voltage-activated calcium-sodium chan-
nels, which are slow to open and therefore are called
slow channels. Opening of fast channels causes the
spike portion of the action potential, whereas the slow,
prolonged opening of the slow calcium-sodium chan-
nels mainly allows calcium ions to enter the fiber,
which is largely responsible for the plateau portion of
the action potential as well.

A second factor that may be partly responsible for
the plateau is that the voltage-gated potassium chan-
nels are slower than usual to open, often not opening
very much until the end of the plateau. This delays the
return of the membrane potential toward its normal
negative value of —80 to —90 millivolts.

RHYTHMICITY OF SOME
EXCITABLE TISSUES—
REPETITIVE DISCHARGE

Repetitive self-induced discharges occur normally in
the heart, in most smooth muscle, and in many of the
neurons of the central nervous system. These rhyth-
mical discharges cause (1) the rhythmical beat of the
heart, (2) rhythmical peristalsis of the intestines, and
(3) such neuronal events as the rhythmical control of
breathing.

Also, almost all other excitable tissues can discharge
repetitively if the threshold for stimulation of the
tissue cells is reduced low enough. For instance, even
large nerve fibers and skeletal muscle fibers, which
normally are highly stable, discharge repetitively when
they are placed in a solution that contains the drug
veratrine or when the calcium ion concentration falls
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Rhythmical action potentials (in millivolts) similar to those recorded
in the rhythmical control center of the heart. Note their relationship
to potassium conductance and to the state of hyperpolarization.

below a critical value, both of which increase sodium
permeability of the membrane.

Re-excitation Process Necessary for Spontaneous Rhythmicity.
For spontaneous rhythmicity to occur, the membrane
even in its natural state must be permeable enough to
sodium ions (or to calcium and sodium ions through
the slow calcium-sodium channels) to allow automatic
membrane depolarization. Thus, Figure 5-14 shows
that the “resting” membrane potential in the rhythmi-
cal control center of the heart is only —60 to —70 milli-
volts. This is not enough negative voltage to keep the
sodium and calcium channels totally closed. Therefore,
the following sequence occurs: (1) some sodium and
calcium ions flow inward; (2) this increases the mem-
brane voltage in the positive direction, which further
increases membrane permeability; (3) still more ions
flow inward; and (4) the permeability increases more,
and so on, until an action potential is generated. Then,
at the end of the action potential, the membrane re-
polarizes. After another delay of milliseconds or
seconds, spontaneous excitability causes depolariza-
tion again, and a new action potential occurs sponta-
neously. This cycle continues over and over and causes
self-induced rhythmical excitation of the excitable
tissue.

Why does the membrane of the heart control center
not depolarize immediately after it has become re-
polarized, rather than delaying for nearly a second
before the onset of the next action potential? The
answer can be found by observing the curve labeled
“potassium conductance” in Figure 5-14. This shows
that toward the end of each action potential, and con-
tinuing for a short period thereafter, the membrane
becomes excessively permeable to potassium ions. The
excessive outflow of potassium ions carries tremen-
dous numbers of positive charges to the outside of the
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Figure 5-15

Cross section of a small nerve trunk containing both myelinated
and unmyelinated fibers.

membrane, leaving inside the fiber considerably more
negativity than would otherwise occur. This continues
for nearly a second after the preceding action poten-
tial is over, thus drawing the membrane potential
nearer to the potassium Nernst potential. This is a state
called hyperpolarization, also shown in Figure 5-14. As
long as this state exists, self-re-excitation will not
occur. But the excess potassium conductance (and the
state of hyperpolarization) gradually disappears, as
shown after each action potential is completed in the
figure, thereby allowing the membrane potential again
to increase up to the threshold for excitation. Then,
suddenly, a new action potential results, and the
process occurs again and again.

Special Characteristics
of Signal Transmission
in Nerve Trunks

Myelinated and Unmyelinated Nerve Fibers. Figure 5-15
shows a cross section of a typical small nerve, revealing
many large nerve fibers that constitute most of the
cross-sectional area. However, a more careful look
reveals many more very small fibers lying between
the large ones. The large fibers are myelinated, and the
small ones are unmyelinated. The average nerve trunk
contains about twice as many unmyelinated fibers as
myelinated fibers.

Figure 5-16 shows a typical myelinated fiber. The
central core of the fiber is the axon, and the membrane
of the axon is the membrane that actually conducts the
action potential. The axon is filled in its center with axo-
plasm, which is a viscid intracellular fluid. Surrounding
the axon is a myelin sheath that is often much thicker
than the axon itself. About once every 1 to 3 milli-
meters along the length of the myelin sheath is a node
of Ranvier.
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Function of the Schwann cell to insulate nerve fibers. A, Wrapping
of a Schwann cell membrane around a large axon to form the
myelin sheath of the myelinated nerve fiber. B, Partial wrapping of
the membrane and cytoplasm of a Schwann cell around multiple
unmyelinated nerve fibers (shown in cross section). (A, Modified
from Leeson TS, Leeson R: Histology. Philadelphia: WB Saunders,
1979.)

The myelin sheath is deposited around the axon by
Schwann cells in the following manner: The membrane
of a Schwann cell first envelops the axon. Then the
Schwann cell rotates around the axon many times,
laying down multiple layers of Schwann cell membrane
containing the lipid substance sphingomyelin. This sub-
stance is an excellent electrical insulator that decreases
ion flow through the membrane about 5000-fold. At the
juncture between each two successive Schwann cells
along the axon, a small uninsulated area only 2 to 3
micrometers in length remains where ions still can flow
with ease through the axon membrane between the
extracellular fluid and the intracellular fluid inside the
axon. This area is called the node of Ranvier.

“Saltatory” Conduction in Myelinated Fibers from Node to Node.
Even though almost no ions can flow through the thick
myelin sheaths of myelinated nerves, they can flow with
ease through the nodes of Ranvier. Therefore, action
potentials occur only at the nodes. Yet the action poten-
tials are conducted from node to node, as shown in
Figure 5-17; this is called saltatory conduction. That is,
electrical current flows through the surrounding extra-
cellular fluid outside the myelin sheath as well as
through the axoplasm inside the axon from node to
node, exciting successive nodes one after another. Thus,
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Saltatory conduction along a myelinated axon. Flow of electrical
current from node to node is illustrated by the arrows. .
Figure 5-18

Effect of stimuli of increasing voltages to elicit an action potential.
Note development of “acute subthreshold potentials” when the

the nerve impulse jumps down the fiber, which is the stimuli are below the threshold value required for eliciting an

origin of the term “saltatory.”

Saltatory conduction is of value for two reasons. First,
by causing the depolarization process to jump long
intervals along the axis of the nerve fiber, this mecha-
nism increases the velocity of nerve transmission in
myelinated fibers as much as 5- to 50-fold. Second,
saltatory conduction conserves energy for the axon
because only the nodes depolarize, allowing perhaps
100 times less loss of ions than would otherwise be nec-
essary, and therefore requiring little metabolism for re-
establishing the sodium and potassium concentration
differences across the membrane after a series of nerve
impulses.

Still another feature of saltatory conduction in
large myelinated fibers is the following: The excellent
insulation afforded by the myelin membrane and the 50-
fold decrease in membrane capacitance allow repolar-
ization to occur with very little transfer of ions.

Velocity of Conduction in Nerve Fibers. The velocity of con-
duction in nerve fibers varies from as little as 0.25 m/sec
in very small unmyelinated fibers to as great as 100 m/
sec (the length of a football field in 1 second) in very
large myelinated fibers.

Excitation—The Process
of Eliciting the Action
Potential

Basically, any factor that causes sodium ions to begin to
diffuse inward through the membrane in sufficient
numbers can set off automatic regenerative opening of
the sodium channels. This can result from mechanical
disturbance of the membrane, chemical effects on the
membrane, or passage of electricity through the mem-
brane. All these are used at different points in the body
to elicit nerve or muscle action potentials: mechanical
pressure to excite sensory nerve endings in the skin,
chemical neurotransmitters to transmit signals from one
neuron to the next in the brain, and electrical current to
transmit signals between successive muscle cells in the
heart and intestine. For the purpose of understanding
the excitation process, let us begin by discussing the
principles of electrical stimulation.

action potential.

Excitation of a Nerve Fiber by a Negatively Charged Metal
Electrode. The usual means for exciting a nerve or
muscle in the experimental laboratory is to apply elec-
tricity to the nerve or muscle surface through two small
electrodes, one of which is negatively charged and
the other positively charged. When this is done, the
excitable membrane becomes stimulated at the negative
electrode.

The cause of this effect is the following: Remember
that the action potential is initiated by the opening of
voltage-gated sodium channels. Further, these channels
are opened by a decrease in the normal resting electri-
cal voltage across the membrane. That is, negative
current from the electrode decreases the voltage on the
outside of the membrane to a negative value nearer to
the voltage of the negative potential inside the fiber.
This decreases the electrical voltage across the mem-
brane and allows the sodium channels to open, result-
ing in an action potential. Conversely, at the positive
electrode, the injection of positive charges on the
outside of the nerve membrane heightens the voltage
difference across the membrane rather than lessening
it. This causes a state of hyperpolarization, which actu-
ally decreases the excitability of the fiber rather than
causing an action potential.

Threshold for Excitation, and “Acute Local Potentials.” A weak
negative electrical stimulus may not be able to excite a
fiber. However, when the voltage of the stimulus is
increased, there comes a point at which excitation does
take place. Figure 5-18 shows the effects of successively
applied stimuli of progressing strength. A very weak
stimulus at point A causes the membrane potential to
change from —90 to —85 millivolts, but this is not a suffi-
cient change for the automatic regenerative processes
of the action potential to develop. At point B, the stim-
ulus is greater, but again, the intensity is still not enough.
The stimulus does, however, disturb the membrane
potential locally for as long as 1 millisecond or more
after both of these weak stimuli. These local potential
changes are called acute local potentials, and when they
fail to elicit an action potential, they are called acute
subthreshold potentials.
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At point C in Figure 5-18, the stimulus is even
stronger. Now the local potential has barely reached the
level required to elicit an action potential, called the
threshold level, but this occurs only after a short “latent
period.” At point D, the stimulus is still stronger, the
acute local potential is also stronger, and the action
potential occurs after less of a latent period.

Thus, this figure shows that even a very weak stimu-
lus causes a local potential change at the membrane, but
the intensity of the local potential must rise to a thresh-
old level before the action potential is set off.

“Refractory Period” After an Action
Potential, During Which a New
Stimulus Cannot Be Elicited

A new action potential cannot occur in an excitable fiber
as long as the membrane is still depolarized from the pre-
ceding action potential. The reason for this is that shortly
after the action potential is initiated, the sodium channels
(or calcium channels, or both) become inactivated, and
no amount of excitatory signal applied to these channels
at this point will open the inactivation gates. The only
condition that will allow them to reopen is for the mem-
brane potential to return to or near the original resting
membrane potential level. Then, within another small
fraction of a second, the inactivation gates of the chan-
nels open, and a new action potential can be initiated.

The period during which a second action potential
cannot be elicited, even with a strong stimulus, is
called the absolute refractory period. This period for
large myelinated nerve fibers is about 1/2500 second.
Therefore, one can readily calculate that such a fiber
can transmit a maximum of about 2500 impulses per
second.

Inhibition of Excitability—
“Stabilizers” and Local Anesthetics

In contrast to the factors that increase nerve excitabil-
ity, still others, called membrane-stabilizing factors, can
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decrease excitability. For instance, a high extracellular
fluid calcium ion concentration decreases membrane
permeability to sodium ions and simultaneously reduces
excitability. Therefore, calcium ions are said to be a
“stabilizer.”

Local Anesthetics. Among the most important stabilizers
are the many substances used clinically as local anes-
thetics, including procaine and tetracaine. Most of these
act directly on the activation gates of the sodium chan-
nels, making it much more difficult for these gates to
open, thereby reducing membrane excitability. When
excitability has been reduced so low that the ratio of
action potential strength to excitability threshold (called
the “safety factor”) is reduced below 1.0, nerve impulses
fail to pass along the anesthetized nerves.

Recording Membrane
Potentials and Action
Potentials

Cathode Ray Oscilloscope. Earlier in this chapter, we noted
that the membrane potential changes extremely rapidly
during the course of an action potential. Indeed, most
of the action potential complex of large nerve fibers
takes place in less than 1/1000 second. In some figures
of this chapter, an electrical meter has been shown
recording these potential changes. However, it must be
understood that any meter capable of recording most
action potentials must be capable of responding
extremely rapidly. For practical purposes, the only
common type of meter that is capable of responding
accurately to the rapid membrane potential changes is
the cathode ray oscilloscope.

Figure 5-19 shows the basic components of a cathode
ray oscilloscope. The cathode ray tube itself is composed
basically of an electron gun and a fluorescent screen
against which electrons are fired. Where the electrons
hit the screen surface, the fluorescent material glows. If
the electron beam is moved across the screen, the spot

Plugs

Figure 5-19

Cathode ray oscilloscope for recording transient

action potentials.
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of glowing light also moves and draws a fluorescent line
on the screen.

In addition to the electron gun and fluorescent
surface, the cathode ray tube is provided with two sets
of electrically charged plates—one set positioned on the
two sides of the electron beam, and the other set posi-
tioned above and below. Appropriate electronic control
circuits change the voltage on these plates so that the
electron beam can be bent up or down in response to
electrical signals coming from recording electrodes on
nerves. The beam of electrons also is swept horizontally
across the screen at a constant time rate by an internal
electronic circuit of the oscilloscope. This gives the
record shown on the face of the cathode ray tube in
the figure, giving a time base horizontally and voltage
changes from the nerve electrodes shown vertically.
Note at the left end of the record a small stimulus arti-
fact caused by the electrical stimulus used to elicit the
nerve action potential. Then further to the right is
the recorded action potential itself.
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C H A P T E R

Contraction of
Skeletal Muscle

About 40 per cent of the body is skeletal muscle,
= and perhaps another 10 per cent is smooth and
' cardiac muscle. Some of the same basic principles of
contraction apply to all these different types of
muscle. In this chapter, function of skeletal muscle
is considered mainly; the specialized functions of
smooth muscle are discussed in Chapter 8, and
cardiac muscle is discussed in Chapter 9.

Physiologic Anatomy of Skeletal Muscle

Skeletal Muscle Fiber

Figure 6-1 shows the organization of skeletal muscle, demonstrating that all
skeletal muscles are composed of numerous fibers ranging from 10 to 80
micrometers in diameter. Each of these fibers is made up of successively smaller
subunits, also shown in Figure 6-1 and described in subsequent paragraphs.

In most skeletal muscles, each fiber extends the entire length of the muscle.
Except for about 2 per cent of the fibers, each fiber is usually innervated by only
one nerve ending, located near the middle of the fiber.

Sarcolemma. The sarcolemma is the cell membrane of the muscle fiber. The sar-
colemma consists of a true cell membrane, called the plasma membrane, and an
outer coat made up of a thin layer of polysaccharide material that contains
numerous thin collagen fibrils. At each end of the muscle fiber, this surface layer
of the sarcolemma fuses with a tendon fiber, and the tendon fibers in turn collect
into bundles to form the muscle tendons that then insert into the bones.

Myofibrils; Actin and Myosin Filaments. Each muscle fiber contains several hundred
to several thousand myofibrils, which are demonstrated by the many small open
dots in the cross-sectional view of Figure 6-1C. Each myofibril (Figure 6-1D
and E) is composed of about 1500 adjacent myosin filaments and 3000 actin fil-
aments, which are large polymerized protein molecules that are responsible for
the actual muscle contraction. These can be seen in longitudinal view in the elec-
tron micrograph of Figure 6-2 and are represented diagrammatically in Figure
6-1, parts E through L. The thick filaments in the diagrams are myosin, and the
thin filaments are actin.

Note in Figure 6-1F that the myosin and actin filaments partially interdigi-
tate and thus cause the myofibrils to have alternate light and dark bands, as
illustrated in Figure 6-2. The light bands contain only actin filaments and are
called I bands because they are isotropic to polarized light. The dark bands
contain myosin filaments, as well as the ends of the actin filaments where they
overlap the myosin, and are called A bands because they are anisotropic to
polarized light. Note also the small projections from the sides of the myosin
filaments in Figure 6-1F and L. These are cross-bridges. It is the interaction
between these cross-bridges and the actin filaments that causes contraction.

Figure 6-1F also shows that the ends of the actin filaments are attached to a
so-called Z disc. From this disc, these filaments extend in both directions to
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interdigitate with the myosin filaments. The Z disc,
which itself is composed of filamentous proteins dif-
ferent from the actin and myosin filaments, passes
crosswise across the myofibril and also crosswise from
myofibril to myofibril, attaching the myofibrils to one
another all the way across the muscle fiber. Therefore,
the entire muscle fiber has light and dark bands, as do
the individual myofibrils. These bands give skeletal and
cardiac muscle their striated appearance.

