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PREFACE

l attended an international conference for biomedical scientists in San Diego,
California, in the spring of 2005. The deaths of Pope John Paul I and Terry Schia-
vo made the headlines during that week. Life support had been terminated for
Terry Schiavo two weeks before her death. She had suffered a major heart attack
and slipped into a coma in 1990. Terry’s husband Michael and her parents were
bitterly divided over the prolongation of her life support. The Supreme Court
was asked to intervene and revealed its division by voting 5 to 4 in favor of not
reinstating life support.

Many years before the heart attack that eventually took the life of Terry
Schiavo, I knew a family who faced a similar crisis in New Jersey. The mother in
this family had gone to a local hospital for a cardiac procedure, lapsed into a
coma, and was being sustained on life support. Her three children were adults
and had families of their own. She had been married twice, and her current hus-
band was not the father of her children. Two of the children and their families
lived in distant states. I empathized as this group of distraught adults kept
twenty-four-hour vigils wondering if their loved one would regain conscious-
ness. They were receiving no guidance from attending physicians, did not know
what questions to ask, and seemed completely ignored by the medical estab-
lishment. It was a lamentable scene of helplessness and confusion.

In private I mentioned to the husband that as a physiologist I had the med-
ical background required to read and interpret medical records. I explained what
physiology is and told him I could read his wife’s records and apprise him of the
status of her kidneys, GI tract, liver, heart, and lungs. He thought about my offer
for a couple days and discussed it with her children. As a group they accepted my
invitation, and he was given access to the records that he handed over to me. It
was clear that my friend had been in multiple-organ failure from the outset of her
hospitalization. She was on a mechanical ventilator, had a balloon-pump device
implanted in her aorta to assist cardiac output, was on hyperalimentation (nutri-
tional support), and was showing no signs of response to her family or the med-
ical staff. After discussing her records, the family asked what I would do if this was
my wife, my mother, my daughter, or my sister. My response was, “I would make

xiii



xiv PREFACE

the same decision in each case. I would terminate life support now and would
have done so earlier had I seen the records then.” The family thought about my
input for about twenty-four hours and made a united decision to terminate life
support. I sensed immediately the relief they felt. There was no bitterness or
regret then or during the months I kept in touch with the family after. I was able
to help that family when physicians and others would not—and could not—
because of my empathy for them and my background in physiology, the basis of
human medicine.

When addressing the American Physiological Society in 1975 as its newest
president, Arthur C. Guyton (1919—2003), a medical doctor, said, “What other
person whether he be a theologian, a jurist, a doctor of medicine, 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 excit-
ing, more beautiful than the subject of life?” In 1951 Guyton was named one of
the ten outstanding men in the nation. In his commemoration to Dr. Guyton,
John E. Hall, PhD, wrote, “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.”

As a physiologist, I write this book to help, among others, students in
advanced high school biology courses and in introductory college courses such
as fundamentals of physiology as well as those in the allied health sciences, for
example, respiratory therapists, x-ray technicians, occupational/physical/recre-
ational health therapists, nurses-to-be, and physician’s assistants. I write also
for those who have recently entered professional fields of health and medicine
and are beginning to care for patients. What I have to say about physiology as
the basis of medicine and as a prerequisite to understanding one’s health
should help the student and practitioner gain a clearer understanding of our
marvelous bodies and how they work. If someone knows how a thing works, it
makes it easier for them to care for that thing. I believe this is true of the heart,
the kidneys, and the entire human body. Perhaps with encouragement and
information such as that offered here, students (and their patients) will take
better care of their bodies, will require less health care intervention, and will
live qualitatively more productive lives. Moreover, with this understanding the
reader should be better informed when difficult decisions like those raised
above have to be made.
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The Foundation

For students receiving their initial exposure to the life sciences, physiology is
the study of how living things work. It is the bedrock of the biomedical sciences.
As the American Physiological Society expresses it, physiology is the science of
life. Physiology is an analytical, experimental, investigative, and quantitative sci-
ence. For the medical student completing an MD degree, or any student in the
life sciences preparing to see patients, physiology is the basis of human medi-
cine, historically and in the present. Each year a Nobel Prize is awarded in physi-
ology or medicine. No other life science, past or present, has such a distinction.

The physiological approach to problem solving is the mechanistic approach.
Physiologists use the words mechanism and mechanistic when they discuss the
functions of living things. Mechanisms of function are studied by physiologists
at the molecular, cellular, organ system, and whole animal levels. In the twenty-
first century, the challenge for the physiologist is to study life integratively, for
example, from the molecular to the organ systems levels. The modern physiolo-
gist is also encouraged to work translationally. In other words, if their research
has relevance to modern human medicine, what happens in the laboratory
must be quickly transferable to the clinic. Although the idea of translational
physiology is relatively recent, one of the best examples occurred in the first two
decades of the twentieth century when insulin was discovered. In only a matter
of weeks between its isolation and purification, insulin was used in a diabetic
human subject. From that first trial in a young man in Toronto, use of insulin
had an immediate and global impact on human suffering from diabetes.

Structure and Function

Once the student understands what physiology is, it becomes easier, in many
cases, to grasp the mechanistic approach by studying the relation of function to
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structure. Examples abound of how structure and function are interrelated in
the human body (see table 1.1).

Understanding the functions of the body is enhanced by first understanding
corresponding structures. In addition, learning medically relevant scientific pre-
fixes, suffixes, and some simple definitions will help both the student and the cli-
nician with physiology. Anatomy, simply stated, is the structure or morphology of
a tissue, organ, organ system, or whole animal. The morphology of a living thing
can and does change with time and other conditions. Consider, for example, the
morphology of a tadpole and contrast it with that of the mature frog. Alterna-
tively, the primitive spermatogonium looks nothing like the mature spermato-
zoan, that is, the reproductively capable sperm cell. The spermatogonium lacks a
tail and well-defined head with acrosome. Metamorphosis, such as that experi-
enced by the tadpole or spermatogonium, happens because of development, dif-
ferentiation, growth, and proliferation of cells, tissues, organs, and organ systems.
Stated simply, anatomy is what we have and physiology is how we use it. Or,
anatomy is the cut and chiseled appearance of the conditioned athlete’s back and
shoulders, biceps, and abdomen. Physiology is the mechanisms by which those
same muscles develop force, shorten, and lift a load.