The portion of the myofibril (or of the whole muscle
fiber) that lies between two successive Z discs is called
a sarcomere. When the muscle fiber is contracted, as
shown at the bottom of Figure 64, the length of
the sarcomere is about 2 micrometers. At this length,
the actin filaments completely overlap the myosin
filaments, and the tips of the actin filaments are just

beginning to overlap one another. We will see later
that, at this length, the muscle is capable of generating
its greatest force of contraction.

What Keeps the Myosin and Actin Filaments in Place?
Titin Filamentous Molecules. The side-by-side rela-
tionship between the myosin and actin filaments is dif-
ficult to maintain. This is achieved by a large number
of filamentous molecules of a protein called #itin. Each
titin molecule has a molecular weight of about 3
million, which makes it one of the largest protein mol-
ecules in the body. Also, because it is filamentous, it is
very springy. These springy titin molecules act as a
framework that holds the myosin and actin filaments
in place so that the contractile machinery of the sar-
comere will work. There is reason to believe that the
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Figure 6-2

Electron micrograph of muscle myofibrils showing the detailed
organization of actin and myosin filaments. Note the mitochondria
lying between the myofibrils. (From Fawcett DW: The Cell.
Philadelphia: WB Saunders, 1981.)

titin molecule itself acts as template for initial forma-
tion of portions of the contractile filaments of the
sarcomere, especially the myosin filaments.

Sarcoplasm. The many myofibrils of each muscle fiber
are suspended side by side in the muscle fiber. The
spaces between the myofibrils are filled with intracel-
lular fluid called sarcoplasm, containing large quanti-
ties of potassium, magnesium, and phosphate, plus
multiple protein enzymes. Also present are tremen-
dous numbers of mitochondria that lie parallel to the
myofibrils. These supply the contracting myofibrils
with large amounts of energy in the form of adenosine
triphosphate (ATP) formed by the mitochondria.

Sarcoplasmic Reticulum. Also in the sarcoplasm sur-
rounding the myofibrils of each muscle fiber is an
extensive reticulum (Figure 6-3), called the sarcoplas-
mic reticulum. This reticulum has a special organiza-
tion that is extremely important in controlling muscle
contraction, as discussed in Chapter 7. The very rapidly
contracting types of muscle fibers have especially
extensive sarcoplasmic reticula.

General Mechanism of Muscle
Contraction

The initiation and execution of muscle contraction
occur in the following sequential steps.

1. An action potential travels along a motor nerve to
its endings on muscle fibers.

2. At each ending, the nerve secretes a small amount
of the neurotransmitter substance acetylcholine.

3. The acetylcholine acts on a local area of the muscle
fiber membrane to open multiple “acetylcholine-
gated” channels through protein molecules floating
in the membrane.

Figure 6-3

Sarcoplasmic reticulum in the extracellular spaces between the
myofibrils, showing a longitudinal system paralleling the myofi-
brils. Also shown in cross section are T tubules (arrows) that lead
to the exterior of the fiber membrane and are important for con-
ducting the electrical signal into the center of the muscle fiber.
(From Fawcett DW: The Cell. Philadelphia: WB Saunders, 1981.)

4. Opening of the acetylcholine-gated channels allows
large quantities of sodium ions to diffuse to the
interior of the muscle fiber membrane. This initiates
an action potential at the membrane.

5. The action potential travels along the muscle fiber
membrane in the same way that action potentials
travel along nerve fiber membranes.

6. The action potential depolarizes the muscle
membrane, and much of the action potential
electricity flows through the center of the muscle
fiber. Here it causes the sarcoplasmic reticulum to
release large quantities of calcium ions that have
been stored within this reticulum.

7. The calcium ions initiate attractive forces between
the actin and myosin filaments, causing them to
slide alongside each other, which is the contractile
process.

8. After a fraction of a second, the calcium ions are
pumped back into the sarcoplasmic reticulum by a
Ca*" membrane pump, and they remain stored in
the reticulum until a new muscle action potential
comes along; this removal of calcium ions from the
myofibrils causes the muscle contraction to cease.

We now describe the molecular machinery of the
muscle contractile process.

Molecular Mechanism
of Muscle Contraction

Sliding Filament Mechanism of Muscle Contraction. Figure
6—4 demonstrates the basic mechanism of muscle con-
traction. It shows the relaxed state of a sarcomere
(top) and the contracted state (bottom). In the relaxed
state, the ends of the actin filaments extending from
two successive Z discs barely begin to overlap one
another. Conversely, in the contracted state, these actin
filaments have been pulled inward among the myosin
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Figure 6-4

Relaxed and contracted states of a myofibril showing (top) sliding
of the actin filaments (pink) into the spaces between the myosin
filaments (red), and (bottom) pulling of the Z membranes toward
each other.

filaments, so that their ends overlap one another to
their maximum extent. Also, the Z discs have been
pulled by the actin filaments up to the ends of the
myosin filaments. Thus, muscle contraction occurs by a
sliding filament mechanism.

But what causes the actin filaments to slide inward
among the myosin filaments? This is caused by forces
generated by interaction of the cross-bridges from
the myosin filaments with the actin filaments. Under
resting conditions, these forces are inactive, but when
an action potential travels along the muscle fiber,
this causes the sarcoplasmic reticulum to release large
quantities of calcium ions that rapidly surround the
myofibrils. The calcium ions in turn activate the forces
between the myosin and actin filaments, and contrac-
tion begins. But energy is needed for the contractile
process to proceed. This energy comes from high-
energy bonds in the ATP molecule, which is degraded
to adenosine diphosphate (ADP) to liberate the
energy. In the next few sections, we describe what is
known about the details of these molecular processes
of contraction.

Molecular Characteristics of the
Contractile Filaments

Myosin Filament. The myosin filament is composed of
multiple myosin molecules, each having a molecular
weight of about 480,000. Figure 6-5A4 shows an indi-
vidual molecule; Figure 6-5B shows the organization
of many molecules to form a myosin filament, as well
as interaction of this filament on one side with the ends
of two actin filaments.

The myosin molecule (see Figure 6-5A) is composed
of six polypeptide chains—two heavy chains, each with
a molecular weight of about 200,000, and four light
chains with molecular weights of about 20,000 each.
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A, Myosin molecule. B, Combination of many myosin molecules
to form a myosin filament. Also shown are thousands of myosin
cross-bridges and interaction between the heads of the cross-
bridges with adjacent actin filaments.

The two heavy chains wrap spirally around each other
to form a double helix, which is called the tail of the
myosin molecule. One end of each of these chains is
folded bilaterally into a globular polypeptide structure
called a myosin head. Thus, there are two free heads
at one end of the double-helix myosin molecule. The
four light chains are also part of the myosin head, two
to each head. These light chains help control the func-
tion of the head during muscle contraction.

The myosin filament is made up of 200 or more indi-
vidual myosin molecules. The central portion of one of
these filaments is shown in Figure 6-5B, displaying the
tails of the myosin molecules bundled together to form
the body of the filament, while many heads of the
molecules hang outward to the sides of the body. Also,
part of the body of each myosin molecule hangs to the
side along with the head, thus providing an arm that
extends the head outward from the body, as shown in
the figure. The protruding arms and heads together are
called cross-bridges. Each cross-bridge is flexible at
two points called hinges—one where the arm leaves
the body of the myosin filament, and the other where
the head attaches to the arm. The hinged arms allow
the heads either to be extended far outward from the
body of the myosin filament or to be brought close to
the body. The hinged heads in turn participate in the
actual contraction process, as discussed in the follow-
ing sections.

The total length of each myosin filament is uniform,
almost exactly 1.6 micrometers. Note, however, that
there are no cross-bridge heads in the very center of
the myosin filament for a distance of about 0.2
micrometer because the hinged arms extend away
from the center.
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Now, to complete the picture, the myosin filament
itself is twisted so that each successive pair of cross-
bridges is axially displaced from the previous pair by
120 degrees. This ensures that the cross-bridges extend
in all directions around the filament.

ATPase Activity of the Myosin Head. Another feature
of the myosin head that is essential for muscle con-
traction is that it functions as an AT Pase enzyme. As
explained later, this property allows the head to cleave
ATP and to use the energy derived from the ATP’s
high-energy phosphate bond to energize the contrac-
tion process.

Actin Filament. The actin filament is also complex.
It is composed of three protein components: actin,
tropomyosin, and troponin.

The backbone of the actin filament is a double-
stranded F-actin protein molecule, represented by the
two lighter-colored strands in Figure 6-6. The two
strands are wound in a helix in the same manner as the
myosin molecule.

Each strand of the double F-actin helix is composed
of polymerized G-actin molecules, each having a
molecular weight of about 42,000. Attached to each
one of the G-actin molecules is one molecule of
ADP. It is believed that these ADP molecules are the
active sites on the actin filaments with which the cross-
bridges of the myosin filaments interact to cause
muscle contraction. The active sites on the two F-actin
strands of the double helix are staggered, giving one
active site on the overall actin filament about every 2.7
nanometers.

Each actin filament is about 1 micrometer long. The
bases of the actin filaments are inserted strongly into
the Z discs; the ends of the filaments protrude in both
directions to lie in the spaces between the myosin
molecules, as shown in Figure 6-4.

Tropomyosin Molecules. The actin filament also con-
tains another protein, tropomyosin. Each molecule of
tropomyosin has a molecular weight of 70,000 and a
length of 40 nanometers. These molecules are wrapped
spirally around the sides of the F-actin helix. In the
resting state, the tropomyosin molecules lie on top of
the active sites of the actin strands, so that attraction
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Figure 6-6

Actin filament, composed of two helical strands of F-actin mole-
cules and two strands of tropomyosin molecules that fit in the
grooves between the actin strands. Attached to one end of each
tropomyosin  molecule is a troponin complex that initiates
contraction.

cannot occur between the actin and myosin filaments
to cause contraction.

Troponin and Its Role in Muscle Contraction. Attached
intermittently along the sides of the tropomyosin mol-
ecules are still other protein molecules called troponin.
These are actually complexes of three loosely bound
protein subunits, each of which plays a specific role in
controlling muscle contraction. One of the subunits
(troponin I) has a strong affinity for actin, another
(troponin T) for tropomyosin, and a third (troponin C)
for calcium ions. This complex is believed to attach
the tropomyosin to the actin. The strong affinity of the
troponin for calcium ions is believed to initiate the
contraction process, as explained in the next section.

Interaction of One Myosin Filament,
Two Actin Filaments, and Calcium lons
to Cause Contraction

Inhibition of the Actin Filament by the Troponin-Tropomyosin
Complex; Activation by Calcium lons. A pure actin filament
without the presence of the troponin-tropomyosin
complex (but in the presence of magnesium ions and
ATP) binds instantly and strongly with the heads
of the myosin molecules. Then, if the troponin-
tropomyosin complex is added to the actin filament,
the binding between myosin and actin does not take
place. Therefore, it is believed that the active sites on
the normal actin filament of the relaxed muscle are
inhibited or physically covered by the troponin-
tropomyosin complex. Consequently, the sites cannot
attach to the heads of the myosin filaments to cause
contraction. Before contraction can take place, the
inhibitory effect of the troponin-tropomyosin complex
must itself be inhibited.

This brings us to the role of the calcium ions. In
the presence of large amounts of calcium ions, the
inhibitory effect of the troponin-tropomyosin on
the actin filaments is itself inhibited. The mechanism
of this is not known, but one suggestion is the follow-
ing: When calcium ions combine with troponin C, each
molecule of which can bind strongly with up to four
calcium ions, the troponin complex supposedly under-
goes a conformational change that in some way tugs
on the tropomyosin molecule and moves it deeper into
the groove between the two actin strands. This “uncov-
ers” the active sites of the actin, thus allowing these to
attract the myosin cross-bridge heads and cause con-
traction to proceed. Although this is a hypothetical
mechanism, it does emphasize that the normal relation
between the troponin-tropomyosin complex and actin
is altered by calcium ions, producing a new condition
that leads to contraction.

Interaction Between the “Activated” Actin Filament and the
Myosin Cross-Bridges—The “Walk-Along” Theory of Contrac-
tion. As soon as the actin filament becomes activated
by the calcium ions, the heads of the cross-bridges
from the myosin filaments become attracted to the
active sites of the actin filament, and this, in some way,
causes contraction to occur. Although the precise
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“Walk-along” mechanism for contraction of the muscle.

manner by which this interaction between the cross-
bridges and the actin causes contraction is still partly
theoretical, one hypothesis for which considerable evi-
dence exists is the “walk-along” theory (or “ratchet”
theory) of contraction.

Figure 67 demonstrates this postulated walk-along
mechanism for contraction. The figure shows the heads
of two cross-bridges attaching to and disengaging from
active sites of an actin filament. It is postulated that
when a head attaches to an active site, this attach-
ment simultaneously causes profound changes in the
intramolecular forces between the head and arm of its
cross-bridge. The new alignment of forces causes the
head to tilt toward the arm and to drag the actin fila-
ment along with it. This tilt of the head is called the
power stroke. Then, immediately after tilting, the head
automatically breaks away from the active site. Next,
the head returns to its extended direction. In this
position, it combines with a new active site farther
down along the actin filament; then the head tilts again
to cause a new power stroke, and the actin filament
moves another step. Thus, the heads of the cross-
bridges bend back and forth and step by step walk
along the actin filament, pulling the ends of two suc-
cessive actin filaments toward the center of the myosin
filament.

Each one of the cross-bridges is believed to operate
independently of all others, each attaching and pulling
in a continuous repeated cycle. Therefore, the greater
the number of cross-bridges in contact with the actin
filament at any given time, the greater, theoretically,
the force of contraction.

ATP as the Source of Energy for Contraction—Chemical Events
in the Motion of the Myosin Heads. When a muscle con-
tracts, work is performed and energy is required. Large
amounts of ATP are cleaved to form ADP during the
contraction process; the greater the amount of work
performed by the muscle, the greater the amount of

ATP that is cleaved, which is called the Fenn effect. The

following sequence of events is believed to be the

means by which this occurs:

1. Before contraction begins, the heads of the cross-
bridges bind with ATP. The ATPase activity of the
myosin head immediately cleaves the ATP but
leaves the cleavage products, ADP plus phosphate
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ion, bound to the head. In this state, the
conformation of the head is such that it extends
perpendicularly toward the actin filament but is
not yet attached to the actin.

2. When the troponin-tropomyosin complex binds
with calcium ions, active sites on the actin filament
are uncovered, and the myosin heads then bind
with these, as shown in Figure 6-7.

3. The bond between the head of the cross-bridge
and the active site of the actin filament causes a
conformational change in the head, prompting the
head to tilt toward the arm of the cross-bridge.
This provides the power stroke for pulling the
actin filament. The energy that activates the
power stroke is the energy already stored, like a
“cocked” spring, by the conformational change
that occurred in the head when the ATP molecule
was cleaved earlier.

4. Once the head of the cross-bridge tilts, this allows
release of the ADP and phosphate ion that were
previously attached to the head. At the site of
release of the ADP, a new molecule of ATP binds.
This binding of new ATP causes detachment of
the head from the actin.

5. After the head has detached from the actin, the
new molecule of ATP is cleaved to begin the next
cycle, leading to a new power stroke. That is,
the energy again “cocks” the head back to its
perpendicular condition, ready to begin the new
power stroke cycle.

6. When the cocked head (with its stored energy
derived from the cleaved ATP) binds with a new
active site on the actin filament, it becomes
uncocked and once again provides a new power
stroke.

Thus, the process proceeds again and again until the

actin filaments pull the Z membrane up against

the ends of the myosin filaments or until the load on
the muscle becomes too great for further pulling to
occur.

Effect of Amount of Actin and Myosin
Filament Overlap on Tension
Developed by the Contracting Muscle

Figure 6-8 shows the effect of sarcomere length and
amount of myosin-actin filament overlap on the active
tension developed by a contracting muscle fiber. To the
right, shown in black, are different degrees of overlap
of the myosin and actin filaments at different sarco-
mere lengths. At point D on the diagram, the actin
filament has pulled all the way out to the end of the
myosin filament, with no actin-myosin overlap. At this
point, the tension developed by the activated muscle
is zero. Then, as the sarcomere shortens and the actin
filament begins to overlap the myosin filament, the
tension increases progressively until the sarcomere
length decreases to about 2.2 micrometers. At this
point, the actin filament has already overlapped all
the cross-bridges of the myosin filament but has not
yet reached the center of the myosin filament. With
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Length-tension diagram for a single fully contracted sarcomere,
showing maximum strength of contraction when the sarcomere is
2.0 to 2.2 micrometers in length. At the upper right are the rela-
tive positions of the actin and myosin filaments at different sar-
comere lengths from point A to point D. (Modified from Gordon
AM, Huxley AF, Julian FJ: The length-tension diagram of single
vertebrate striated muscle fibers. J Physiol 171:28P, 1964.)

further shortening, the sarcomere maintains full
tension until point B is reached, at a sarcomere length
of about 2 micrometers. At this point, the ends of the
two actin filaments begin to overlap each other in
addition to overlapping the myosin filaments. As the
sarcomere length falls from 2 micrometers down to
about 1.65 micrometers, at point A, the strength of
contraction decreases rapidly. At this point, the two Z
discs of the sarcomere abut the ends of the myosin fil-
aments. Then, as contraction proceeds to still shorter
sarcomere lengths, the ends of the myosin filaments
are crumpled and, as shown in the figure, the strength
of contraction approaches zero, but the entire muscle
has now contracted to its shortest length.