An ideal example of the relationship between structure and function is
found in striated muscle. Muscle in human bodies can be subdivided into two
broad categories, striated and nonstriated. Striated muscle is so named because
when viewed under powerful transmission and scanning electron microscopes,

TABLE 1.1

Examples in human physiology where structure
(anatomy, morphology) is related to function

Structure Function

Striated muscle (skeletal, cardiac) shortening and contraction, development
of force, movement of a load

Nephron (kidney) filters plasma, reabsorbs ultrafiltrate,
secretes molecules, excretes urine

Alveolar airway exchanges the respiratory gases oxygen
and carbon dioxide with blood

Circulatory systems manage/distribute flow (arteries,
arterioles), exchange (capillaries),
collect (veins)

Epiglottis controlled by the swallowing reflex,
minimizes/prevents choking
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these cells have alternating light and dark bands called striations. Examples of
striated muscles, among many others, include the biceps and the “six pack”
muscles of the abdomen, as well as the ventricles and atria of the heart. Striated
muscle is further divided into cardiac and noncardiac or skeletal. All other muscle
types are considered nonstriated because they lack the pattern of alternating
light and dark bands. One example of a nonstriated muscle would be the vascu-
lar smooth muscle that is found in the walls of most blood vessels. Figure 1.1 is an
example of striated muscle as seen through an electron microscope at a magni-
fication of 10,000 times.

Striated muscle, whether skeletal or cardiac, is characterized by the well-
defined striations shown in figure 1.I1. Many such striations occur inside a single
muscle cell, also called a myocyte or muscle fiber. The myocyte’s cell membrane
is called the sarcolemma. The sarcolemma separates the interior contents of the
cell from the extracellular fluids. Each muscle cell also has a dense concentra-
tion of mitochondria, the metabolic motors of the cell. The light and dark bands
are composed of smaller units called thick and thin filaments. Thick filaments
(dark bands) are polymers of the protein myosin and thin filaments (light bands)
are made from actin chains. There are many other functional proteins associ-
ated with thick and thin filaments, but their description is beyond the purposes
of this book.

The structural and functional unit of the striated muscle is the sarcomere,
which is composed of any two adjacent dark lines running through corresponding
light bands. Greater detail of the striations can be studied by further magnifying

FIGURE 1.1 Electron micrograph (magnified about 10,000 times) showing cardiac
striated muscle in the left ventricle of the guinea pig heart. Note the pattern of alter-
nating light (with dark Z-lines running through the center) and dark bands (gray
areas labeled thick filaments). Similar patterns are found in the hearts of all mam-
mals, including humans. Note the sarcomeres.

(Merrill, unpublished data)
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the structures shown in figure 1.1. We hypothesize that striated muscles contract
and create force when the filaments slide over each other (we have not seen it
occur, even though we can see the fibers in a microscope). Thin filaments,
attached at adjacent Z-lines, slide towards each other and over interposed thick
filaments. Thick and thin filaments do not change length, but the sarcomere
shortens. Because of the structure and proximity of apposing thick and thin
filaments, coupled with the physiology and biochemistry of the sarcomere, as
filaments pass each other, energy is released, muscles shorten, force is gener-
ated, and a load is lifted (see figure 1.2).

A simple analogy of the sliding filament theory is interlacing the fingers of
both hands. With fingers extended and the tips of index fingers touching each
other, spread the fingers and then slide the apposing sets of fingers past one
another about an inch, keeping the two index fingers fixed. With fingers in this
position, note (1) the distance between the two palms, (2) the extent of overlap
of the fingers, and (3) the thickness of the region of overlap versus the areas of
the fingers that are not overlapped. The thick region corresponds to the area of
a sarcomere where the thick and thin filaments overlap. The region of the fin-
gers that do not overlap represent the non-overlapping thin filaments of the sar-
comere, and where they are connected to the palms represents their points of
attachment at the Z-lines. Now if you slide the fingers closer together, you can
visualize how the sliding filament hypothesis of muscle contraction works.

Skeletal muscles are activated to contract by motor nerves that innervate
them. A muscle fiber and its associated motor nerve is called a motor unit. The
greater the number of motor units firing, the more force a muscle can generate.
For example, a person lifting weights with 20-pound dumbbells in each hand
will activate fewer motor units than they will using 40-pound dumbbells. The

Relaxed Contracted
I— - x
Z-line  Thin filament Z-line Thick filament H-zone

FIGURE 1.2 Relaxed (left) and contracted (right) sarcomeres. These illustrate the
sliding-filament theory for muscle contraction (both cardiac and skeletal). Note the
extent of overlap of thick and thin filaments under the two conditions. Note also that
the lengths of the thick and thin filaments do not change during contraction (only
sarcomere length changes).
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heavier the weight, the greater the number of motor units recruited. Repeating
such motion with progressively increasing weights during an eight- to twelve-week
period will cause an increased size of each muscle cell in the affected region
(hypertrophy). Some weight training (stretching) activities can also increase the
number of cells (hyperplasia).

A second example of how understanding structure can enhance the under-
standing of function is the kidney. While the kidneys perform several important
physiological functions, one of their main purposes is to filter the blood. In filter-
ing the blood, potentially toxic waste products of metabolism are eliminated—for
example, urea—and the balance of body water and electrolytes is maintained.
The structural and functional unit of the mammalian kidney is the nephron. This
word gives rise to the name of a clinician who studies kidney disease, a nephrol-
ogist. Nephrology is the study of renal disease. Figure 1.3 illustrates the mam-
malian nephron. Each of the two kidneys in the human body is constructed of a
million plus nephrons. Each nephron is composed of vascular and tubular struc-
tures that are important to kidney function.

The general filtering function of the nephron is crudely analogous to the
kitchen sink and its plumbing and purposes. The main function of a kitchen
sink filled with hot water and detergent is to eliminate waste from glassware,
utensils, and pots and pans. The dirty dishwater and its contents eventually get
flushed into the kitchen plumbing. However, before they enter the plumbing,

Arterioles
Afferent Efferent

Renal arterial
blood flow

Bowman’s capsule
Glomerular capillaries

Glomerular filtration Peritubular capillaries

a. Reabsorption
b. Secretion Renal venous

blood flow

Excretion of urine

FIGURE 1.3 The mammalian nephron, the basic functional unit of the kidney. Note
the basic renal functions of glomerular filtration, reabsorption, secretion, and excre-
tion. Note also the proximities of afferent and efferent arterioles and glomerular and
peritubular capillaries.
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the waste products and dirty water must pass through a removable sink drain or
filter. This drain is designed to allow water to flow across freely but to trap larger
waste particles, which can be disposed of in the garbage.