Effect of Muscle Length on Force of Contraction in the Whole
Intact Muscle. The top curve of Figure 6-9 is similar to
that in Figure 6-8, but the curve in Figure 6-9 depicts
tension of the intact, whole muscle rather than of a
single muscle fiber. The whole muscle has a large
amount of connective tissue in it; also, the sarcomeres
in different parts of the muscle do not always contract
the same amount. Therefore, the curve has somewhat
different dimensions from those shown for the
individual muscle fiber, but it exhibits the same general
form for the slope in the normal range of contraction,
as noted in Figure 6-9.

Note in Figure 6-9 that when the muscle is at its
normal resting length, which is at a sarcomere length
of about 2 micrometers, it contracts upon activation
with the approximate maximum force of contraction.
However, the increase in tension that occurs during
contraction, called active tension, decreases as the
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Figure 6-9

Relation of muscle length to tension in the muscle both before and
during muscle contraction.

muscle is stretched beyond its normal length—that is,
to a sarcomere length greater than about 2.2 microm-
eters. This is demonstrated by the decreased length of
the arrow in the figure at greater than normal muscle
length.

Relation of Velocity of Contraction
to Load

A skeletal muscle contracts extremely rapidly when it
contracts against no load—to a state of full contraction
in about 0.1 second for the average muscle. When loads
are applied, the velocity of contraction becomes pro-
gressively less as the load increases, as shown in Figure
6-10. That is, when the load has been increased to equal
the maximum force that the muscle can exert, the veloc-
ity of contraction becomes zero and no contraction
results, despite activation of the muscle fiber.

This decreasing velocity of contraction with load is
caused by the fact that a load on a contracting muscle
is a reverse force that opposes the contractile force
caused by muscle contraction. Therefore, the net force
that is available to cause velocity of shortening is
correspondingly reduced.

Energetics of Muscle
Contraction

Work Output During Muscle
Contraction

When a muscle contracts against a load, it performs
work. This means that energy is transferred from the
muscle to the external load to lift an object to a greater
height or to overcome resistance to movement.

In mathematical terms, work is defined by the
following equation:
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Relation of load to velocity of contraction in a skeletal muscle
with a cross section of 1 square centimeter and a length of 8
centimeters.

W=LxD

in which W is the work output, L is the load, and D is
the distance of movement against the load. The energy
required to perform the work is derived from the
chemical reactions in the muscle cells during contrac-
tion, as described in the following sections.

Sources of Energy for Muscle
Contraction

We have already seen that muscle contraction depends
on energy supplied by ATP. Most of this energy is
required to actuate the walk-along mechanism by
which the cross-bridges pull the actin filaments, but
small amounts are required for (1) pumping calcium
ions from the sarcoplasm into the sarcoplasmic retic-
ulum after the contraction is over, and (2) pumping
sodium and potassium ions through the muscle fiber
membrane to maintain appropriate ionic environment
for propagation of muscle fiber action potentials.

The concentration of ATP in the muscle fiber, about
4 millimolar, is sufficient to maintain full contraction
for only 1 to 2 seconds at most. The ATP is split to form
ADP, which transfers energy from the ATP molecule
to the contracting machinery of the muscle fiber. Then,
as described in Chapter 2, the ADP is rephosphory-
lated to form new ATP within another fraction of a
second, which allows the muscle to continue its con-
traction. There are several sources of the energy for
this rephosphorylation.

The first source of energy that is used to reconsti-
tute the ATP is the substance phosphocreatine, which
carries a high-energy phosphate bond similar to the
bonds of ATP. The high-energy phosphate bond of
phosphocreatine has a slightly higher amount of free
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energy than that of each ATP bond, as is discussed
more fully in Chapters 67 and 72. Therefore, phospho-
creatine is instantly cleaved, and its released energy
causes bonding of a new phosphate ion to ADP to
reconstitute the ATP. However, the total amount of
phosphocreatine in the muscle fiber is also very little—
only about five times as great as the ATP. Therefore,
the combined energy of both the stored ATP and
the phosphocreatine in the muscle is capable of
causing maximal muscle contraction for only 5 to 8
seconds.

The second important source of energy, which is
used to reconstitute both ATP and phosphocreatine,
is “glycolysis” of glycogen previously stored in the
muscle cells. Rapid enzymatic breakdown of the glyco-
gen to pyruvic acid and lactic acid liberates energy
that is used to convert ADP to ATP; the ATP can
then be used directly to energize additional muscle
contraction and also to re-form the stores of
phosphocreatine.

The importance of this glycolysis mechanism is
twofold. First, the glycolytic reactions can occur even
in the absence of oxygen, so that muscle contraction
can be sustained for many seconds and sometimes up
to more than a minute, even when oxygen delivery
from the blood is not available. Second, the rate of for-
mation of ATP by the glycolytic process is about 2.5
times as rapid as ATP formation in response to cellu-
lar foodstuffs reacting with oxygen. However, so
many end products of glycolysis accumulate in the
muscle cells that glycolysis also loses its capability to
sustain maximum muscle contraction after about 1
minute.

The third and final source of energy is oxidative
metabolism. This means combining oxygen with the
end products of glycolysis and with various other cel-
lular foodstuffs to liberate ATP. More than 95 per cent
of all energy used by the muscles for sustained, long-
term contraction is derived from this source. The
foodstuffs that are consumed are carbohydrates, fats,
and protein. For extremely long-term maximal muscle
activity—over a period of many hours—by far the
greatest proportion of energy comes from fats, but for
periods of 2 to 4 hours, as much as one half of the
energy can come from stored carbohydrates.

The detailed mechanisms of these energetic
processes are discussed in Chapters 67 through 72.
In addition, the importance of the different mecha-
nisms of energy release during performance of
different sports is discussed in Chapter 84 on sports

physiology.

Efficiency of Muscle Contraction. The efficiency of an
engine or a motor is calculated as the percentage of
energy input that is converted into work instead of heat.
The percentage of the input energy to muscle (the
chemical energy in nutrients) that can be converted into
work, even under the best conditions, is less than 25 per
cent, with the remainder becoming heat. The reason for
this low efficiency is that about one half of the energy
in foodstuffs is lost during the formation of ATP, and
even then, only 40 to 45 per cent of the energy in the
ATP itself can later be converted into work.
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Maximum efficiency can be realized only when the
muscle contracts at a moderate velocity. If the muscle
contracts slowly or without any movement, small
amounts of maintenance heat are released during con-
traction, even though little or no work is performed,
thereby decreasing the conversion efficiency to as little
as zero. Conversely, if contraction is too rapid, large pro-
portions of the energy are used to overcome viscous
friction within the muscle itself, and this, too, reduces the
efficiency of contraction. Ordinarily, maximum effi-
ciency is developed when the velocity of contraction is
about 30 per cent of maximum.

Characteristics of Whole
Muscle Contraction

Many features of muscle contraction can be demon-
strated by eliciting single muscle twitches. This can be
accomplished by instantaneous electrical excitation of
the nerve to a muscle or by passing a short electrical
stimulus through the muscle itself, giving rise to a single,
sudden contraction lasting for a fraction of a second.

Isometric Versus Isotonic Contraction. Muscle contraction is
said to be isometric when the muscle does not shorten
during contraction and isofonic when it does shorten but
the tension on the muscle remains constant throughout
the contraction. Systems for recording the two types of
muscle contraction are shown in Figure 6-11.

In the isometric system, the muscle contracts against
a force transducer without decreasing the muscle
length, as shown on the right in Figure 6-11. In the iso-
tonic system, the muscle shortens against a fixed load;
this is illustrated on the left in the figure, showing a
muscle lifting a pan of weights. The characteristics of
isotonic contraction depend on the load against which
the muscle contracts, as well as the inertia of the load.
However, the isometric system records strictly changes
in force of muscle contraction itself. Therefore, the iso-
metric system is most often used when comparing the
functional characteristics of different muscle types.

Characteristics of Isometric Twitches Recorded from Different
Muscles. The human body has many sizes of skeletal
muscles—f{rom the very small stapedius muscle in the
middle ear, measuring only a few millimeters long and

quadriceps muscle, a half million times as large as the
stapedius. Further, the fibers may be as small as 10
micrometers in diameter or as large as 80 micrometers.
Finally, the energetics of muscle contraction vary con-
siderably from one muscle to another. Therefore, it is no
wonder that the mechanical characteristics of muscle
contraction differ among muscles.

Figure 6-12 shows records of isometric contractions
of three types of skeletal muscle: an ocular muscle,
which has a duration of isometric contraction of less
than 1/40 second; the gastrocnemius muscle, which has
a duration of contraction of about 1/15 second; and the
soleus muscle, which has a duration of contrac-
tion of about 1/3 second. It is interesting that these dura-
tions of contraction are adapted to the functions of the
respective muscles. Ocular movements must be
extremely rapid to maintain fixation of the eyes on
specific objects to provide accuracy of vision. The gas-
trocnemius muscle must contract moderately rapidly
to provide sufficient velocity of limb movement for
running and jumping, and the soleus muscle is con-
cerned principally with slow contraction for continual,
long-term support of the body against gravity.

Fast Versus Slow Muscle Fibers. As we discuss more fully in
Chapter 84 on sports physiology, every muscle of the
body is composed of a mixture of so-called fast and slow
muscle fibers, with still other fibers gradated between
these two extremes. The muscles that react rapidly are
composed mainly of “fast” fibers with only small
numbers of the slow variety. Conversely, the muscles
that respond slowly but with prolonged contraction are
composed mainly of “slow” fibers. The differences
between these two types of fibers are as follows.

Fast Fibers. (1) Large fibers for great strength of con-
traction. (2) Extensive sarcoplasmic reticulum for rapid
release of calcium ions to initiate contraction. (3) Large
amounts of glycolytic enzymes for rapid release of
energy by the glycolytic process. (4) Less extensive
blood supply because oxidative metabolism is of
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secondary importance. (5) Fewer mitochondria, also
because oxidative metabolism is secondary.

Slow Fibers. (1) Smaller fibers. (2) Also innervated by
smaller nerve fibers. (3) More extensive blood vessel
system and capillaries to supply extra amounts of
oxygen. (4) Greatly increased numbers of mitochondria,
also to support high levels of oxidative metabolism. (5)
Fibers contain large amounts of myoglobin, an iron-
containing protein similar to hemoglobin in red blood
cells. Myoglobin combines with oxygen and stores it
until needed; this also greatly speeds oxygen transport
to the mitochondria. The myoglobin gives the slow
muscle a reddish appearance and the name red muscle,
whereas a deficit of red myoglobin in fast muscle gives
it the name white muscle.

Mechanics of Skeletal Muscle
Contraction

Motor Unit. Each motoneuron that leaves the spinal cord
innervates multiple muscle fibers, the number depend-
ing on the type of muscle. All the muscle fibers inner-
vated by a single nerve fiber are called a motor unit. In
general, small muscles that react rapidly and whose
control must be exact have more nerve fibers for fewer
muscle fibers (for instance, as few as two or three muscle
fibers per motor unit in some of the laryngeal muscles).
Conversely, large muscles that do not require fine
control, such as the soleus muscle, may have several
hundred muscle fibers in a motor unit. An average
figure for all the muscles of the body is questionable, but
a good guess would be about 80 to 100 muscle fibers to
a motor unit.

The muscle fibers in each motor unit are not all
bunched together in the muscle but overlap other motor
units in microbundles of 3 to 15 fibers. This interdigita-
tion allows the separate motor units to contract in
support of one another rather than entirely as individ-
ual segments.

Muscle Contractions of Different Force—Force Summation.
Summation means the adding together of individual
twitch contractions to increase the intensity of overall
muscle contraction. Summation occurs in two ways: (1)
by increasing the number of motor units contracting
simultaneously, which is called multiple fiber summa-
tion, and (2) by increasing the frequency of contraction,
which is called frequency summation and can lead to
tetanization.

Multiple Fiber Summation. When the central nervous
system sends a weak signal to contract a muscle, the
smaller motor units of the muscle may be stimulated in
preference to the larger motor units. Then, as the
strength of the signal increases, larger and larger motor
units begin to be excited as well, with the largest motor
units often having as much as 50 times the contractile
force of the smallest units. This is called the size princi-
ple. It is important, because it allows the gradations of
muscle force during weak contraction to occur in small
steps, whereas the steps become progressively greater
when large amounts of force are required. The cause of
this size principle is that the smaller motor units are
driven by small motor nerve fibers, and the small
motoneurons in the spinal cord are more excitable than
the larger ones, so they naturally are excited first.

Tetanization
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Frequency summation and tetanization.

Another important feature of multiple fiber summa-
tion is that the different motor units are driven asyn-
chronously by the spinal cord, so that contraction
alternates among motor units one after the other, thus
providing smooth contraction even at low frequencies
of nerve signals.

Frequency Summation and Tetanization. Figure 6-13
shows the principles of frequency summation and
tetanization. To the left are displayed individual twitch
contractions occurring one after another at low fre-
quency of stimulation. Then, as the frequency increases,
there comes a point where each new contraction occurs
before the preceding one is over. As a result, the second
contraction is added partially to the first, so that the
total strength of contraction rises progressively with
increasing frequency. When the frequency reaches a
critical level, the successive contractions eventually
become so rapid that they fuse together, and the whole
muscle contraction appears to be completely smooth
and continuous, as shown in the figure. This is called
tetanization. At a slightly higher frequency, the strength
of contraction reaches its maximum, so that any addi-
tional increase in frequency beyond that point has no
further effect in increasing contractile force. This occurs
because enough calcium ions are maintained in the
muscle sarcoplasm, even between action potentials, so
that full contractile state is sustained without allowing
any relaxation between the action potentials.

Maximum Strength of Contraction. The maximum strength
of tetanic contraction of a muscle operating at a normal
muscle length averages between 3 and 4 kilograms per
square centimeter of muscle, or 50 pounds per square
inch. Because a quadriceps muscle can have as much as
16 square inches of muscle belly, as much as 800 pounds
of tension may be applied to the patellar tendon. Thus,
one can readily understand how it is possible for
muscles to pull their tendons out of their insertions in
bone.

Changes in Muscle Strength at the Onset of Contraction—The
Staircase Effect (Treppe). When a muscle begins to con-
tract after a long period of rest, its initial strength of
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contraction may be as little as one half its strength 10
to 50 muscle twitches later. That is, the strength of con-
traction increases to a plateau, a phenomenon called the
staircase effect, or treppe.

Although all the possible causes of the staircase effect
are not known, it is believed to be caused primarily by
increasing calcium ions in the cytosol because of the
release of more and more ions from the sarcoplasmic
reticulum with each successive muscle action potential
and failure of the sarcoplasm to recapture the ions
immediately.

Skeletal Muscle Tone. Even when muscles are at rest, a
certain amount of tautness usually remains. This is
called muscle tone. Because normal skeletal muscle
fibers do not contract without an action potential to
stimulate the fibers, skeletal muscle tone results entirely
from a low rate of nerve impulses coming from the
spinal cord. These, in turn, are controlled partly by
signals transmitted from the brain to the appropriate
spinal cord anterior motoneurons and partly by signals
that originate in muscle spindles located in the muscle
itself. Both of these are discussed in relation to muscle
spindle and spinal cord function in Chapter 54.

Muscle Fatigue. Prolonged and strong contraction of a
muscle leads to the well-known state of muscle fatigue.
Studies in athletes have shown that muscle fatigue
increases in almost direct proportion to the rate of
depletion of muscle glycogen. Therefore, fatigue results
mainly from inability of the contractile and metabolic
processes of the muscle fibers to continue supplying the
same work output. However, experiments have also
shown that transmission of the nerve signal through the
neuromuscular junction, which is discussed in Chapter
7,can diminish at least a small amount after intense pro-
longed muscle activity, thus further diminishing muscle
contraction. Interruption of blood flow through a con-
tracting muscle leads to almost complete muscle fatigue
within 1 or 2 minutes because of the loss of nutrient
supply, especially loss of oxygen.

Lever Systems of the Body. Muscles operate by applying
tension to their points of insertion into bones, and the
bones in turn form various types of lever systems. Figure
6-14 shows the lever system activated by the biceps
muscle to lift the forearm. If we assume that a large

Figure 6-14

Lever system activated by the biceps muscle.

biceps muscle has a cross-sectional area of 6 square
inches, the maximum force of contraction would be
about 300 pounds. When the forearm is at right angles
with the upper arm, the tendon attachment of the biceps
is about 2 inches anterior to the fulcrum at the elbow,
and the total length of the forearm lever is about 14
inches. Therefore, the amount of lifting power of the
biceps at the hand would be only one seventh of the 300
pounds of muscle force, or about 43 pounds. When the
arm is fully extended, the attachment of the biceps is
much less than 2 inches anterior to the fulcrum, and the
force with which the hand can be brought forward is
also much less than 43 pounds.

In short, an analysis of the lever systems of the body
depends on knowledge of (1) the point of muscle inser-
tion, (2) its distance from the fulcrum of the lever, (3)
the length of the lever arm, and (4) the position of the
lever. Many types of movement are required in the
body, some of which need great strength and others
of which need large distances of movement. For this
reason, there are many different types of muscle; some
are long and contract a long distance, and some are
short but have large cross-sectional areas and can
provide extreme strength of contraction over short dis-
tances. The study of different types of muscles, lever
systems, and their movements is called kinesiology
and is an important scientific component of human
physioanatomy.

“Positioning” of a Body Part by Contraction of Agonist and Antag-
onist Muscles on Opposite Sides of a Joint—“Coactivation”
of Antagonist Muscles. Virtually all body movements are
caused by simultaneous contraction of agonist and
antagonist muscles on opposite sides of joints. This
is called coactivation of the agonist and antagonist
muscles, and it is controlled by the motor control centers
of the brain and spinal cord.

The position of each separate part of the body, such
as an arm or a leg, is determined by the relative degrees
of contraction of the agonist and antagonist sets of
muscles. For instance, let us assume that an arm or a leg
is to be placed in a midrange position. To achieve
this, agonist and antagonist muscles are excited about
equally. Remember that an elongated muscle contracts
with more force than a shortened muscle, which was
demonstrated in Figure 6-9, showing maximum strength
of contraction at full functional muscle length and
almost no strength of contraction at half normal length.
Therefore, the elongated muscle on one side of a joint
can contract with far greater force than the shorter
muscle on the opposite side. As an arm or leg moves
toward its midposition, the strength of the longer
muscle decreases, whereas the strength of the shorter
muscle increases until the two strengths equal each
other. At this point, movement of the arm or leg stops.
Thus, by varying the ratios of the degree of activation
of the agonist and antagonist muscles, the nervous
system directs the positioning of the arm or leg.

We learn in Chapter 54 that the motor nervous
system has additional important mechanisms to com-
pensate for different muscle loads when directing this
positioning process.

Remodeling of Muscle
to Match Function

All the muscles of the body are continually being
remodeled to match the functions that are required of
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them. Their diameters are altered, their lengths are
altered, their strengths are altered, their vascular sup-
plies are altered, and even the types of muscle fibers are
altered at least slightly. This remodeling process is often
quite rapid, within a few weeks. Indeed, experiments in
animals have shown that muscle contractile proteins in
some smaller, more active muscles can be replaced in as
little as 2 weeks.

Muscle Hypertrophy and Muscle Atrophy. When the total
mass of a muscle increases, this is called muscle hyper-
trophy. When it decreases, the process is called muscle
atrophy.

Virtually all muscle hypertrophy results from an
increase in the number of actin and myosin filaments in
each muscle fiber, causing enlargement of the individ-
ual muscle fibers; this is called simply fiber hypertrophy.
Hypertrophy occurs to a much greater extent when the
muscle is loaded during the contractile process. Only a
few strong contractions each day are required to cause
significant hypertrophy within 6 to 10 weeks.

The manner in which forceful contraction leads to
hypertrophy is not known. It is known, however, that the
rate of synthesis of muscle contractile proteins is far
greater when hypertrophy is developing, leading also to
progressively greater numbers of both actin and myosin
filaments in the myofibrils, often increasing as much as
50 per cent. In turn, some of the myofibrils themselves
have been observed to split within hypertrophying
muscle to form new myofibrils, but how important this
is in usual muscle hypertrophy is still unknown.

Along with the increasing size of myofibrils, the
enzyme systems that provide energy also increase. This
is especially true of the enzymes for glycolysis, allowing
rapid supply of energy during short-term forceful
muscle contraction.

When a muscle remains unused for many weeks, the
rate of decay of the contractile proteins is more rapid
than the rate of replacement. Therefore, muscle atrophy
occurs.

Adjustment of Muscle Length. Another type of hyper-
trophy occurs when muscles are stretched to greater
than normal length. This causes new sarcomeres to be
added at the ends of the muscle fibers, where they attach
to the tendons. In fact, new sarcomeres can be added
as rapidly as several per minute in newly developing
muscle, illustrating the rapidity of this type of
hypertrophy.

Conversely, when a muscle continually remains short-
ened to less than its normal length, sarcomeres at the
ends of the muscle fibers can actually disappear. It is by
these processes that muscles are continually remodeled
to have the appropriate length for proper muscle
contraction.
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about 2 months, degenerative changes also begin to
appear in the muscle fibers themselves. If the nerve
supply to the muscle grows back rapidly, full return
of function can occur in as little as 3 months, but from
that time onward, the capability of functional return
becomes less and less, with no further return of function
after 1 to 2 years.

In the final stage of denervation atrophy, most of the
muscle fibers are destroyed and replaced by fibrous and
fatty tissue. The fibers that do remain are composed of
a long cell membrane with a lineup of muscle cell nuclei
but with few or no contractile properties and little or no
capability of regenerating myofibrils if a nerve does
regrow.

The fibrous tissue that replaces the muscle fibers
during denervation atrophy also has a tendency to con-
tinue shortening for many months, which is called con-
tracture. Therefore, one of the most important problems
in the practice of physical therapy is to keep atrophying
muscles from developing debilitating and disfiguring
contractures. This is achieved by daily stretching of the
muscles or use of appliances that keep the muscles
stretched during the atrophying process.

Recovery of Muscle Contraction in Poliomyelitis: Devel-
opment of Macromotor Units. When some but not all
nerve fibers to a muscle are destroyed, as commonly
occurs in poliomyelitis, the remaining nerve fibers
branch off to form new axons that then innervate many
of the paralyzed muscle fibers. This causes large motor
units called macromotor units, which can contain as
many as five times the normal number of muscle fibers
for each motoneuron coming from the spinal cord. This
decreases the fineness of control one has over the
muscles but does allow the muscles to regain varying
degrees of strength.

Rigor Mortis

Several hours after death, all the muscles of the body go
into a state of contracture called “rigor mortis”; that is,
the muscles contract and become rigid, even without
action potentials. This rigidity results from loss of all the
ATP, which is required to cause separation of the cross-
bridges from the actin filaments during the relaxation
process. The muscles remain in rigor until the muscle
proteins deteriorate about 15 to 25 hours later, which
presumably results from autolysis caused by enzymes
released from lysosomes. All these events occur more
rapidly at higher temperatures.
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C H A P T E R 7

Excitation of Skeletal Muscle:
Neuromuscular Transmission and
Excitation-Contraction Coupling

Transmission of Impulses
from Nerve Endings to
Skeletal Muscle Fibers:
The Neuromuscular
Junction

The skeletal muscle fibers are innervated by large,
myelinated nerve fibers that originate from large motoneurons in the anterior
horns of the spinal cord. As pointed out in Chapter 6, each nerve fiber, after
entering the muscle belly, normally branches and stimulates from three to
several hundred skeletal muscle fibers. Each nerve ending makes a junction,
called the neuromuscular junction, with the muscle fiber near its midpoint. The
action potential initiated in the muscle fiber by the nerve signal travels in both
directions toward the muscle fiber ends. With the exception of about 2 per cent
of the muscle fibers, there is only one such junction per muscle fiber.

Physiologic Anatomy of the Neuromuscular Junction—The Motor End Plate. Figure 7-1A
and B shows the neuromuscular junction from a large, myelinated nerve fiber
to a skeletal muscle fiber. The nerve fiber forms a complex of branching nerve
terminals that invaginate into the surface of the muscle fiber but lie outside the
muscle fiber plasma membrane. The entire structure is called the motor end
plate. It is covered by one or more Schwann cells that insulate it from the
surrounding fluids.

Figure 7-1C shows an electron micrographic sketch of the junction between
a single axon terminal and the muscle fiber membrane. The invaginated mem-
brane is called the synaptic gutter or synaptic trough, and the space between the
terminal and the fiber membrane is called the synaptic space or synaptic cleft.
This space is 20 to 30 nanometers wide. At the bottom of the gutter are numer-
ous smaller folds of the muscle membrane called subneural clefts, which greatly
increase the surface area at which the synaptic transmitter can act.

In the axon terminal are many mitochondria that supply adenosine triphos-
phate (ATP), the energy source that is used for synthesis of an excitatory
transmitter acetylcholine. The acetylcholine in turn excites the muscle
fiber membrane. Acetylcholine is synthesized in the cytoplasm of the terminal,
but it is absorbed rapidly into many small synaptic vesicles, about 300,000
of which are normally in the terminals of a single end plate. In the synaptic
space are large quantities of the enzyme acetylcholinesterase, which destroys
acetylcholine a few milliseconds after it has been released from the synaptic
vesicles.

Secretion of Acetylcholine by the Nerve Terminals

When a nerve impulse reaches the neuromuscular junction, about 125 vesicles
of acetylcholine are released from the terminals into the synaptic space. Some
of the details of this mechanism can be seen in Figure 7-2, which shows an
expanded view of a synaptic space with the neural membrane above and the
muscle membrane and its subneural clefts below.
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On the inside surface of the neural membrane are
linear dense bars, shown in cross section in Figure 7-2.
To each side of each dense bar are protein particles
that penetrate the neural membrane; these are voltage-
gated calcium channels. When an action potential
spreads over the terminal, these channels open and
allow calcium ions to diffuse from the synaptic space
to the interior of the nerve terminal. The calcium ions,
in turn, are believed to exert an attractive influence on
the acetylcholine vesicles, drawing them to the neural
membrane adjacent to the dense bars. The vesicles
then fuse with the neural membrane and empty their
acetylcholine into the synaptic space by the process of
exocytosis.

Although some of the aforementioned details are
speculative, it is known that the effective stimulus for
causing acetylcholine release from the vesicles is entry
of calcium ions and that acetylcholine from the vesi-
cles is then emptied through the neural membrane
adjacent to the dense bars.

Effect of Acetylcholine on the Postsynaptic Muscle Fiber Mem-
brane to Open lon Channels. Figure 7-2 also shows many
very small acetylcholine receptors in the muscle fiber
membrane; these are acetylcholine-gated ion channels,
and they are located almost entirely near the mouths
of the subneural clefts lying immediately below the
dense bar areas, where the acetylcholine is emptied
into the synaptic space.

Each receptor is a protein complex that has a total
molecular weight of 275,000. The complex is composed
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Release of acetylcholine from synaptic vesicles at the neural
membrane of the neuromuscular junction. Note the proximity of
the release sites in the neural membrane to the acetylcholine
receptors in the muscle membrane, at the mouths of the subneural
clefts.



Chapter 7

of five subunit proteins, two alpha proteins and one
each of beta, delta, and gamma proteins. These protein
molecules penetrate all the way through the mem-
brane, lying side by side in a circle to form a tubular
channel, illustrated in Figure 7-3. The channel remains
constricted, as shown in section A of the figure, until
two acetylcholine molecules attach respectively to the
two alpha subunit proteins. This causes a conforma-
tional change that opens the channel, as shown in
section B of the figure.

The opened acetylcholine channel has a diameter of
about 0.65 nanometer, which is large enough to allow
the important positive ions—sodium (Na™), potassium
(K*), and calcium (Ca™)—to move easily through the
opening. Conversely, negative ions, such as chloride
ions, do not pass through because of strong negative
charges in the mouth of the channel that repel these
negative ions.

A
Na* Ach
B Y
Figure 7-3

Acetylcholine channel. A, Closed state. B, After acetylcholine
(Ach) has become attached and a conformational change has
opened the channel, allowing sodium ions to enter the muscle
fiber and excite contraction. Note the negative charges at the
channel mouth that prevent passage of negative ions such as
chloride ions.
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In practice, far more sodium ions flow through the
acetylcholine channels than any other ions, for two
reasons. First, there are only two positive ions in large
concentration: sodium ions in the extracellular fluid,
and potassium ions in the intracellular fluid. Second,
the very negative potential on the inside of the muscle
membrane, —80 to —90 millivolts, pulls the positively
charged sodium ions to the inside of the fiber, while
simultaneously preventing efflux of the positively
charged potassium ions when they attempt to pass
outward.

As shown in Figure 7-3B, the principal effect of
opening the acetylcholine-gated channels is to allow
large numbers of sodium ions to pour to the inside of
the fiber, carrying with them large numbers of positive
charges. This creates a local positive potential change
inside the muscle fiber membrane, called the end plate
potential. In turn, this end plate potential initiates an
action potential that spreads along the muscle mem-
brane and thus causes muscle contraction.

Destruction of the Released Acetylcholine by Acetyl-
cholinesterase. The acetylcholine, once released into
the synaptic space, continues to activate the acetyl-
choline receptors as long as the acetylcholine persists
in the space. However, it is removed rapidly by two
means: (1) Most of the acetylcholine is destroyed
by the enzyme acetylcholinesterase, which is attached
mainly to the spongy layer of fine connective tissue
that fills the synaptic space between the presynaptic
nerve terminal and the postsynaptic muscle mem-
brane. (2) A small amount of acetylcholine diffuses out
of the synaptic space and is then no longer available
to act on the muscle fiber membrane.

The short time that the acetylcholine remains in the
synaptic space—a few milliseconds at most—normally
is sufficient to excite the muscle fiber. Then the rapid
removal of the acetylcholine prevents continued
muscle re-excitation after the muscle fiber has re-
covered from its initial action potential.

End Plate Potential and Excitation of the Skeletal Muscle Fiber.
The sudden insurgence of sodium ions into the muscle
fiber when the acetylcholine channels open causes the
electrical potential inside the fiber at the local area of
the end plate to increase in the positive direction as
much as 50 to 75 millivolts, creating a local potential
called the end plate potential. Recall from Chapter 5
that a sudden increase in nerve membrane potential
of more than 20 to 30 millivolts is normally sufficient
to initiate more and more sodium channel opening,
thus initiating an action potential at the muscle fiber
membrane.

Figure 7-4 shows the principle of an end plate
potential initiating the action potential. This figure
shows three separate end plate potentials. End plate
potentials A and C are too weak to elicit an action
potential, but they do produce weak local end plate
voltage changes, as recorded in the figure. By contrast,
end plate potential B is much stronger and causes
enough sodium channels to open so that the self-
regenerative effect of more and more sodium ions
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Figure 7-4

End plate potentials (in millivolts). A, Weakened end plate poten-
tial recorded in a curarized muscle, too weak to elicit an action
potential. B, Normal end plate potential eliciting a muscle action
potential. C, Weakened end plate potential caused by botulinum
toxin that decreases end plate release of acetylcholine, again too
weak to elicit a muscle action potential.

flowing to the interior of the fiber initiates an action
potential. The weakness of the end plate potential at
point A was caused by poisoning of the muscle fiber
with curare, a drug that blocks the gating action of
acetylcholine on the acetylcholine channels by com-
peting for the acetylcholine receptor sites. The weak-
ness of the end plate potential at point C resulted from
the effect of botulinum toxin, a bacterial poison that
decreases the quantity of acetylcholine release by the
nerve terminals.

Safety Factor for Transmission at the Neuromuscular Junction;
Fatigue of the Junction. Ordinarily, each impulse that
arrives at the neuromuscular junction causes about
three times as much end plate potential as that
required to stimulate the muscle fiber. Therefore, the
normal neuromuscular junction is said to have a high
safety factor. However, stimulation of the nerve fiber
at rates greater than 100 times per second for several
minutes often diminishes the number of acetylcholine
vesicles so much that impulses fail to pass into the
muscle fiber. This is called fatigue of the neuromuscu-
lar junction, and it is the same effect that causes fatigue
of synapses in the central nervous system when the
synapses are overexcited. Under normal functioning
conditions, measurable fatigue of the neuromuscular
junction occurs rarely, and even then only at the most
exhausting levels of muscle activity.

Molecular Biology of
Acetylcholine Formation
and Release

Because the neuromuscular junction is large enough to
be studied easily, it is one of the few synapses of the

nervous system for which most of the details of chemi-

cal transmission have been worked out. The formation

and release of acetylcholine at this junction occur in the
following stages:

1. Small vesicles, about 40 nanometers in size, are
formed by the Golgi apparatus in the cell body of
the motoneuron in the spinal cord. These vesicles
are then transported by axoplasm that “streams”
through the core of the axon from the central
cell body in the spinal cord all the way to the
neuromuscular junction at the tips of the peripheral
nerve fibers. About 300,000 of these small vesicles
collect in the nerve terminals of a single skeletal
muscle end plate.