Nephron function is similar. Each nephron has an arterial blood supply that
is analogous to the faucet that supplies water to the sink. The nephron has a
drain or filter called the glomerular filtration apparatus. It allows water and
other small molecules to pass freely into the Bowman’s capsule and the tubular
nephron (sink gooseneck and house plumbing). The filtration barrier is com-
posed of the wall of small blood vessels called glomerular capillaries. The capil-
laries have pores in their walls and the walls are overlaid by cells called podocytes.
Together, the porous glomerular capillaries and overlaying podocytes form the
glomerular filtration barrier. This barrier prevents large molecules from getting
out of the renal blood and into the nephron tubules.

As renal arterial blood flows into the glomerular capillaries, water and its
smallest solutes are forced from the blood vessels into the tubules of the nephron.
Blood pressure and other factors such as the molecular radius of a particular
solute and electrical charges on solutes and the filtration barrier determine which
solutes get filtered and which ones remain inside the blood vessels. The total
process is called glomerular filtration, and its rate can be determined experi-
mentally and clinically. The glomerular filtration rate, abbreviated GFR, is one of
the most important indicators of kidney function.

The filtered fluid and its nonaqueous component are referred to as ultrafil-
trate, and once it is inside the renal tubules it will either be excreted as urine
(renal excretion), or it will be reabsorbed into the capillaries surrounding the
nephrons, a process called tubular reabsorption. On occasion, solutes get secreted
out of the peritubular capillaries and into the renal tubules. For any given solute
in the renal arterial blood, the net effects of filtration, reabsorption, and secretion
ultimately determine the composition and volume of urine. As a rule, if a solute
gets filtered and is not reabsorbed, it will be excreted as urine. Also, if a solute
gets filtered but is completely reabsorbed, it will not appear in the urine. Finally,
a solute can appear in the urine without having been filtered at the glomerular
capillaries. In this case, that solute had to be secreted by the peritubular capil-
laries in order to appear in the urine.

One can check the physiological efficiency of these several processes by
rapidly consuming a large quantity of water, say a pint or two in ten to fifteen
minutes. If you are observant, you will note two things. First, the yellow hue
of the urine before consuming the water was darker than it will be two or
three hours after drinking. Secondly, the need to urinate after consuming the
water will most likely be greater than before. This results as the kidneys reab-
sorb less water and try to restore body water volume and osmolarity to their
physiological states. I will have much more to say about this in chapter 6 on
renal function.



THE FOUNDATION 7

Homeostasis, Equilibrium, and the Steady State

In addition to understanding the differences between structure and function and
how they interrelate, there are other fundamental physiological concepts that are
key to body function. Among the most important of these are the concepts of
homeostasis, equilibrium, and the physiological steady state. The term homeosta-
sis was coined by the American physiologist Walter B. Cannon (1871-1945). In one
of his books, The Wisdom of the Body, Cannon described the body’s ability to main-
tain the status quo, and he applied that ability to all known functions of the tis-
sues and organ systems. For contemporary physiologists, homeostasis is the
maintenance of static or constant conditions in the internal environment.

Consider body temperature and its regulation. At any point in time, body
temperature is the composite of the rates of heat production and heat loss com-
bined with heat storage. When members of polar bear clubs in the northern
hemisphere don their swimsuits and plunge into frigid waters on January 1 to
ring in the New Year, homeostasis of body temperature is perturbed. While in
the cold water, heat loss will outpace heat production, heat storage will decline,
and body temperature will fall, even if only transiently. During the next several
hours as swimmers dry off, replace their clothing, and move into a warm envi-
ronment, physiological mechanisms will restore the balance among heat
production, heat loss, and heat storage. When body temperature returns to pre-
plunge levels, thermoregulatory homeostasis will have been restored.

The physiological concept of homeostasis suggests a basic mechanism for
maintaining the stability of the internal milieu in the face of irregular nutrient,
mineral, and water fluxes, as well as physical alterations in the environment.
Homeostasis is the control of a vital parameter. The body carefully controls a
seemingly endless list of vital parameters. Examples of tightly controlled param-
eters that affect nearly the whole body are arterial blood pressure and circulating
blood volume. At the level of the internal fluids, tightly regulated parameters
include body core temperature and plasma levels of oxygen, glucose, potassium
ions (K*), calcium ions (Ca?*), and hydrogen ions (H*). Homeostasis also occurs
at the level of the single cell. Thus, cells regulate many of the same parameters
that the body as a whole regulates: volume, the concentrations of many small
inorganic ions, and energy levels such as adenosine triphosphate (ATP).

Another example of the concept of homeostasis is energy balance or main-
tenance of body weight. Simply stated, if the student or patient consumes more
calories in a day than are expended, they are going to gain weight. Alternatively,
if they expend more calories in a day than they consume, they will lose weight.
If they weigh 175 pounds on day one, then consume and expend 2,000 calories
per day through day thirty, they will still weigh 175 pounds on day thirty. The
homeostasis of energy balance is the formula, over a lifetime, for maintaining
body weight at a constant level.
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Integral components of the concept of homeostasis are the ideas of equilib-
rium and steady states. To help explain equilibrium, imagine a washing machine,
a rinse basin, and the outlet from the rinse basin into the plumbing system of a
house. As the washing machine goes through a rinse cycle, it releases a large vol-
ume of rinse water into the basin. The water entering the basin exits into the
house’s plumbing system. If the plumbing system is clogged or restricted, and
depending on the volume of the basin, the rate of entry of water into the basin
exceeds the rate of exit from the basin. Under those conditions, the rinse water
could overflow onto the laundry room floor. Conversely, if the plumbing system
is not plugged, the rates of rinse water entering and exiting the basin are near
equal and the level of water in the basin is near constant. At that precise
moment in time, the two rates of water flow produce a volume of rinse water in
the basin that does not change. At that moment, the entire system—washing
machine, entry and exit of rinse water into the basin, and volume of water in the
basin—is in a state of equilibrium. Happily, under such conditions there is no
threat of the basin overfilling and the water overflowing onto the laundry room
floor, that is, there is no arduous task to add to one’s workload for the day.

This is the case for many of the functions of the human body. Consider the
heart to be the physiological equivalent of the rinse basin. Venous blood flow-
ing into the heart from various regions of the body, such as the head, trunk,
internal organs, and limbs, is the counterpart of rinse water flowing into the
basin. Arterial blood flowing away from the heart, to nourish tissues and organs
of the head, trunk, and limbs, is analogous to rinse water draining the basin.
If the volumes of blood flowing into and out of the heart are not equal, then
either the heart or the organs will be depleted of or engorged with blood. Either
condition is bad, and both cause an imbalance or disequilibrium in the cardio-
vascular system. Unless corrected promptly, either state can be lethal.