2. Acetylcholine is synthesized in the cytosol of the
nerve fiber terminal but is immediately transported
through the membranes of the vesicles to their
interior, where it is stored in highly concentrated
form, about 10,000 molecules of acetylcholine in
each vesicle.

3. When an action potential arrives at the nerve
terminal, it opens many calcium channels in the
membrane of the nerve terminal because this
terminal has an abundance of voltage-gated
calcium channels. As a result, the calcium ion
concentration inside the terminal membrane
increases about 100-fold, which in turn increases
the rate of fusion of the acetylcholine vesicles with
the terminal membrane about 10,000-fold. This
fusion makes many of the vesicles rupture, allowing
exocytosis of acetylcholine into the synaptic space.
About 125 vesicles usually rupture with each
action potential. Then, after a few milliseconds, the
acetylcholine is split by acetylcholinesterase
into acetate ion and choline, and the choline is
reabsorbed actively into the neural terminal to be
reused to form new acetylcholine. This sequence of
events occurs within a period of 5 to 10
milliseconds.

4. The number of vesicles available in the nerve
ending is sufficient to allow transmission of only a
few thousand nerve-to-muscle impulses. Therefore,
for continued function of the neuromuscular
junction, new vesicles need to be re-formed rapidly.
Within a few seconds after each action potential is
over, “coated pits” appear in the terminal nerve
membrane, caused by contractile proteins in the
nerve ending, especially the protein clathrin, which
is attached to the membrane in the areas of the
original vesicles. Within about 20 seconds, the
proteins contract and cause the pits to break away
to the interior of the membrane, thus forming new
vesicles. Within another few seconds, acetylcholine
is transported to the interior of these vesicles, and
they are then ready for a new cycle of acetylcholine
release.

Drugs That Enhance or

Block Transmission at the
Neuromuscular Junction

Drugs That Stimulate the Muscle Fiber by Acetylcholine-Like
Action. Many compounds, including methacholine, car-

bachol, and nicotine, have the same effect on the muscle
fiber as does acetylcholine. The difference between
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these drugs and acetylcholine is that the drugs are not
destroyed by cholinesterase or are destroyed so slowly
that their action often persists for many minutes to
several hours. The drugs work by causing localized areas
of depolarization of the muscle fiber membrane at the
motor end plate where the acetylcholine receptors
are located. Then, every time the muscle fiber recovers
from a previous contraction, these depolarized areas, by
virtue of leaking ions, initiate a new action potential,
thereby causing a state of muscle spasm.

Drugs That Stimulate the Neuromuscular Junction by
Inactivating Acetylcholinesterase. Three particularly well-
known drugs, neostigmine, physostigmine, and
diisopropyl fluorophosphate, inactivate the acetyl-
cholinesterase in the synapses so that it no longer
hydrolyzes acetylcholine. Therefore, with each succes-
sive nerve impulse, additional acetylcholine accumu-
lates and stimulates the muscle fiber repetitively. This
causes muscle spasm when even a few nerve impulses
reach the muscle. Unfortunately, it also can cause death
due to laryngeal spasm, which smothers the person.

Neostigmine and physostigmine combine with acetyl-
cholinesterase to inactivate the acetylcholinesterase
for up to several hours, after which these drugs are
displaced from the acetylcholinesterase so that the
esterase once again becomes active. Conversely, diiso-
propyl fluorophosphate, which has military potential
as a powerful “nerve” gas poison, inactivates acetyl-
cholinesterase for weeks, which makes this a particu-
larly lethal poison.

Drugs That Block Transmission at the Neuromuscular Junction. A
group of drugs known as curariform drugs can prevent
passage of impulses from the nerve ending into the
muscle. For instance, D-tubocurarine blocks the action
of acetylcholine on the muscle fiber acetylcholine recep-
tors, thus preventing sufficient increase in permeability
of the muscle membrane channels to initiate an action
potential.

Myasthenia Gravis

Myasthenia gravis, which occurs in about 1 in every
20,000 persons, causes muscle paralysis because of
inability of the neuromuscular junctions to transmit
enough signals from the nerve fibers to the muscle
fibers. Pathologically, antibodies that attack the acetyl-
choline-gated sodium ion transport proteins have been
demonstrated in the blood of most patients with
myasthenia gravis. Therefore, it is believed that myas-
thenia gravis is an autoimmune disease in which the
patients have developed immunity against their own
acetylcholine-activated ion channels.

Regardless of the cause, the end plate potentials that
occur in the muscle fibers are mostly too weak to stimu-
late the muscle fibers. If the disease is intense enough,
the patient dies of paralysis—in particular, paralysis of
the respiratory muscles. The disease usually can be ame-
liorated for several hours by administering neostigmine
or some other anticholinesterase drug, which allows
larger than normal amounts of acetylcholine to accu-
mulate in the synaptic space. Within minutes, some of
these paralyzed people can begin to function almost
normally, until a new dose of neostigmine is required a
few hours later.

Muscle Action Potential

Almost everything discussed in Chapter 5 regarding

initiation and conduction of action potentials in nerve

fibers applies equally to skeletal muscle fibers, except
for quantitative differences. Some of the quantitative
aspects of muscle potentials are the following:

1. Resting membrane potential: about —80 to —90
millivolts in skeletal fibers—the same as in large
myelinated nerve fibers.

2. Duration of action potential: 1 to 5 milliseconds in
skeletal muscle—about five times as long as in
large myelinated nerves.

3. Velocity of conduction: 3 to 5 m/sec—about 1/13
the velocity of conduction in the large myelinated
nerve fibers that excite skeletal muscle.

Spread of the Action Potential to the
Interior of the Muscle Fiber by Way of
“Transverse Tubules”

The skeletal muscle fiber is so large that action poten-
tials spreading along its surface membrane cause
almost no current flow deep within the fiber. Yet, to
cause maximum muscle contraction, current must pen-
etrate deeply into the muscle fiber to the vicinity of the
separate myofibrils. This is achieved by transmission of
action potentials along transverse tubules (T tubules)
that penetrate all the way through the muscle fiber
from one side of the fiber to the other, as illustrated in
Figure 7-5. The T tubule action potentials cause
release of calcium ions inside the muscle fiber in the
immediate vicinity of the myofibrils, and these calcium
ions then cause contraction. This overall process is
called excitation-contraction coupling.

Excitation-Contraction
Coupling

Transverse Tubule—Sarcoplasmic
Reticulum System

Figure 7-5 shows myofibrils surrounded by the T
tubule—sarcoplasmic reticulum system. The T tubules
are very small and run transverse to the myofibrils.
They begin at the cell membrane and penetrate all the
way from one side of the muscle fiber to the opposite
side. Not shown in the figure is the fact that these
tubules branch among themselves so that they form
entire planes of T tubules interlacing among all the
separate myofibrils. Also, where the T tubules originate
from the cell membrane, they are open to the exterior
of the muscle fiber. Therefore, they communicate with
the extracellular fluid surrounding the muscle fiber,
and they themselves contain extracellular fluid in their
lumens. In other words, the T tubules are actually
internal extensions of the cell membrane. Therefore,
when an action potential spreads over a muscle fiber
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membrane, a potential change also spreads along the
T tubules to the deep interior of the muscle fiber. The
electrical currents surrounding these T tubules then
elicit the muscle contraction.

Figure 7-5 also shows a sarcoplasmic reticulum, in
yellow. This is composed of two major parts: (1) large
chambers called terminal cisternae that abut the T
tubules, and (2) long longitudinal tubules that sur-
round all surfaces of the actual contracting myofibrils.

Release of Calcium lons by the
Sarcoplasmic Reticulum

One of the special features of the sarcoplasmic reticu-
lum is that within its vesicular tubules is an excess of
calcium ions in high concentration, and many of these
ions are released from each vesicle when an action
potential occurs in the adjacent T tubule.

Figure 7-6 shows that the action potential of the T
tubule causes current flow into the sarcoplasmic re-
ticular cisternae where they abut the T tubule. This in
turn causes rapid opening of large numbers of calcium
channels through the membranes of the cisternae as
well as their attached longitudinal tubules. These
channels remain open for a few milliseconds; during
this time, enough calcium ions are released into the

Biol 25:209, 1965. Drawn by Sylvia
Colard Keene.)

sarcoplasm surrounding the myofibrils to cause con-
traction, as discussed in Chapter 6.

Calcium Pump for Removing Calcium lons from the Myofibrillar
Fluid After Contraction Occurs. Once the calcium ions
have been released from the sarcoplasmic tubules and
have diffused among the myofibrils, muscle contrac-
tion continues as long as the calcium ions remain in
high concentration. However, a continually active
calcium pump located in the walls of the sarcoplasmic
reticulum pumps calcium ions away from the myofi-
brils back into the sarcoplasmic tubules. This pump can
concentrate the calcium ions about 10,000-fold inside
the tubules. In addition, inside the reticulum is a
protein called calsequestrin that can bind up to 40
times more calcium.

Excitatory “Pulse” of Calcium lons. The normal resting
state concentration (less than 10~ molar) of calcium
ions in the cytosol that bathes the myofibrils is too
little to elicit contraction. Therefore, the troponin-
tropomyosin complex keeps the actin filaments inhib-
ited and maintains a relaxed state of the muscle.
Conversely, full excitation of the T tubule and
sarcoplasmic reticulum system causes enough re-
lease of calcium ions to increase the concentration
in the myofibrillar fluid to as high as 2 x 10~ molar
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concentration, a 500-fold increase, which is about 10
times the level required to cause maximum muscle
contraction. Immediately thereafter, the calcium pump
depletes the calcium ions again. The total duration of
this calcium “pulse” in the usual skeletal muscle fiber
lasts about 120 of a second, although it may last
several times as long in some fibers and several times
less in others. (In heart muscle, the calcium pulse lasts
about 1/3 of a second because of the long duration of
the cardiac action potential.)

During this calcium pulse, muscle contraction
occurs. If the contraction is to continue without inter-
ruption for long intervals, a series of calcium pulses
must be initiated by a continuous series of repetitive
action potentials, as discussed in Chapter 6.
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C H A P T E R

Contraction and Excitation
of Smooth Muscle

Contraction of Smooth
Muscle

In Chapters 6 and 7, the discussion was concerned
with skeletal muscle. We now turn to smooth
muscle, which is composed of far smaller fibers—
usually 1 to 5 micrometers in diameter and only 20
to 500 micrometers in length. In contrast, skeletal
muscle fibers are as much as 30 times greater in diameter and hundreds of times
as long. Many of the same principles of contraction apply to smooth muscle as
to skeletal muscle. Most important, essentially the same attractive forces
between myosin and actin filaments cause contraction in smooth muscle as in
skeletal muscle, but the internal physical arrangement of smooth muscle fibers
is very different.

Types of Smooth Muscle

The smooth muscle of each organ is distinctive from that of most other organs
in several ways: (1) physical dimensions, (2) organization into bundles or sheets,
(3) response to different types of stimuli, (4) characteristics of innervation, and
(5) function. Yet, for the sake of simplicity, smooth muscle can generally be
divided into two major types, which are shown in Figure 8-1: multi-unit smooth
muscle and unitary (or single-unit) smooth muscle.

Multi-Unit Smooth Muscle. This type of smooth muscle is composed of discrete,
separate smooth muscle fibers. Each fiber operates independently of the others
and often is innervated by a single nerve ending, as occurs for skeletal muscle
fibers. Further, the outer surfaces of these fibers, like those of skeletal muscle
fibers, are covered by a thin layer of basement membrane-like substance, a
mixture of fine collagen and glycoprotein that helps insulate the separate fibers
from one another.

The most important characteristic of multi-unit smooth muscle fibers is that
each fiber can contract independently of the others, and their control is exerted
mainly by nerve signals. In contrast, a major share of control of unitary smooth
muscle is exerted by non-nervous stimuli. Some examples of multi-unit smooth
muscle are the ciliary muscle of the eye, the iris muscle of the eye, and the pilo-
erector muscles that cause erection of the hairs when stimulated by the sym-
pathetic nervous system.

Unitary Smooth Muscle. The term “unitary” is confusing because it does not mean
single muscle fibers. Instead, it means a mass of hundreds to thousands of
smooth muscle fibers that contract together as a single unit. The fibers usually
are arranged in sheets or bundles, and their cell membranes are adherent to one
another at multiple points so that force generated in one muscle fiber can be
transmitted to the next. In addition, the cell membranes are joined by many gap
junctions through which ions can flow freely from one muscle cell to the next
so that action potentials or simple ion flow without action potentials can travel
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Multi-unit (A) and unitary (B) smooth muscle.

from one fiber to the next and cause the muscle fibers
to contract together. This type of smooth muscle is also
known as syncytial smooth muscle because of its syn-
cytial interconnections among fibers. It is also called
visceral smooth muscle because it is found in the walls
of most viscera of the body, including the gut, bile
ducts, ureters, uterus, and many blood vessels.

Contractile Mechanism in
Smooth Muscle

Chemical Basis for Smooth

Muscle Contraction

Smooth muscle contains both actin and myosin fila-
ments, having chemical characteristics similar to those
of the actin and myosin filaments in skeletal muscle.
It does not contain the normal troponin complex
that is required in the control of skeletal muscle con-
traction, so the mechanism for control of contraction
is different. This is discussed in detail later in this
chapter.

Chemical studies have shown that actin and myosin
filaments derived from smooth muscle interact with
each other in much the same way that they do in skele-
tal muscle. Further, the contractile process is activated
by calcium ions, and adenosine triphosphate (ATP) is
degraded to adenosine diphosphate (ADP) to provide
the energy for contraction.

There are, however, major differences between the
physical organization of smooth muscle and that of
skeletal muscle, as well as differences in excitation-
contraction coupling, control of the contractile process
by calcium ions, duration of contraction, and amount
of energy required for contraction.
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Figure 8-2

Physical structure of smooth muscle. The upper left-hand fiber
shows actin filaments radiating from dense bodies. The lower left-
hand fiber and the right-hand diagram demonstrate the relation of
myosin filaments to actin filaments.

Physical Basis for Smooth Muscle Contraction
Smooth muscle does not have the same striated
arrangement of actin and myosin filaments as is found
in skeletal muscle. Instead, electron micrographic tech-
niques suggest the physical organization exhibited in
Figure 8-2. This figure shows large numbers of actin
filaments attached to so-called dense bodies. Some of
these bodies are attached to the cell membrane.
Others are dispersed inside the cell. Some of the mem-
brane dense bodies of adjacent cells are bonded
together by intercellular protein bridges. It is mainly
through these bonds that the force of contraction is
transmitted from one cell to the next.
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Interspersed among the actin filaments in the
muscle fiber are myosin filaments. These have a diam-
eter more than twice that of the actin filaments. In
electron micrographs, one usually finds 5 to 10 times
as many actin filaments as myosin filaments.

To the right in Figure 8-2 is a postulated structure
of an individual contractile unit within a smooth
muscle cell, showing large numbers of actin filaments
radiating from two dense bodies; the ends of these
filaments overlap a myosin filament located midway
between the dense bodies. This contractile unit is
similar to the contractile unit of skeletal muscle, but
without the regularity of the skeletal muscle structure;
in fact, the dense bodies of smooth muscle serve the
same role as the Z discs in skeletal muscle.

There is another difference: Most of the myosin fila-
ments have what are called “sidepolar” cross-bridges
arranged so that the bridges on one side hinge in one
direction and those on the other side hinge in the
opposite direction. This allows the myosin to pull an
actin filament in one direction on one side while simul-
taneously pulling another actin filament in the oppo-
site direction on the other side. The value of this
organization is that it allows smooth muscle cells to
contract as much as 80 per cent of their length instead
of being limited to less than 30 per cent, as occurs in
skeletal muscle.

Comparison of Smooth Muscle Contraction
and Skeletal Muscle Contraction

Although most skeletal muscles contract and relax
rapidly, most smooth muscle contraction is prolonged
tonic contraction, sometimes lasting hours or even
days. Therefore, it is to be expected that both the physi-
cal and the chemical characteristics of smooth muscle
versus skeletal muscle contraction would differ.
Following are some of the differences.

Slow Cycling of the Myosin Cross-Bridges. The rapidity
of cycling of the myosin cross-bridges in smooth
muscle—that is, their attachment to actin, then release
from the actin, and reattachment for the next cycle—
is much, much slower in smooth muscle than in skele-
tal muscle; in fact, the frequency is as little as 1/10 to
1/300 that in skeletal muscle. Yet the fraction of time
that the cross-bridges remain attached to the actin fila-
ments, which is a major factor that determines the
force of contraction, is believed to be greatly increased
in smooth muscle. A possible reason for the slow
cycling is that the cross-bridge heads have far less
ATPase activity than in skeletal muscle, so that degra-
dation of the ATP that energizes the movements
of the cross-bridge heads is greatly reduced, with
corresponding slowing of the rate of cycling.