The heart and the vasculature, or blood vessels, acting in concert with other
tissues and organ systems, have mechanisms to prevent such disequilibrium from
either occurring or from lasting. This, however, can fail in disease states. Consider
congestive heart failure as an example. The weakened and reduced capacity of
the heart to pump blood is often caused by a heart attack, or myocardial infarc-
tion. As the heart expels less blood during each contraction, the volume of blood
in the heart at the end of the following relaxation phase increases, that is, the
heart becomes congested with blood. As congestion progresses, the pressures
inside the heart and in the veins leading to the heart also change. This, in turn,
affects arterial blood pressure. Thus, a state of disequilibrium in general circu-
latory hemodynamics occurs. In other words, cardiac and circulatory homeosta-
sis is lost, the person’s health deteriorates, and death can be the end result.

Like the person who consumed and expended 2,000 calories per day for a
month, and whose body weight remained constant, the person’s heart that ejects
all the blood it receives per cycle will produce a circulation that is also in a state
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of stability, the physiological steady state. Imagine yourself kicking back and
reading the paper about 11 A.M. on a Sunday morning. Your homework is done,
there are no midterm exams for a couple of weeks, and you are enjoying some
leisure time. As you are comfortably relaxing on the couch, your respiratory
rate, heart rate, body temperature, blood pressure (vital signs), and digestive
functions are all in their baseline, resting conditions—their steady states. If we
were to measure some of these variables, we might find your heart rate to be
about seventy cycles per minute (beats per minute), your breathing rate to be
about twelve cycles per minute, your body temperature to be about 38°C (98°F),
and your mean arterial blood pressure to be about 100 mmHg. Now imagine an
unexpected, loud knock at the front door and a frantic neighbor screaming, “My
house is on fire, please help me!” The events of the next several minutes will
arouse many of your physiological functions. If at the moment of greatest alarm
we were to measure your vital signs, they would be elevated and perhaps even
continuing to rise—they would not be in the steady state. After the fire and
police departments arrive and have things under control, some time will have
to pass before these physiological variables return to or near the stable condi-
tions that prevailed before your neighbor’s intrusion. During the time of alarm
and increased physical activity, these physiological variables will operate under
non-steady-state conditions.

Many events can disrupt the physiological steady state. These include but
are not limited to periods of dynamic and static physical activity such as danc-
ing, water skiing, and other forms of exercise; marked and/or sudden changes in
environmental temperatures, such as would occur if you were marathoning in
Death Valley or summiting Mount Everest; different states of consciousness
such as during general anesthesia, sleep, and wakefulness; and fasting and
feasting, periods of emotional distress and anger, anxiety over a misunderstood
date and location of a final exam, and so forth. As students become familiar with
physiology in general, they will be more cognizant of events that can influence
the steady state.

Physiological Gradients

Another physiological concept of fundamental importance is that of gradients.
The term is related to the words grade and slope. Any traveler driving from the
east to the west coasts of the United States has crossed the Continental Divide and
Rocky Mountains. Whether in Montana, Idaho, Wyoming, Utah, or Colorado, at
some point the traveler will ascend and descend one or more mountain passes.
Frequently the steepness of such passes is posted as a grade, for example, 6
percent or 7 percent. This means that for each 100 feet of linear distance forward,
the traveler will rise or descend six or seven feet. Although plains and valley
floors are already at about 5,000 feet, such as Denver, Colorado, the passes
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may be at elevations in excess of 10,000 or 12,000 feet, for example Eisenhower
Pass. Drivers of large vehicles such as buses and semis are advised to check
their brakes before descending these mountainous passes, and the novice
mountain traveler might notice the runaway truck and bus ramps. A gradient
is a difference. In the case of Denver and Pike’s Peak the difference is about
9,000 feet.

Blood pressure is an example of a physiologically important gradient. Blood
flows from regions of high pressure to regions of low pressure. That is to say,
blood flow occurs, in part, as the result of pressure gradients. In our reclining
newspaper reader above, the average pressure in the left ventricle at the peak of
its contraction is about 100 mmHg under resting conditions. Millimeters of
mercury are the units of measure used to express blood pressure. Blood pressure
levels are similar in the major arteries carrying blood away from the left ventri-
cle during systole. At the peak of excitement during the neighbor’s house fire,
left ventricular peak blood pressure will be elevated considerably. Blood leaving
the left side of the heart eventually ends up in the right side of the heart at the
right atrium. From there it goes to the right ventricle en route to the lungs. The
average pressure in the right atrium of the reader at rest is less than 5 mmHg;
blood flows because of an intravascular pressure gradient of 100 — 5 = 95 mmHg,.
Conditions that increase this gradient (house fire) will increase blood flow, and
those that decrease the gradient will decrease it.

Another physiologically important gradient is the osmotic gradient. Osmo-
sis is the process by which charged particles such as ions influence the distribu-
tion of water between different body compartments. Ions, electrolytes, salts,
and other osmotically active chemicals are those that have the ability to attract
water across permeable membranes such as cell walls. Osmotically active chem-
icals exist in three important locations in the body: (1) inside cells, that is, the
intracellular space or intracellular compartment; (2) inside blood vessels, for
example, the intravascular space or intravascular compartment, an extracellu-
lar compartment; and (3) the interstitial space, also an extracellular compart-
ment. Interstitial means “between the tissues” and refers to space within the
body and its organ systems that is both between the cells (but outside of cells)
and outside of the vascular compartment. Under homeostatic conditions, there
is a balance in the amount or concentrations of osmotically active chemicals in
these three spaces. Because of their abilities to attract water (osmosis), the dis-
tribution of these chemicals causes an equally important distribution of water
among the three compartments. This mechanism is crucial since the balance of
water and salts among the body’s various compartments is critically important
to the health and well-being of the individual. When either the water or osmotic
gradient is upset—for example, when there is a higher concentration of osmo-
tically active chemicals in the interstitial space than in the intracellular space—
the other space is disrupted. Unless the imbalance is promptly restored by
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homeostatic mechanisms, net losses or gains in water and electrolytes will
occur in the various compartments leading to injury and death of the tissues.

Anyone whose job requires them to stand most of the day has experienced
swelling and discomfort in the feet. This is especially true in a hot environment,
for example, standing on a concrete slab or asphalt during hot summer months.
The swelling results from imbalances in osmolality and volume in the water
compartments of the tissues of the feet. Periodically elevating the feet above the
heart, even during the workday, can do wonders for the swelling and discomfort.
Stress such as standing for long hours multiple days per week over years can do
irreversible damage to the walls of blood vessels not only in the feet but in ves-
sels of the lower leg as well, leading to conditions such as varicose veins and
phlebitis. I will have more to say about this when I discuss kidney function later
in the book (see chapter 6, “Kidneys and Renal Physiology”).

We acquire oxygen from the atmosphere and eliminate carbon dioxide into
it also as a result of gradients. The amount of oxygen in any particular space can
be expressed by its partial pressure (the amount of energy or force caused by
oxygen molecules as they collide with one another and with the walls of con-
tainers confining them). Physiologists express the partial pressure of oxygen
with the symbol PO,. The upper-case P stands for partial pressure and O, is the
chemist’s symbol for molecular oxygen. The greatest partial pressure of oxygen
is in the atmosphere we breathe. At sea level it is about 150 mmHg. The next
greatest PO, is in the lungs (about 105 mmHg), then in the venous blood leaving
the lungs (blood that will become arterialized—the addition of oxygen to venous
blood—once it reaches the left ventricle and major arteries and is pressurized to
about oo mmHg), then inside the cell (about 40 mmHg), finally in subcellular
organelles (structures such as nuclei and mitochondria that are located inside
cells), where the pressure is less than 40 mmHg). Thus, there is an oxygen gra-
dient from atmosphere to subcellular organelle of more than 110 mmHg that
ensures constant delivery of oxygen to where it is needed. An opposite gradient
exists for carbon dioxide, a by-product of cellular metabolism that must not
accumulate in the tissues. If carbon dioxide accumulates, especially in brain
and other sensitive tissues, it can lead to acidosis, comatosis, and even death.
Partial pressure of carbon dioxide in the cells is greater than 45 mmHg and in
the lungs is less than 40 mmHg. So, for both these physiologically important,
life-sustaining gases, gradients exist that ensure continuous uptake of oxygen
and removal of carbon dioxide.

Physiological Reflexes

In their earliest clinical training, students become familiar with the concept of
body reflexes. They are taught some very simple reflexes such as the knee-jerk
reflex, but, unless enrolled in advanced physiology courses, they might not be
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taught the more complex reflexes such as the contralateral flexor/extensor
reflexes and reflex movements of the gut wall during and after ingestion of a
meal. Structurally, all reflex arcs consist of five components. They are (1) a sen-
sory receptor, (2) a sensory or afferent nerve, (3) a central integrator, (4) a
motor or efferent nerve, and (5) a motor effector or activator (see figure 1.4).
Unless all five components are involved, it cannot correctly be said that a func-
tion has occurred “reflexively.”

A sensory receptor is generally thought of as a cell (or group of specialized
cells) that is sensitive to changes in its environment. The environmental stimuli
that activate these receptors can be mechanical, electrical, thermal, or chemical,
and most receptors respond to specific stimuli. For example, receptors that
respond to heat and cold (thermoreceptors) do not respond to mechanical
changes in their environments. Environmental stimuli refer to events outside the
body, at the body surface, or inside the body. In the case of the knee-jerk reflex, the
stimulus is mechanical, the deformation or changes in tissue contour caused by a
hard object striking the knee. The knee-jerk mechanoreceptors are innervated
(attached to sensory nerves) by neurons (nerve cells) that carry the mechanical
signal, now transformed into an electrical impulse, centrally or afferently into the
spinal cord. Inside the spinal cord, the signal is evaluated and integrated by
interneurons (nerve cells interposed between the afferent, sensory nerves and the
efferent, motor nerves, that is, the central integrator) that direct the outflow of
information to the motor or efferent nerves. Finally, motor nerves carry another
electrical impulse to motor effectors or activators. In the case of the knee jerk, the
activators are extensor muscles that are stimulated (cause extension of the limb)
and flexor muscles that are inhibited (do not oppose extension of the limb). The
end result of this reflex is extension and elevation of the leg below the knee.

3. Central integrator

in CNS
4. Efferent, or motor nerve 2. Afferent, or sensory nerve
going to effector going to central integrator
5. Motor effector, activator 1. Sensory receptor

FIGURE 1.4 The five basic components of a mammalian reflex arc. Note that the
physiological mechanism of the reflex begins with a sensory receptor (1) and ends
with a motor effector (5).
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Reflex responses can aid the well-being of the organism, as demonstrated
by the nociceptor reflex. Nociceptors are sensory receptors that respond to
painful stimuli. Heat can be a painful stimulus. Consider small children who
place their hands on hot stoves. Pain receptors in a hand are activated and ini-
tiate reflexes that both cause the withdrawal of the hand and the child’s
removal from the stove. Even though the contact lasted less than one second,
the child still suffered a burn. Imagine the damage that would be sustained if
thermoreceptors were not present and the child’s hand had remained on the
stove for several seconds. Examples of other reflexes, such as occur when step-
ping on a sharp object with a bare foot, should now be more easily understood.

Control Systems Analysis

Physiologists sometimes think and act like engineers. This is especially true when
it comes to analyzing functions of the body that are regulated by “control sys-
tems.” Indeed these systems are similar to and even involve components of the
reflex arc. Figure 1.5 illustrates, in simplest terms, the standard physiological con-
trol system. The controller is an anatomical structure of the central nervous sys-
tem, and in the case of the human cardiovascular system, the controller is located
in the brain stem and is subdivided into several more discrete units. These are the
vasomotor and cardiotonic centers. The vasomotor centers cause adjustments in
vascular tone—the degree to which an artery, arteriole, or vein is constricted or
dilated. The cardiotonic centers cause acceleration and deceleration of the heart

> Controller
with comparator
and error detector
A
Feedback sensor Activator (i.e.
(e.g. carotid sinus) tissues & organs)

A

e.g. blood pressure, heart rate

Controlled variables ¢

FIGURE 1.5 The physiological mechanism by which closed-loop feedback control sys-
tems work. Note that the physiological output of each component becomes the input
to a subsequent component. See text for an example of how such a system behaves in
controlling blood pressure.
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rate, as well as increments and decrements in contractile vigor of the heart. The
vasomotor center is further subdivided into vasopressor (causes elevations in
blood pressure) and vasodepressor (causes decreases in blood pressure) regions.

The brain stem is a segment of the central nervous system that connects
the cerebral hemispheres, spinal cord, and other components of the central
nervous system (for example, the cerebellum and midbrain). The brain stem is
critically important to the control and regulation of all the major organ systems
of the body. Controllers within the brain stem consist of other subcomponents
such as comparators. Comparators assess feedback signals with preexisting “set
points” in the controller. Any differences between feedback signals and set
points are seen as error signals and are adjusted by the entire control system.
This is done to eliminate the error signal and to reestablish the set point.
Output from the controller goes to “activators” (organs and tissues) and become
the activator’s inputs. The output of an activator is a controlled variable.
Examples of controlled variables using a controller mechanism are blood pres-
sure, heart rate, and body temperature. Controlled variables are detected by
feedback sensors that send that information directly to the controller where it
is compared (by the comparator) with the set point.