Energy Required to Sustain Smooth Muscle Contraction. Only
1/10 to 1/300 as much energy is required to sustain the
same tension of contraction in smooth muscle as in
skeletal muscle. This, too, is believed to result from the
slow attachment and detachment cycling of the cross-
bridges and because only one molecule of ATP is
required for each cycle, regardless of its duration.
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This sparsity of energy utilization by smooth muscle
is exceedingly important to the overall energy
economy of the body, because organs such as the intes-
tines, urinary bladder, gallbladder, and other viscera
often maintain tonic muscle contraction almost
indefinitely.

Slowness of Onset of Contraction and Relaxation of the Total
Smooth Muscle Tissue. A typical smooth muscle tissue
begins to contract 50 to 100 milliseconds after it is
excited, reaches full contraction about 0.5 second later,
and then declines in contractile force in another 1 to
2 seconds, giving a total contraction time of 1 to 3
seconds. This is about 30 times as long as a single
contraction of an average skeletal muscle fiber. But
because there are so many types of smooth muscle,
contraction of some types can be as short as 0.2 second
or as long as 30 seconds.

The slow onset of contraction of smooth muscle,
as well as its prolonged contraction, is caused by
the slowness of attachment and detachment of the
cross-bridges with the actin filaments. In addition, the
initiation of contraction in response to calcium ions is
much slower than in skeletal muscle, as discussed later.

Force of Muscle Contraction. Despite the relatively few
myosin filaments in smooth muscle, and despite the
slow cycling time of the cross-bridges, the maximum
force of contraction of smooth muscle is often greater
than that of skeletal muscle—as great as 4 to 6 kg/cm?
cross-sectional area for smooth muscle, in comparison
with 3 to 4 kilograms for skeletal muscle. This great
force of smooth muscle contraction results from the
prolonged period of attachment of the myosin cross-
bridges to the actin filaments.

“Latch” Mechanism for Prolonged Holding of Contractions of
Smooth Muscle. Once smooth muscle has developed full
contraction, the amount of continuing excitation
usually can be reduced to far less than the initial
level, yet the muscle maintains its full force of con-
traction. Further, the energy consumed to maintain
contraction is often minuscule, sometimes as little as
1/300 the energy required for comparable sustained
skeletal muscle contraction. This is called the “latch”
mechanism.

The importance of the latch mechanism is that it
can maintain prolonged tonic contraction in smooth
muscle for hours with little use of energy. Little con-
tinued excitatory signal is required from nerve fibers
or hormonal sources.

Stress-Relaxation of Smooth Muscle. Another impor-
tant characteristic of smooth muscle, especially the vis-
ceral unitary type of smooth muscle of many hollow
organs, is its ability to return to nearly its original
force of contraction seconds or minutes after it has
been elongated or shortened. For example, a sudden
increase in fluid volume in the urinary bladder, thus
stretching the smooth muscle in the bladder wall,
causes an immediate large increase in pressure in the
bladder. However, during the next 15 seconds to a
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minute or so, despite continued stretch of the bladder
wall, the pressure returns almost exactly back to the
original level. Then, when the volume is increased by
another step, the same effect occurs again.

Conversely, when the volume is suddenly decreased,
the pressure falls very low at first but then rises back
in another few seconds or minutes to or near to the
original level. These phenomena are called stress-
relaxation and reverse stress-relaxation. Their impor-
tance is that, except for short periods of time, they
allow a hollow organ to maintain about the same
amount of pressure inside its lumen despite long-term,
large changes in volume.

Regulation of Contraction
by Calcium lons

As is true for skeletal muscle, the initiating stimulus
for most smooth muscle contraction is an increase in
intracellular calcium ions. This increase can be caused
in different types of smooth muscle by nerve stimula-
tion of the smooth muscle fiber, hormonal stimulation,
stretch of the fiber, or even change in the chemical
environment of the fiber.

Yet smooth muscle does not contain troponin, the
regulatory protein that is activated by calcium ions
to cause skeletal muscle contraction. Instead, smooth
muscle contraction is activated by an entirely different
mechanism, as follows.

Combination of Calcium lons with Calmodulin—Activation of
Myosin Kinase and Phosphorylation of the Myosin Head. In
place of troponin, smooth muscle cells contain a large
amount of another regulatory protein called calmod-
ulin. Although this protein is similar to troponin, it is
different in the manner in which it initiates contrac-
tion. Calmodulin does this by activating the myosin
cross-bridges. This activation and subsequent contrac-
tion occur in the following sequence:

1. The calcium ions bind with calmodulin.

2. The calmodulin-calcium combination joins with
and activates myosin kinase, a phosphorylating
enzyme.

3. One of the light chains of each myosin
head, called the regulatory chain, becomes
phosphorylated in response to this myosin kinase.
When this chain is not phosphorylated, the
attachment-detachment cycling of the myosin
head with the actin filament does not occur. But
when the regulatory chain is phosphorylated, the
head has the capability of binding repetitively
with the actin filament and proceeding through
the entire cycling process of intermittent “pulls,”
the same as occurs for skeletal muscle, thus
causing muscle contraction.

Cessation of Contraction—Role of Myosin Phosphatase.
When the calcium ion concentration falls below a crit-
ical level, the aforementioned processes automatically
reverse, except for the phosphorylation of the myosin
head. Reversal of this requires another enzyme,

myosin phosphatase, located in the fluids of the
smooth muscle cell, which splits the phosphate from
the regulatory light chain. Then the cycling stops and
contraction ceases. The time required for relaxation of
muscle contraction, therefore, is determined to a great
extent by the amount of active myosin phosphatase in
the cell.

Possible Mechanism for Regulation of the
Latch Phenomenon

Because of the importance of the latch phenomenon
in smooth muscle, and because this phenomenon
allows long-term maintenance of tone in many smooth
muscle organs without much expenditure of energy,
many attempts have been made to explain it. Among
the many mechanisms that have been postulated, one
of the simplest is the following.

When the myosin kinase and myosin phosphatase
enzymes are both strongly activated, the cycling fre-
quency of the myosin heads and the velocity of
contraction are great. Then, as the activation of the
enzymes decreases, the cycling frequency decreases,
but at the same time, the deactivation of these enzymes
allows the myosin heads to remain attached to the
actin filament for a longer and longer proportion of
the cycling period. Therefore, the number of heads
attached to the actin filament at any given time
remains large. Because the number of heads attached
to the actin determines the static force of contraction,
tension is maintained, or “latched”; yet little energy
is used by the muscle, because ATP is not degraded
to ADP except on the rare occasion when a head
detaches.

Nervous and Hormonal Control
of Smooth Muscle Contraction

Although skeletal muscle fibers are stimulated exclu-
sively by the nervous system, smooth muscle can be
stimulated to contract by multiple types of signals: by
nervous signals, by hormonal stimulation, by stretch of
the muscle, and in several other ways. The principal
reason for the difference is that the smooth muscle
membrane contains many types of receptor proteins
that can initiate the contractile process. Still other
receptor proteins inhibit smooth muscle contraction,
which is another difference from skeletal muscle.
Therefore, in this section, we discuss nervous control
of smooth muscle contraction, followed by hormonal
control and other means of control.

Neuromuscular Junctions
of Smooth Muscle

Physiologic Anatomy of Smooth Muscle Neuromuscular Junc-
tions. Neuromuscular junctions of the highly struc-
tured type found on skeletal muscle fibers do not occur
in smooth muscle. Instead, the autonomic nerve fibers
that innervate smooth muscle generally branch
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Innervation of smooth muscle.

diffusely on top of a sheet of muscle fibers, as shown
in Figure 8-3. In most instances, these fibers do not
make direct contact with the smooth muscle fiber cell
membranes but instead form so-called diffuse junc-
tions that secrete their transmitter substance into the
matrix coating of the smooth muscle often a few
nanometers to a few micrometers away from the
muscle cells; the transmitter substance then diffuses to
the cells. Furthermore, where there are many layers of
muscle cells, the nerve fibers often innervate only the
outer layer, and muscle excitation travels from this
outer layer to the inner layers by action potential con-
duction in the muscle mass or by additional diffusion
of the transmitter substance.

The axons that innervate smooth muscle fibers do
not have typical branching end feet of the type in the
motor end plate on skeletal muscle fibers. Instead,
most of the fine terminal axons have multiple vari-
cosities distributed along their axes. At these points the
Schwann cells that envelop the axons are interrupted
so that transmitter substance can be secreted through
the walls of the varicosities. In the varicosities are vesi-
cles similar to those in the skeletal muscle end plate
that contain transmitter substance. But, in contrast to
the vesicles of skeletal muscle junctions, which always
contain acetylcholine, the vesicles of the autonomic
nerve fiber endings contain acetylcholine in some
fibers and norepinephrine in others—and occasionally
other substances as well.

In a few instances, particularly in the multi-unit type
of smooth muscle, the varicosities are separated from
the muscle cell membrane by as little as 20 to 30
nanometers—the same width as the synaptic cleft that
occurs in the skeletal muscle junction. These are called
contact junctions, and they function in much the same
way as the skeletal muscle neuromuscular junction; the
rapidity of contraction of these smooth muscle fibers
is considerably faster than that of fibers stimulated by
the diffuse junctions.

Excitatory and Inhibitory Transmitter Substances Secreted at
the Smooth Muscle Neuromuscular Junction. The most
important transmitter substances secreted by the
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autonomic nerves innervating smooth muscle are
acetylcholine and norepinephrine, but they are never
secreted by the same nerve fibers. Acetylcholine is an
excitatory transmitter substance for smooth muscle
fibers in some organs but an inhibitory transmitter for
smooth muscle in other organs. When acetylcholine
excites a muscle fiber, norepinephrine ordinarily
inhibits it. Conversely, when acetylcholine inhibits a
fiber, norepinephrine usually excites it.

But why these different responses? The answer is
that both acetylcholine and norepinephrine excite or
inhibit smooth muscle by first binding with a receptor
protein on the surface of the muscle cell membrane.
Some of the receptor proteins are excitatory receptors,
whereas others are inhibitory receptors. Thus, the type
of receptor determines whether the smooth muscle is
inhibited or excited and also determines which of the
two transmitters, acetylcholine or norepinephrine, is
effective in causing the excitation or inhibition. These
receptors are discussed in more detail in Chapter 60 in
relation to function of the autonomic nervous system.

Membrane Potentials and Action
Potentials in Smooth Muscle

Membrane Potentials in Smooth Muscle. The quantitative
voltage of the membrane potential of smooth muscle
depends on the momentary condition of the muscle. In
the normal resting state, the intracellular potential is
usually about —50 to —60 millivolts, which is about 30
millivolts less negative than in skeletal muscle.

Action Potentials in Unitary Smooth Muscle. Action poten-
tials occur in unitary smooth muscle (such as visceral
muscle) in the same way that they occur in skeletal
muscle. They do not normally occur in many, if not
most, multi-unit types of smooth muscle, as discussed
in a subsequent section.

The action potentials of visceral smooth muscle
occur in one of two forms: (1) spike potentials or
(2) action potentials with plateaus.

Spike Potentials. Typical spike action potentials, such
as those seen in skeletal muscle, occur in most types of
unitary smooth muscle. The duration of this type of
action potential is 10 to 50 milliseconds, as shown in
Figure 84A. Such action potentials can be elicited in
many ways, for example, by electrical stimulation, by
the action of hormones on the smooth muscle, by the
action of transmitter substances from nerve fibers, by
stretch, or as a result of spontaneous generation in the
muscle fiber itself, as discussed subsequently.

Action Potentials with Plateaus. Figure 8-4C shows a
smooth muscle action potential with a plateau. The
onset of this action potential is similar to that of the
typical spike potential. However, instead of rapid
repolarization of the muscle fiber membrane, the repo-
larization is delayed for several hundred to as much
as 1000 milliseconds (1 second). The importance of
the plateau is that it can account for the prolonged
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A, Typical smooth muscle action potential (spike potential) elicited
by an external stimulus. B, Repetitive spike potentials, elicited by
slow rhythmical electrical waves that occur spontaneously in the
smooth muscle of the intestinal wall. C, Action potential with a
plateau, recorded from a smooth muscle fiber of the uterus.

contraction that occurs in some types of smooth
muscle, such as the ureter, the uterus under some con-
ditions, and certain types of vascular smooth muscle.
(Also, this is the type of action potential seen in
cardiac muscle fibers that have a prolonged period of
contraction, as discussed in Chapters 9 and 10.)

Importance of Calcium Channels in Generating the
Smooth Muscle Action Potential. The smooth muscle
cell membrane has far more voltage-gated calcium
channels than does skeletal muscle but few voltage-
gated sodium channels. Therefore, sodium participates
little in the generation of the action potential in most
smooth muscle. Instead, flow of calcium ions to the
interior of the fiber is mainly responsible for the action
potential. This occurs in the same self-regenerative
way as occurs for the sodium channels in nerve fibers
and in skeletal muscle fibers. However, the calcium
channels open many times more slowly than do
sodium channels, and they also remain open much
longer. This accounts in large measure for the pro-
longed plateau action potentials of some smooth
muscle fibers.

Another important feature of calcium ion entry into
the cells during the action potential is that the calcium
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ions act directly on the smooth muscle contractile
mechanism to cause contraction. Thus, the calcium
performs two tasks at once.

Slow Wave Potentials in Unitary Smooth Muscle, and Sponta-
neous Generation of Action Potentials. Some smooth
muscle is self-excitatory. That is, action potentials arise
within the smooth muscle cells themselves without
an extrinsic stimulus. This often is associated with a
basic slow wave rhythm of the membrane potential.
A typical slow wave in a visceral smooth muscle of
the gut is shown in Figure 8-4B. The slow wave itself
is not the action potential. That is, it is not a self-
regenerative process that spreads progressively over
the membranes of the muscle fibers. Instead, it is a
local property of the smooth muscle fibers that make
up the muscle mass.

The cause of the slow wave rhythm is unknown. One
suggestion is that the slow waves are caused by waxing
and waning of the pumping of positive ions (presum-
ably sodium ions) outward through the muscle fiber
membrane; that is, the membrane potential becomes
more negative when sodium is pumped rapidly and
less negative when the sodium pump becomes less
active. Another suggestion is that the conductances of
the ion channels increase and decrease rhythmically.

The importance of the slow waves is that, when they
are strong enough, they can initiate action potentials.
The slow waves themselves cannot cause muscle con-
traction, but when the peak of the negative slow wave
potential inside the cell membrane rises in the positive
direction from -60 to about —35 millivolts (the
approximate threshold for eliciting action potentials in
most visceral smooth muscle), an action potential
develops and spreads over the muscle mass. Then con-
traction does occur. Figure 8-4B demonstrates this
effect, showing that at each peak of the slow wave, one
or more action potentials occur. These repetitive
sequences of action potentials elicit rhythmical con-
traction of the smooth muscle mass. Therefore, the
slow waves are called pacemaker waves. In Chapter 62,
we see that this type of pacemaker activity controls the
rhythmical contractions of the gut.

Excitation of Visceral Smooth Muscle by Muscle Stretch.
When visceral (unitary) smooth muscle is stretched
sufficiently, spontaneous action potentials usually
are generated. They result from a combination of (1)
the normal slow wave potentials and (2) decrease in
overall negativity of the membrane potential caused
by the stretch itself. This response to stretch allows the
gut wall, when excessively stretched, to contract auto-
matically and rhythmically. For instance, when the gut
is overfilled by intestinal contents, local automatic con-
tractions often set up peristaltic waves that move the
contents away from the overfilled intestine, usually in
the direction of the anus.

Depolarization of Multi-Unit Smooth Muscle
Without Action Potentials

The smooth muscle fibers of multi-unit smooth muscle
(such as the muscle of the iris of the eye or the
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piloerector muscle of each hair) normally contract
mainly in response to nerve stimuli. The nerve endings
secrete acetylcholine in the case of some multi-unit
smooth muscles and norepinephrine in the case of
others. In both instances, the transmitter substances
cause depolarization of the smooth muscle membrane,
and this in turn elicits contraction. Action potentials
usually do not develop; the reason is that the fibers are
too small to generate an action potential. (When
action potentials are elicited in visceral unitary smooth
muscle, 30 to 40 smooth muscle fibers must depolarize
simultaneously before a self-propagating action poten-
tial ensues.) Yet, in small smooth muscle cells, even
without an action potential, the local depolarization
(called the junctional potential) caused by the nerve
transmitter substance itself spreads “electrotonically”
over the entire fiber and is all that is needed to cause
muscle contraction.

Effect of Local Tissue Factors and
Hormones to Cause Smooth Muscle
Contraction Without Action Potentials

Probably half of all smooth muscle contraction is
initiated by stimulatory factors acting directly on
the smooth muscle contractile machinery and without
action potentials. Two types of non-nervous and
non-action potential stimulating factors often
involved are (1) local tissue chemical factors and (2)
various hormones.