One example of a control system is the human cardiovascular system. Con-
sider the short-term regulation of arterial blood pressure. Imagine that your
average arterial blood pressure is 100 mmHg and that it has been at this level for
several years. This means the set point in your brainstem controller is near
1oommHg, and this value is what the comparator has been accustomed to
detecting for several years. Now imagine that you are nervously seated in your
dentist’s chair in preparation for a root canal. Through emotionally evoked
physiological mechanisms, the thought of a root canal has elevated your mean
arterial blood pressure to 150 mmHg, a 50 percent increase. It has also elevated
your heart rate. These changes are not good for the body, and if sustained could
become pathological. For example, sustained elevated heart rates lead to excess
heart work as evidenced by increased oxygen consumption. Prolonged elevation
of blood pressure (hypertension) at 150 mmHg or more damages the endothelial
lining of blood vessels making it easier for atherosclerosis (hardening of the
arteries) to develop. That will further increase blood pressure. Moreover, the
higher the blood pressure, the harder the heart has to work to circulate blood.
This places undue strain on the heart and chronically predisposes to hypertro-
phy and failure. While transient elevations of blood pressure (dentist’s chair,
root canal) do little lasting damage, progressive and sustained hypertension is a
leading cause of disability and death in industrialized nations. Transient
changes in blood pressure and heart rate can also contribute to dangerous
arrhythmias, myocardial infarction, and even sudden death.

A feedback sensor called the carotid baroreceptor is located in the wall of the
internal carotid artery. This is located just downstream from the point of
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branching of the common (main) carotid artery into the internal and external
carotid arteries. This critical region of vasculature is located near the bottom of
the ear and curvature of the jaw. It is just above the region of the neck where we
see EMT specialists, doctors, and nurses place their fingers to detect carotid
pulses in injured persons. Once the feedback information from the carotid
baroreceptor arrives at the cardiovascular control center, the comparator eval-
uates the difference between the set point of too mmHg and the new feedback
of IsommHg, and physiological adjustments are made within the activators to
bring arterial pressure back to 100 mmHg. Because of physiological variability
among dental patients, the above adjustments in the control system might be
made while they are still in the dentist’s chair. In others, the corrective actions
will take several hours to complete.

Feedback and Feedforward

Control systems in humans and other mammals act primarily by negative feed-
back. Negative feedback is one mechanism that contributes to homeostatic main-
tenance of physiological variables. Consider the regulation of the concentrations
of carbon dioxide in body fluids. If the concentration of carbon dioxide in the
blood increases, then pulmonary ventilation will be stimulated. The increase in
ventilation will cause a greater release of carbon dioxide to the atmosphere. This
will reduce the concentration of carbon dioxide in the blood. In other words, an
elevated concentration of carbon dioxide in the blood ultimately leads to a lower
concentration of carbon dioxide, which is negative to the initiating stimulus.
Conversely, if the concentration of carbon dioxide in the blood falls too low, it will
impede respiration causing a feedback increase in the blood concentration of the
gas. This response also is negative to the initiating event.

In the regulation of heart rate and blood pressure, elevations in either vari-
able cause a series of events via the control systems described above that lead to
reductions in heart rate and blood pressure. In both cases, the final outcome is neg-
ative to the initiating stimuli. Therefore, if some physiological variable becomes
excessive or deficient, a control system initiates negative feedback, which consists
of a series of changes that restores the variable to its original levels.

Positive feedback also occurs but commonly is deleterious and even lethal.
Whereas negative feedback typically leads to physiological stability and mainte-
nance of the status quo (protection of homeostasis), positive feedback leads to
instability through what some call vicious cycles. Consider again the feedback
regulation of arterial blood pressure. If an increase in pressure occurs, a positive
feedback system would produce events that lead to a further increase in arterial
pressure: an errant change in blood pressure of 100 to 150 mmHg could through
positive feedback lead to an arterial blood pressure of 175 or 200 mmHg or
greater. Such changes would be dangerous and, if uncorrected, fatal.
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TABLE 1.2
Basic concepts of the physiology of human health

Concept Principle

1. Structures and functions Understanding structure can enhance
learning functions

2. Homeostasis Tendency to stability; the principle that systems
are designed to operate at constant levels

3. Equilibrium The principle that input and output balance
one another at a level that is consistent
with life and good health; maintaining
the status quo

4. Steady state Dynamic equilibrium; conditions when a
system operates at a constant level

5. Gradients Differences, e.g., in concentrations and
pressures as a function of time and space

6. Reflexes Interrelated functions of the five basic
components of an involuntary physiological
system designed to achieve specific actions

7. Feedback/feedforward Basic principles of control systems (closed-
loop) designed to maintain homeostasis of
controlled variables (e.g., blood pressure,
body temperature)

A third kind of control called feedforward also occurs in the human body.
For example, some movements of the body occur so rapidly that there is insuffi-
cient time for peripheral (distantly located tissues relative to the central nerv-
ous system) sensory stimuli to travel all the way to the central nervous system,
become integrated, and relay motor responses to the affected muscles in time to
control a particular movement. In such cases, the brain uses feedforward con-
trol to cause the required muscle movements. Sensory signals from the moving
parts apprise the brain in retrospect whether the appropriate movement as
envisaged by the brain has been performed correctly. If not, the brain corrects
the feedforward signals it sends to the muscles the next time the movement is
required. If still further corrections must be made, they will be done for subse-
quent movements. This kind of feedforward activity by the body has also been
referred to as adaptive control.

THIS CHAPTER HAS SUMMARIZED some of the fundamental principles of physiology.
The first task is to understand the interrelationships between structure and
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function of living tissue. Then the concepts of homeostasis, equilibrium, and
steady states were discussed. The importance of physiological gradients and
reflexes and control systems and feedback were also discussed. While this is by
no means an exhaustive list of fundamental physiological principles, it is
nonetheless an important list. These principles will help the student and prac-
titioner understand our marvelous bodies and the physiological basis of
health and wholeness. For the reader who is interested in a more in-depth
understanding of physiology, please see the suggested readings at the end of this
and all chapters. The textbooks I have suggested are among the best and are
used for teaching the physiology of medicine in medical schools in the United
States and elsewhere.

Table 1.2 summarizes some of the important physiological concepts pre-
sented in this chapter.



Understanding the Mammalian
Nervous System

What Are Neurons?

Neurons, or brain cells, come in multiple shapes and sizes. Their common pur-
pose is to communicate. Neurons consist of three basic components that enable
them to communicate. These include the cell body or soma, an axon or cable
that extends to an adjacent neuron or other effector, and dendrites. Dendrites
are shaft-like projections that arise from the cell body and make contact with
multiple other neurons in the vicinity of the original cell. Physiologically, den-
drites receive incoming information. That information is integrated and ana-
lyzed in the cell body. A response is then conducted down the axon to another
neuron or some other effector such as a skeletal muscle cell. Neurons are the
functional units of all the body’s nervous systems.

No one knows how many neurons are present in the human body. In late
2006, I heard a mammalian neuroscientist say that in one cubic millimeter of tis-
sue from the rat cerebral cortex, there are more neurons than there are stars in
the universe. I don’t know how he arrived at this figure. However, as the universe
is composed mainly of cold, dark, matter—as much as 70 percent as estimated by
some astrophysicists—so is the human nervous system composed of cells and tis-
sues other than neurons. One of the most abundant of these is the glial cell. Glial
cells are thought to be supportive to neurons. They influence blood flow, provide
structural support, influence remodeling after disease and damage, and are
thought to contribute to the neuron’s communicative/metabolic functions.

Neurons communicate via two processes. The first is called conduction and
the second transmission. Iwill say more about each later, but for now conduction
refers to the physiological processes involved in getting a message from the cell
body, down the axon, and to the effector.

Nerve axons can be myelinated or nonmyelinated. Myelin is an insulation-
like fatty sheath that encases the axon but is disrupted at regular intervals along
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its length. Myelinated nerves conduct action potentials with greater velocity
than do nonmyelinated axons. This is because the physiological mechanisms
that account for conduction in a myelinated neuron occur only at the inter-
nodes (the space between adjacent myelinated regions of the axon, which are
called nodes). This kind of action-potential-mediated communication is called
saltatory conduction. Nonmyelinated axons conduct more slowly because the
events of the action potential occur continuously over the entire axon and not
just at the internodes.

The process of transmission is confined to the synapse. The synapse is the
gap between the terminus of the axon and the activator that it innervates. Trans-
mission takes place either electrically or chemically. Chemical transmission relies
on neurotransmitters. These are molecules such as serotonin and norepine-
phrine that are stored in vesicles in the terminus of the axon, a location referred
to as the presynaptic junction. When a signal arrives from the cell body, it causes
the release of neurotransmitters into the synapse (also called the synaptic cleft or
synaptic junction). By diffusion, these molecules cross the synaptic cleft and bind
to protein receptors on the activator or postsynaptic junction. The specific site of
binding is called the postsynaptic receptor or postsynaptic docking site.

Functionally, there are many kinds of neurons. Some have axons of only a
few micrometers in length and thus need relay information only over short dis-
tances. Others have axons that are centimeters or meters long and must convey
signals over much greater distances. Quite commonly, but not always, the
longer axons are myelinated and thus conduct signals at much greater veloci-
ties. Neurons are designed to detect specific kinds of environmental stimuli. For
example, a thermosensitive neuron, one that detects changes in temperature,
usually is not activated by mechanical signals such as changes in tissue defor-
mation. Classically, this quality has been called the law of specific energies. It
reveals that neurons were designed to be specialists.

What Is the Nervous System?

Technically, there are several different nervous systems in the human body.
These include the central nervous system (CNS), the peripheral nervous system
(PNS), and the autonomic nervous system (ANS). The autonomic nervous sys-
tem is subdivided in two, into the sympathetic nervous system (SNS) and the
parasympathetic nervous system (PSNS). A fourth nervous system is the enteric
nervous system (ENS) or gastrointestinal nervous system. Table 2.1 summarizes
the various nervous systems, where they are located, and what they do.

Like individual neurons, the different nervous systems were designed to
perform specific functions. The CNS consists of neurons contained within the
cranium, such as those of the cerebral cortex. It also includes the spinal cord
and the brain stem, which connects the cord with the cranial components. The
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TABLE 2.1
Summary of the various nervous systems, where they are located,
and what they do
Name of system Where located Functions
Autonomic nervous in/near cord and involuntary action
system (ANS) cranium (e.g., temperature
regulation; heart rate)
Central nervous cranium, spinal cord  voluntary actions,
system (CNS) reflexes
(e.g., doing homework,
knee jerk)
Enteric nervous gastrointestinal tract ~ food processing
system (ENS)
Parasympathetic nervous cranium and sacral involuntary actions
system (PSNS) cord
Sympathetic nervous thoracic and lumbar involuntary actions
system (SNS) cord
Note: there are many body functions that are involuntary,
that are too numerous to list here.

central nervous system may be thought of as part of the central axis of the body.
It communicates with the periphery of the body via the peripheral nervous sys-
tem. The periphery of the body includes extremities such as toes, fingers, nose,
and ears. The PNS is composed of neurons that extend from the CNS to the
periphery (motor neurons) and other neurons that extend from the periphery
into the CNS (sensory neurons). An example of the latter would be thermore-
ceptors in the fingertips. Each neuron in both classes (motor and sensory) is
composed of at least a cell body, an axon, and a synapse.

The autonomic nervous system is also a specialized nervous system (see
figure 2.1). It is primarily a motor nervous system. That is, the same kinds of sensory
environmental stimuli that activate the CNS and PNS also activate the ANS. The
cell bodies in ANS neurons are located either in the CNS (for example, somewhere
in the spinal cord), or in one of the twelve cranial nerves, or in or very near the
activators that these motor neurons innervate. The heart is a good example of the
latter. Cell bodies of neurons of the sympathetic ANS are located either in the tho-
racic or lumbar segments of the spinal cord. This subdivision of the ANS is there-
fore also correctly referred to as the thoracolumbar ANS. However, these neurons
make connections with other SNS neurons that lie, anatomically, outside of but
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Sympathetic Parasympathetic
division division

Cranial Cranial

Cervical Cervical

Thoracic Thoracic
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FIGURE 2.1 The mammalian autonomic nervous system, including both sympathetic
(left) and parasympathetic (right) branches. Note the presence and proximity of the
paravertebral sympathetic chain to the sympathetic system. Successive arrows in
each system denote preganglionic and postganglionic axons. Note the anatomic ori-
gins of the preganglionic axons in the sympathetic system (thoracic and lumbar
spinal columns) versus the parasympathetic system (cranium, sacral spinal column).
Note also the relative lengths of pre- and postganglionic axons in the two systems.