Smooth Muscle Contraction in Response to Local Tissue
Chemical Factors. In Chapter 17, we discuss control of
contraction of the arterioles, meta-arterioles, and pre-
capillary sphincters. The smallest of these vessels have
little or no nervous supply. Yet the smooth muscle is
highly contractile, responding rapidly to changes in
local chemical conditions in the surrounding intersti-
tial fluid.

In the normal resting state, many of these small
blood vessels remain contracted. But when extra blood
flow to the tissue is needed, multiple factors can relax
the vessel wall, thus allowing for increased flow. In this
way, a powerful local feedback control system controls
the blood flow to the local tissue area. Some of the
specific control factors are as follows:

1. Lack of oxygen in the local tissues causes smooth
muscle relaxation and, therefore, vasodilatation.

2. Excess carbon dioxide causes vasodilatation.

3. Increased hydrogen ion concentration causes
vasodilatation.

Adenosine, lactic acid, increased potassium ions,

diminished calcium ion concentration, and increased

body temperature can all cause local vasodilatation.

Effects of Hormones on Smooth Muscle Contraction. Most
circulating hormones in the blood affect smooth
muscle contraction to some degree, and some have
profound effects. Among the more important of
these are norepinephrine, epinephrine, acetylcholine,
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angiotensin, endothelin, vasopressin, oxytocin, sero-
tonin, and histamine.

A hormone causes contraction of a smooth muscle
when the muscle cell membrane contains hormone-
gated excitatory receptors for the respective hormone.
Conversely, the hormone causes inhibition if the mem-
brane contains inhibitory receptors for the hormone
rather than excitatory receptors.

Mechanisms of Smooth Muscle Excitation or Inhibition by Hor-
mones or Local Tissue Factors. Some hormone receptors
in the smooth muscle membrane open sodium or
calcium ion channels and depolarize the membrane,
the same as after nerve stimulation. Sometimes action
potentials result, or action potentials that are already
occurring may be enhanced. In other cases, depolari-
zation occurs without action potentials, and this depo-
larization allows calcium ion entry into the cell, which
promotes the contraction.

Inhibition, in contrast, occurs when the hormone (or
other tissue factor) closes the sodium and calcium
channels to prevent entry of these positive ions; inhi-
bition also occurs if the normally closed potassium
channels are opened, allowing positive potassium ions
to diffuse out of the cell. Both of these actions increase
the degree of negativity inside the muscle cell, a
state called hyperpolarization, which strongly inhibits
muscle contraction.

Sometimes smooth muscle contraction or inhibition
is initiated by hormones without directly causing any
change in the membrane potential. In these instances,
the hormone may activate a membrane receptor that
does not open any ion channels but instead causes an
internal change in the muscle fiber, such as release of
calcium ions from the intracellular sarcoplasmic re-
ticulum; the calcium then induces contraction. To
inhibit contraction, other receptor mechanisms are
known to activate the enzyme adenylate cyclase or
guanylate cyclase in the cell membrane; the portions of
the receptors that protrude to the interior of the cells
are coupled to these enzymes, causing the formation
of cyclic adenosine monophosphate (cAMP) or cyclic
guanosine monophosphate (cGMP), so-called second
messengers. The cAMP or cGMP has many effects, one
of which is to change the degree of phosphorylation of
several enzymes that indirectly inhibit contraction.
The pump that moves calcium ions from the sar-
coplasm into the sarcoplasmic reticulum is activated,
as well as the cell membrane pump that moves calcium
ions out of the cell itself; these effects reduce the
calcium ion concentration in the sarcoplasm, thereby
inhibiting contraction.

Smooth muscles have considerable diversity in how
they initiate contraction or relaxation in response to
different hormones, neurotransmitters, and other
substances. In some instances, the same substance
may cause either relaxation or contraction of smooth
muscles in different locations. For example, norepi-
nephrine inhibits contraction of smooth muscle in the
intestine but stimulates contraction of smooth muscle
in blood vessels.
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Source of Calcium lons That Cause
Contraction (1) Through the Cell
Membrane and (2) from the
Sarcoplasmic Reticulum

Although the contractile process in smooth muscle,
as in skeletal muscle, is activated by calcium ions,
the source of the calcium ions differs; the difference
is that the sarcoplasmic reticulum, which provides
virtually all the calcium ions for skeletal muscle con-
traction, is only slightly developed in most smooth
muscle. Instead, almost all the calcium ions that
cause contraction enter the muscle cell from the extra-
cellular fluid at the time of the action potential or
other stimulus. That is, the concentration of calcium
ions in the extracellular fluid is greater than 10~ molar,
in comparison with less than 10”7 molar inside the
smooth muscle cell; this causes rapid diffusion of
the calcium ions into the cell from the extracellular
fluid when the calcium pores open. The time required
for this diffusion to occur averages 200 to 300 mil-
liseconds and is called the latent period before con-
traction begins. This latent period is about 50 times
as great for smooth muscle as for skeletal muscle
contraction.

Role of the Smooth Muscle Sarcoplasmic Reticulum. Figure
8-5 shows a few slightly developed sarcoplasmic
tubules that lie near the cell membrane in some larger
smooth muscle cells. Small invaginations of the
cell membrane, called caveolae, abut the surfaces of
these tubules. The caveolae suggest a rudimentary
analog of the transverse tubule system of skeletal
muscle. When an action potential is transmitted into
the caveolae, this is believed to excite calcium ion
release from the abutting sarcoplasmic tubules in the
same way that action potentials in skeletal muscle
transverse tubules cause release of calcium ions from
the skeletal muscle longitudinal sarcoplasmic tubules.
In general, the more extensive the sarcoplasmic re-
ticulum in the smooth muscle fiber, the more rapidly
it contracts.

Effect on Smooth Muscle Contraction Caused by Changing of
Extracellular Calcium lon Concentration. Although chang-
ing the extracellular fluid calcium ion concentration
from normal has little effect on the force of contrac-
tion of skeletal muscle, this is not true for most smooth
muscle. When the extracellular fluid calcium ion con-
centration falls to about 1/3 to 1/10 normal, smooth
muscle contraction usually ceases. Therefore, the
force of contraction of smooth muscle usually is
highly dependent on extracellular fluid calcium ion
concentration.

A Calcium Pump Is Required to Cause Smooth Muscle
Relaxation. To cause relaxation of smooth muscle after
it has contracted, the calcium ions must be removed
from the intracellular fluids. This removal is achieved
by a calcium pump that pumps calcium ions out
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Caveolae

Sarcoplasmic
reticulum

Figure 8-5

Sarcoplasmic tubules in a large smooth muscle fiber showing their
relation to invaginations in the cell membrane called caveolae.

of the smooth muscle fiber back into the extra-
cellular fluid, or into a sarcoplasmic reticulum, if it
is present. This pump is slow-acting in comparison
with the fast-acting sarcoplasmic reticulum pump in
skeletal muscle. Therefore, a single smooth muscle
contraction often lasts for seconds rather than hun-
dredths to tenths of a second, as occurs for skeletal
muscle.
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C H A P T E R 9

Heart Muscle; The Heart as
a Pump and Function of the
Heart Valves

¥ With this chapter we begin discussion of the heart
i o and circulatory system. The heart, shown in Figure
: z 9-1, is actually two separate pumps: a right heart
1 , that pumps blood through the lungs, and a left heart
N that pumps blood through the peripheral organs. In
:: R . - turn, each of these hearts is a pulsatile two-chamber
' pump composed of an atrium and a ventricle. Each

atrium is a weak primer pump for the ventricle,
helping to move blood into the ventricle. The ventricles then supply the main
pumping force that propels the blood either (1) through the pulmonary circu-
lation by the right ventricle or (2) through the peripheral circulation by the left
ventricle.

Special mechanisms in the heart cause a continuing succession of heart con-
tractions called cardiac rhythmicity, transmitting action potentials throughout
the heart muscle to cause the heart’s rhythmical beat. This rhythmical control
system is explained in Chapter 10. In this chapter, we explain how the heart
operates as a pump, beginning with the special features of heart muscle itself.

Physiology of Cardiac Muscle

The heart is composed of three major types of cardiac muscle: atrial muscle, ven-
tricular muscle, and specialized excitatory and conductive muscle fibers. The
atrial and ventricular types of muscle contract in much the same way as skele-
tal muscle, except that the duration of contraction is much longer. Conversely,
the specialized excitatory and conductive fibers contract only feebly because
they contain few contractile fibrils; instead, they exhibit either automatic rhyth-
mical electrical discharge in the form of action potentials or conduction of the
action potentials through the heart, providing an excitatory system that controls
the rhythmical beating of the heart.

Physiologic Anatomy of Cardiac Muscle

Figure 9-2 shows a typical histological picture of cardiac muscle, demonstrat-
ing cardiac muscle fibers arranged in a latticework, with the fibers dividing,
recombining, and then spreading again. One also notes immediately from this
figure that cardiac muscle is striated in the same manner as in typical skeletal
muscle. Further, cardiac muscle has typical myofibrils that contain actin and
myosin filaments almost identical to those found in skeletal muscle; these fila-
ments lie side by side and slide along one another during contraction in the
same manner as occurs in skeletal muscle (see Chapter 6). But in other ways,
cardiac muscle is quite different from skeletal muscle, as we shall see.

Cardiac Muscle as a Syncytium. The dark areas crossing the cardiac muscle fibers
in Figure 9-2 are called intercalated discs; they are actually cell membranes that
separate individual cardiac muscle cells from one another. That is, cardiac
muscle fibers are made up of many individual cells connected in series and in
parallel with one another.
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Figure 9-1

Structure of the heart, and course of blood flow through the heart
chambers and heart valves.
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Figure 9-2

“Syncytial,” interconnecting nature of cardiac muscle fibers.

At each intercalated disc the cell membranes fuse
with one another in such a way that they form perme-
able “communicating” junctions (gap junctions) that
allow almost totally free diffusion of ions. Therefore,
from a functional point of view, ions move with ease
in the intracellular fluid along the longitudinal axes of
the cardiac muscle fibers, so that action potentials
travel easily from one cardiac muscle cell to the next,
past the intercalated discs. Thus, cardiac muscle is a
syncytium of many heart muscle cells in which the
cardiac cells are so interconnected that when one
of these cells becomes excited, the action potential
spreads to all of them, spreading from cell to cell
throughout the latticework interconnections.

The Heart

Plateau
+20
0 -
_20 -
—40 A
—60
o1 J U -
Purkinje fiber
Plateau
+20 /
TN N D
—20 A
—40

<1 L] L -

_100 - Ventricular muscle

Millivolts

Figure 9-3

Rhythmical action potentials (in millivolts) from a Purkinje fiber
and from a ventricular muscle fiber, recorded by means of
microelectrodes.

The heart actually is composed of two syncytiums:
the atrial syncytium that constitutes the walls of the
two atria, and the ventricular syncytium that consti-
tutes the walls of the two ventricles. The atria are sepa-
rated from the ventricles by fibrous tissue that
surrounds the atrioventricular (A-V) valvular open-
ings between the atria and ventricles. Normally, poten-
tials are not conducted from the atrial syncytium into
the ventricular syncytium directly through this fibrous
tissue. Instead, they are conducted only by way of a
specialized conductive system called the A-V bundle,
a bundle of conductive fibers several millimeters in
diameter that is discussed in detail in Chapter 10.

This division of the muscle of the heart into two
functional syncytiums allows the atria to contract a
short time ahead of ventricular contraction, which is
important for effectiveness of heart pumping.

Action Potentials in Cardiac Muscle

The action potential recorded in a ventricular muscle
fiber, shown in Figure 9-3, averages about 105 milli-
volts, which means that the intracellular potential rises
from a very negative value, about —85 millivolts,
between beats to a slightly positive value, about +20
millivolts, during each beat. After the initial spike, the
membrane remains depolarized for about 0.2 second,
exhibiting a plateau as shown in the figure, followed at
the end of the plateau by abrupt repolarization. The
presence of this plateau in the action potential causes
ventricular contraction to last as much as 15 times as
long in cardiac muscle as in skeletal muscle.
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What Causes the Long Action Potential and the Plateau? At
this point, we must ask the questions: Why is the action
potential of cardiac muscle so long, and why does it
have a plateau, whereas that of skeletal muscle does
not? The basic biophysical answers to these questions
were presented in Chapter 5, but they merit summa-
rizing here as well.

At least two major differences between the mem-
brane properties of cardiac and skeletal muscle
account for the prolonged action potential and the
plateau in cardiac muscle. First, the action potential of
skeletal muscle is caused almost entirely by sudden
opening of large numbers of so-called fast sodium
channels that allow tremendous numbers of sodium
ions to enter the skeletal muscle fiber from the extra-
cellular fluid. These channels are called “fast” channels
because they remain open for only a few thousandths
of a second and then abruptly close. At the end of this
closure, repolarization occurs, and the action potential
is over within another thousandth of a second or so.

In cardiac muscle, the action potential is caused by
opening of two types of channels: (1) the same fast
sodium channels as those in skeletal muscle and (2)
another entirely different population of slow calcium
channels, which are also called -calcium-sodium
channels. This second population of channels differs
from the fast sodium channels in that they are slower
to open and, even more important, remain open
for several tenths of a second. During this time, a large
quantity of both calcium and sodium ions flows
through these channels to the interior of the cardiac
muscle fiber, and this maintains a prolonged period of
depolarization, causing the plateau in the action poten-
tial. Further, the calcium ions that enter during this
plateau phase activate the muscle contractile process,
while the calcium ions that cause skeletal muscle con-
traction are derived from the intracellular sarcoplas-
mic reticulum.

The second major functional difference between
cardiac muscle and skeletal muscle that helps account
for both the prolonged action potential and its plateau

Figure 9-4

Force of contraction

Force of ventricular heart muscle
contraction, showing also dura-
tion of the refractory period and
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is this: Immediately after the onset of the action poten-
tial, the permeability of the cardiac muscle membrane
for potassium ions decreases about fivefold, an effect
that does not occur in skeletal muscle. This decreased
potassium permeability may result from the excess
calcium influx through the calcium channels just
noted. Regardless of the cause, the decreased potas-
sium permeability greatly decreases the outflux of
positively charged potassium ions during the action
potential plateau and thereby prevents early return of
the action potential voltage to its resting level. When
the slow calcium-sodium channels do close at the end
of 0.2 to 0.3 second and the influx of calcium and
sodium ions ceases, the membrane permeability for
potassium ions also increases rapidly; this rapid loss of
potassium from the fiber immediately returns the
membrane potential to its resting level, thus ending
the action potential.

Velocity of Signal Conduction in Cardiac Muscle. The veloci-
ty of conduction of the excitatory action potential
signal along both atrial and ventricular muscle fibers is
about 0.3 to 0.5 m/sec, or about /s the velocity in very
large nerve fibers and about /o the velocity in skele-
tal muscle fibers. The velocity of conduction in the
specialized heart conductive system—in the Purkinje
fibers—is as great as 4 m/sec in most parts of the
system, which allows reasonably rapid conduction of
the excitatory signal to the different parts of the heart,
as explained in Chapter 10.

Refractory Period of Cardiac Muscle. Cardiac muscle, like
all excitable tissue, is refractory to restimulation
during the action potential. Therefore, the refractory
period of the heart is the interval of time, as shown to
the left in Figure 9-4, during which a normal cardiac
impulse cannot re-excite an already excited area of
cardiac muscle. The normal refractory period of the
ventricle is 0.25 to 0.30 second, which is about the
duration of the prolonged plateau action potential.
There is an additional relative refractory period of

Refractory period

Relative refractory

relative refractory period, plus the 0
effect of premature contraction.

Note that premature contractions

do not cause wave summation, as

occurs in skeletal muscle.

period Later premature
contraction
Early premature
contraction
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about 0.05 second during which the muscle is more dif-
ficult than normal to excite but nevertheless can be
excited by a very strong excitatory signal, as demon-
strated by the early “premature” contraction in the
second example of Figure 9—4. The refractory period
of atrial muscle is much shorter than that for the ven-
tricles (about 0.15 second for the atria compared with
0.25 to 0.30 second for the ventricles).

Excitation-Contraction Coupling—Function

of Calcium lons and the Transverse Tubules
The term “excitation-contraction coupling” refers to
the mechanism by which the action potential causes
the myofibrils of muscle to contract. This was discussed
for skeletal muscle in Chapter 7. Once again, there are
differences in this mechanism in cardiac muscle that
have important effects on the characteristics of cardiac
muscle contraction.

As is true for skeletal muscle, when an action poten-
tial passes over the cardiac muscle membrane, the
action potential spreads to the interior of the cardiac
muscle fiber along the membranes of the transverse
(T) tubules. The T tubule action potentials in turn act
on the membranes of the longitudinal sarcoplasmic
tubules to cause release of calcium ions into the
muscle sarcoplasm from the sarcoplasmic reticulum. In
another few thousandths of a second, these calcium
ions diffuse into the myofibrils and catalyze the chemi-
cal reactions that promote sliding of the actin and
myosin filaments along one another; this produces the
muscle contraction.

Thus far, this mechanism of excitation-contraction
coupling is the same as that for skeletal muscle, but
there is a second effect that is quite different. In addi-
tion to the calcium ions that are released into the
sarcoplasm from the cisternae of the sarcoplasmic
reticulum, a large quantity of extra calcium ions also
diffuses into the sarcoplasm from the T tubules them-
selves at the time of the action potential. Indeed,
without this extra calcium from the T tubules, the
strength of cardiac muscle contraction would be
reduced considerably because the sarcoplasmic re-
ticulum of cardiac muscle is less well developed than
that of skeletal muscle and does not store enough
calcium to provide full contraction. Conversely, the T
tubules of cardiac muscle have a diameter 5 times as
great as that of the skeletal muscle tubules, which
means a volume 25 times as great. Also, inside the T
tubules is a large quantity of mucopolysaccharides that
are electronegatively charged and bind an abundant
store of calcium ions, keeping these always available
for diffusion to the interior of the cardiac muscle fiber
when a T tubule action potential appears.

The strength of contraction of cardiac muscle
depends to a great extent on the concentration of
calcium ions in the extracellular fluids. The reason for
this is that the openings of the T tubules pass directly
through the cardiac muscle cell membrane into the
extracellular spaces surrounding the cells, allowing the
same extracellular fluid that is in the cardiac muscle
interstitium to percolate through the T tubules as well.
Consequently, the quantity of calcium ions in the T
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tubule system—that is, the availability of calcium ions
to cause cardiac muscle contraction—depends to a
great extent on the extracellular fluid calcium ion
concentration.

(By way of contrast, the strength of skeletal muscle
contraction is hardly affected by moderate changes in
extracellular fluid calcium concentration because
skeletal muscle contraction is caused almost entirely
by calcium ions released from the sarcoplasmic retic-
ulum inside the skeletal muscle fiber itself.)

At the end of the plateau of the cardiac action
potential, the influx of calcium ions to the interior of
the muscle fiber is suddenly cut off, and the calcium
ions in the sarcoplasm are rapidly pumped back out of
the muscle fibers into both the sarcoplasmic reticulum
and the T tubule—extracellular fluid space. As a result,
the contraction ceases until a new action potential
comes along.

Duration of Contraction. Cardiac muscle begins to contract
a few milliseconds after the action potential begins and
continues to contract until a few milliseconds after the
action potential ends. Therefore, the duration of con-
traction of cardiac muscle is mainly a function of the
duration of the action potential, including the plateau—
about 0.2 second in atrial muscle and 0.3 second in ven-
tricular muscle.

The Cardiac Cycle

The cardiac events that occur from the beginning of
one heartbeat to the beginning of the next are called
the cardiac cycle. Each cycle is initiated by sponta-
neous generation of an action potential in the sinus
node, as explained in Chapter 10. This node is located
in the superior lateral wall of the right atrium near the
opening of the superior vena cava, and the action
potential travels from here rapidly through both atria
and then through the A-V bundle into the ventricles.
Because of this special arrangement of the conducting
system from the atria into the ventricles, there is a
delay of more than 0.1 second during passage of the
cardiac impulse from the atria into the ventricles. This
allows the atria to contract ahead of ventricular con-
traction, thereby pumping blood into the ventricles
before the strong ventricular contraction begins. Thus,
the atria act as primer pumps for the ventricles, and
the ventricles in turn provide the major source of
power for moving blood through the body’s vascular
system.

Diastole and Systole

The cardiac cycle consists of a period of relaxation
called diastole, during which the heart fills with blood,
followed by a period of contraction called systole.
Figure 9-5 shows the different events during the
cardiac cycle for the left side of the heart. The top three
curves show the pressure changes in the aorta, left ven-
tricle, and left atrium, respectively. The fourth curve
depicts the changes in left ventricular volume, the fifth
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ventricular volume, the electrocardiogram, and the phonocardiogram.

the electrocardiogram, and the sixth a phonocardio-
gram, which is a recording of the sounds produced by
the heart—mainly by the heart valves—as it pumps. It
is especially important that the reader study in detail
this figure and understand the causes of all the events
shown.

Relationship of the Electrocardiogram
to the Cardiac Cycle

The electrocardiogram in Figure 9-5 shows the P, O,
R, S, and T waves, which are discussed in Chapters 11,
12, and 13. They are electrical voltages generated by
the heart and recorded by the electrocardiograph from
the surface of the body.

The P wave is caused by spread of depolarization
through the atria, and this is followed by atrial con-
traction, which causes a slight rise in the atrial pres-
sure curve immediately after the electrocardiographic
P wave.

About 0.16 second after the onset of the P wave, the
ORS waves appear as a result of electrical depolariza-
tion of the ventricles, which initiates contraction of the
ventricles and causes the ventricular pressure to begin
rising, as also shown in the figure. Therefore, the QRS
complex begins slightly before the onset of ventricu-
lar systole.

Finally, one observes the ventricular T wave in the
electrocardiogram. This represents the stage of repo-
larization of the ventricles when the ventricular muscle
fibers begin to relax. Therefore, the T wave occurs
slightly before the end of ventricular contraction.

Function of the Atria as Primer Pumps

Blood normally flows continually from the great veins
into the atria; about 80 per cent of the blood flows
directly through the atria into the ventricles even
before the atria contract. Then, atrial contraction
usually causes an additional 20 per cent filling of the
ventricles. Therefore, the atria simply function as
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primer pumps that increase the ventricular pumping
effectiveness as much as 20 per cent. However, the
heart can continue to operate under most conditions
even without this extra 20 per cent effectiveness
because it normally has the capability of pumping 300
to 400 per cent more blood than is required by the
resting body. Therefore, when the atria fail to function,
the difference is unlikely to be noticed unless a person
exercises; then acute signs of heart failure occasionally
develop, especially shortness of breath.

Pressure Changes in the Atria—The a, ¢, and v Waves. In the
atrial pressure curve of Figure 9-5, three minor pressure
elevations, called the a, ¢, and v atrial pressure waves, are
noted.

The a wave is caused by atrial contraction. Ordinarily,
the right atrial pressure increases 4 to 6 mm Hg during
atrial contraction, and the left atrial pressure increases
about 7 to 8 mm Hg.

The ¢ wave occurs when the ventricles begin to
contract; it is caused partly by slight backflow of blood
into the atria at the onset of ventricular contraction
but mainly by bulging of the A-V valves backward
toward the atria because of increasing pressure in the
ventricles.

The v wave occurs toward the end of ventricular
contraction; it results from slow flow of blood into the
atria from the veins while the A-V valves are closed
during ventricular contraction. Then, when ventricular
contraction is over, the A-V valves open, allowing this
stored atrial blood to flow rapidly into the ventricles and
causing the v wave to disappear.

Function of the Ventricles as Pumps

Filling of the Ventricles. During ventricular systole, large
amounts of blood accumulate in the right and left atria
because of the closed A-V valves. Therefore, as soon
as systole is over and the ventricular pressures fall
again to their low diastolic values, the moderately
increased pressures that have developed in the atria
during ventricular systole immediately push the A-V
valves open and allow blood to flow rapidly into the
ventricles, as shown by the rise of the left ventricular
volume curve in Figure 9-5. This is called the period of
rapid filling of the ventricles.

The period of rapid filling lasts for about the first
third of diastole. During the middle third of diastole,
only a small amount of blood normally flows into the
ventricles; this is blood that continues to empty into
the atria from the veins and passes through the atria
directly into the ventricles.

During the last third of diastole, the atria contract
and give an additional thrust to the inflow of blood
into the ventricles; this accounts for about 20 per cent
of the filling of the ventricles during each heart cycle.

Emptying of the Ventricles During Systole
Period of Isovolumic (Isometric) Contraction. Immedi-

ately after ventricular contraction begins, the ventric-
ular pressure rises abruptly, as shown in Figure 9-5,
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causing the A-V valves to close. Then an additional
0.02 to 0.03 second is required for the ventricle to build
up sufficient pressure to push the semilunar (aortic
and pulmonary) valves open against the pressures in
the aorta and pulmonary artery. Therefore, during this
period, contraction is occurring in the ventricles, but
there is no emptying. This is called the period of iso-
volumic or isometric contraction, meaning that tension
is increasing in the muscle but little or no shortening
of the muscle fibers is occurring.

Period of Ejection. When the left ventricular pressure
rises slightly above 80 mm Hg (and the right ventricu-
lar pressure slightly above 8 mm Hg), the ventricular
pressures push the semilunar valves open. Immedi-
ately, blood begins to pour out of the ventricles, with
about 70 per cent of the blood emptying occurring
during the first third of the period of ejection and the
remaining 30 per cent emptying during the next two
thirds. Therefore, the first third is called the period of
rapid ejection, and the last two thirds, the period of
slow ejection.

Period of Isovolumic (Isometric) Relaxation. At the end of
systole, ventricular relaxation begins suddenly, allow-
ing both the right and left intraventricular pressures
to decrease rapidly. The elevated pressures in the dis-
tended large arteries that have just been filled with
blood from the contracted ventricles immediately
push blood back toward the ventricles, which snaps the
aortic and pulmonary valves closed. For another 0.03
to 0.06 second, the ventricular muscle continues to
relax, even though the ventricular volume does not
change, giving rise to the period of isovolumic or iso-
metric relaxation. During this period, the intraven-
tricular pressures decrease rapidly back to their low
diastolic levels. Then the A-V valves open to begin a
new cycle of ventricular pumping.

End-Diastolic Volume, End-Systolic Volume, and Stroke Volume
Output. During diastole, normal filling of the ventricles
increases the volume of each ventricle to about 110 to
120 milliliters. This volume is called the end-diastolic
volume. Then, as the ventricles empty during systole,
the volume decreases about 70 milliliters, which is
called the stroke volume output. The remaining volume
in each ventricle, about 40 to 50 milliliters, is called the
end-systolic volume. The fraction of the end-diastolic
volume that is ejected is called the ejection fraction—
usually equal to about 60 per cent.

When the heart contracts strongly, the end-systolic
volume can be decreased to as little as 10 to 20 milli-
liters. Conversely, when large amounts of blood flow
into the ventricles during diastole, the ventricular end-
diastolic volumes can become as great as 150 to 180
milliliters in the healthy heart. By both increasing the
end-diastolic volume and decreasing the end-systolic
volume, the stroke volume output can be increased to
more than double normal.
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Function of the Valves

Atrioventricular Valves. The A-V valves (the tricuspid
and mitral valves) prevent backflow of blood from the
ventricles to the atria during systole, and the semilu-
nar valves (the aortic and pulmonary artery valves)
prevent backflow from the aorta and pulmonary ar-
teries into the ventricles during diastole. These valves,
shown in Figure 9-6 for the left ventricle, close and
open passively. That is, they close when a backward
pressure gradient pushes blood backward, and they
open when a forward pressure gradient forces blood
in the forward direction. For anatomical reasons, the
thin, filmy A-V valves require almost no backflow to
cause closure, whereas the much heavier semilunar
valves require rather rapid backflow for a few
milliseconds.

Function of the Papillary Muscles. Figure 9-6 also
shows papillary muscles that attach to the vanes of the
A-V valves by the chordae tendineae. The papillary
muscles contract when the ventricular walls contract,
but contrary to what might be expected, they do not
help the valves to close. Instead, they pull the vanes of
the valves inward toward the ventricles to prevent
their bulging too far backward toward the atria during
ventricular contraction. If a chorda tendinea becomes
ruptured or if one of the papillary muscles becomes
paralyzed, the valve bulges far backward during ven-
tricular contraction, sometimes so far that it leaks
severely and results in severe or even lethal cardiac
incapacity.

MITRAL VALVE
Cusp

Chordae tendineae

Papillary muscles

Cusp

AORTIC VALVE

Figure 9-6

Mitral and aortic valves (the left ventricular valves).

Aortic and Pulmonary Artery Valves. The aortic and pul-
monary artery semilunar valves function quite differ-
ently from the A-V valves. First, the high pressures in
the arteries at the end of systole cause the semilunar
valves to snap to the closed position, in contrast to the
much softer closure of the A-V valves. Second, because
of smaller openings, the velocity of blood ejection
through the aortic and pulmonary valves is far greater
than that through the much larger A-V valves. Also,
because of the rapid closure and rapid ejection, the
edges of the aortic and pulmonary valves are subjected
to much greater mechanical abrasion than are the
A-V valves. Finally, the A-V valves are supported by
the chordae tendineae, which is not true for the semi-
lunar valves. It is obvious from the anatomy of the
aortic and pulmonary valves (as shown for the aortic
valve at the bottom of Figure 9-6) that they must be
constructed with an especially strong yet very pliable
fibrous tissue base to withstand the extra physical
stresses.

Aortic Pressure Curve

When the left ventricle contracts, the ventricular pres-
sure increases rapidly until the aortic valve opens.
Then, after the valve opens, the pressure in the ventri-
cle rises much less rapidly, as shown in Figure 9-5,
because blood immediately flows out of the ventricle
into the aorta and then into the systemic distribution
arteries.

The entry of blood into the arteries causes the walls
of these arteries to stretch and the pressure to increase
to about 120 mm Hg.

Next, at the end of systole, after the left ventricle
stops ejecting blood and the aortic valve closes, the
elastic walls of the arteries maintain a high pressure in
the arteries, even during diastole.

A so-called incisura occurs in the aortic pressure
curve when the aortic valve closes. This is caused by a
short period of backward flow of blood immediately
before closure of the valve, followed by sudden cessa-
tion of the backflow.

After the aortic valve has closed, the pressure in the
aorta decreases slowly throughout diastole because
the blood stored in the distended elastic arteries flows
continually through the peripheral vessels back to the
veins. Before the ventricle contracts again, the aortic
pressure usually has fallen to about 80 mm Hg (dias-
tolic pressure), which is two thirds the maximal pres-
sure of 120 mm Hg (systolic pressure) that occurs in
the aorta during ventricular contraction.

The pressure curves in the right ventricle and pul-
monary artery are similar to those in the aorta, except
that the pressures are only about one sixth as great, as
discussed in Chapter 14.

Relationship of the Heart
Sounds to Heart Pumping

When listening to the heart with a stethoscope, one does
not hear the opening of the valves because this is a
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relatively slow process that normally makes no noise.
However, when the valves close, the vanes of the valves
and the surrounding fluids vibrate under the influence
of sudden pressure changes, giving off sound that travels
in all directions through the chest.

When the ventricles contract, one first hears a sound
caused by closure of the A-V valves. The vibration is low
in pitch and relatively long-lasting and is known as the
first heart sound. When the aortic and pulmonary valves
close at the end of systole, one hears a rapid snap
because these valves close rapidly, and the surroundings
vibrate for a short period. This sound is called the
second heart sound. The precise causes of the heart
sounds are discussed more fully in Chapter 23, in rela-
tion to listening to the sounds with the stethoscope.

Work Output of the Heart

The stroke work output of the heart is the amount of
energy that the heart converts to work during each
heartbeat while pumping blood into the arteries. Minute
work output is the total amount of energy converted to
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work in 1 minute; this is equal to the stroke work output
times the heart rate per minute.

Work output of the heart is in two forms. First, by far
the major proportion is used to move the blood from

Relationship between left ventricular volume and intraventricular
pressure during diastole and systole. Also shown by the heavy
red lines is the *“volume-pressure diagram,” demonstrating
changes in intraventricular volume and pressure during the

the low-pressure veins to the high-pressure arteries.
This is called volume-pressure work or external work.
Second, a minor proportion of the energy is used to
accelerate the blood to its velocity of ejection through
the aortic and pulmonary valves. This is the kinetic
energy of blood flow component of the work output.

Right ventricular external work output is normally
about one sixth the work output of the left ventricle
because of the sixfold difference in systolic pressures
that the two ventricles pump. The additional work
output of each ventricle required to create kinetic
energy of blood flow is proportional to the mass of
blood ejected times the square of velocity of ejection.

Ordinarily, the work output of the left ventricle
required to create kinetic energy of blood flow is only
about 1 per cent of the total work output of the ventri-
cle and therefore is ignored in the calculation of the
total stroke work output. But in certain abnormal con-
ditions, such as aortic stenosis, in which blood flows with
great velocity through the stenosed valve, more than
50 per cent of the total work output may be required to
create kinetic energy of blood flow.

Graphical Analysis of Ventricular
Pumping

Figure 9-7 shows a diagram that is especially useful in
explaining the pumping mechanics of the left ventricle.
The most important components of the diagram are
the two curves labeled “diastolic pressure” and
“systolic pressure.” These curves are volume-pressure
curves.

The diastolic pressure curve is determined by filling
the heart with progressively greater volume