(From http://www.arts.uwaterloo.ca/~bfleming/psych 261//
image 29.gif via images. google.com)

parallel to the spinal cord. These other neurons are called postganglionic neurons.
This makes the first set of neurons preganglionic neurons. The ganglia are inter-
connected from thoracic to lumbar segments. These ganglia, and their accompa-
nying neurons and axons, form a bilateral chain, that is, two chains arranged
parallel to the spinal cord. The chain is sometimes referred to as the paravertebral
sympathetic chain. So, in the SNS there are two sets of neurons connected in
series with each other. This is also true of neurons in the second branch of the
ANS, the parasympathetic ANS or PSNS. Here, the cell bodies of the pregan-
glionic neurons are located either in the cranium (that is, in one of the twelve
cranial nerves), or in the sacral segment of the spinal cord. Cell bodies of the
postganglionic neurons are located in or very near the effectors or activators
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they innervate. Because of these anatomical arrangements, the SNS has pre- and
postganglionic axons that are long. The PSNS, on the other hand, has long pre- but
short postganglionic axons. (A ganglion is a group or cluster of nerve cell bodies.)
In the case of the SNS postganglionic neurons, their cell bodies are found in gan-
glia (plural for ganglion) that lie a centimeter or so outside the spinal cord.

The ENS is also called the little brain. It is a specialized system of neurons
and reflex arcs confined to the muscles and other tissues of the gut wall. It
extends from the lower third of the esophagus to the anus. Even though it is
anatomically separate from the other nervous systems, it communicates with
and is influenced by them. There are three plexuses of nerves in the gut wall.
From the inside out, the first is called the submucosal plexus. It is located just
beneath the mucosa and functions to stimulate secretions and movements of
the mucosa. These help in the digestion, movement, and absorption of food.
Auerbach’s and Meisner’s plexuses are located in the midwall of the gut and
serve to cause contractions of the longitudinal and circular muscle layers. Such
contractions aid in the mixing and forward propulsion of meals. Ultimately,
they assist in the defecation reflex and movement of the bowels.

Figure 2.1 also shows selected activators (organs and organ systems) that are
innervated by the autonomic nervous system. For greater detail and a more
complete list of the organs innervated by the ANS, consult any of the textbooks
of medical physiology I have suggested for additional reading. Note that in the
case of the ANS, the activators are not skeletal muscle cells (activators for the
PNS), but rather are thoracic and abdominal visceral organs such as kidneys and
gut, heart and lungs.

Neuron Communication, Electrical and Chemical Transmission

The ability of the different nervous systems to communicate with each other
and with their various effectors is importantly dependent on the structural
arrangements described above. How they communicate with each other and
with effectors is wholly a matter of physiology, specifically neurophysiology and
the action potential.

On December 28, 2006, I watched the inaugural Texas Bowl college football
game in which the Scarlet Knights of Rutgers University played the Wildcats of
Kansas State University (Rutgers won the contest, 37 to 10). Perhaps the most
exciting play of the game was a fifty-yard touchdown pass thrown by Rutgers
quarterback Mike Teel to wide receiver Tim Brown. The play was like a fine-
tuned Broadway performance. Teel’s pass could not have been thrown with
greater accuracy. Brown'’s nearly sixty-five-yard sprint could not have had better
timing. Without breaking pace and while obliquely peering over his right shoul-
der, Brown and the ball met about ten yards shy of the goal line. Brown’s
momentum carried them the remaining distance to score the touchdown, the
first in Brown’s collegiate football career.
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This finely tuned performance of sensory and motor physiological functions,
displayed by two college football athletes, can hardly be explained in a book of this
kind. However, it was Teel’s sensory perception (physiology of vision and spatial
orientation of his body in place and time) of Brown’s location and speed (partly
motor, partly sensory functions) that determined Teel’s ability to deliver the per-
fectly thrown ball to such a rapidly moving target. Teel’s sensory physiology
coupled with the strength and coordination of his throwing shoulder, arm, and
wrist (physiological motor functions) were both essential to the delivery of his
well-thrown ball. This, complimented by Brown’s speed and downfield location
(partly motor, partly sensory functions), enabled him and the ball to meet in the
same place at the same point in time. Nowhere is the physiology of sensory per-
ception and motor function better illustrated than in the precision of competitive
sports and the performing arts. An agitated male lion, in hot pursuit of a hyena
that has been taunting the hunting lionesses of his pride, comes in a close second.

Both sensory perception and motor function require physiological commu-
nication. Physiological communication involves many processes, including flow
of ionic current, nerve conduction, and synaptic transmission. The conduction
and transmission necessary to convey information take place by electrical and
chemical processes. To understand their physiology, the student might be able to
identify with an analogy to a subway system. The subway track may be thought of
as the nerve axon, and subway cars are the action potential, that is, the electrical
signal moving down the track (axon). Individual subway stations are analogous to
the internodes of myelinated axons. Commuters enter the cars at station number
one. As the cars move at a relatively constant velocity down the track to station
number two, some riders stand in place. Others move from one car to another. At
station number two, some of those who entered at station number one get off and
new riders get on. The train then moves to station number three and a similar
exchange of riders, from car to car and between cars and platforms, occurs. This
process is repeated locally, that is, at each station, until the subway reaches its
final destination.

The commuters moving between cars and platforms are equivalent to elec-
trical charges diffusing in and out of the axons of nerve cells. Some ions stay in
place once they enter the axon, while others diffuse longitudinally within the
axon. Like charges repel one another and dissimilar charges are attracted to each
other. Exchange of ions, or electrical current, between the interior and exterior of
an axon occurs only at the internodes of myelinated axons, just like exchange of
commuters occurs only at designated stations. That is, commuters are not free to
enter or exit cars laterally at will. The space between the cars and the platforms—
potentially dangerous to careless passengers—is analogous to the synaptic cleft,
that is, the space between the axon terminus and the postsynaptic effector. The
station platform is analogous to the postsynaptic protein receptor.

When a single neuron receives an incoming signal via a dendrite or its
cell body, the stimulus must be converted into an electrical event that can be
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conducted down the corresponding axon (subway track) and to the effector
(station platform). Conduction, in biological tissues, means the movement of
electrical current from one region of a cell to another. Electrical current in bio-
logical tissues is carried by charged particles called ions (subway commuters).
The ions of greatest importance in neurons and in other excitable cells are
sodium (Na*), potassium (K*), and calcium (Ca?*).

Ionic charges are distributed, homeostatically, between the interior and exte-
rior of the cells (like commuters are distributed between platforms and subway
cars). The locations and concentrations of ionic charges, like subway commuters,
transiently change. When one segment of an axon is stimulated (that is, when
ionic current is flowing between outside and inside of the axon), the local region
of the axon is said to be depolarized. When the subway cars are stopped at a sta-
tion, the commuters flow into and out of the cars locally. In the axon, adjacent
regions that are not depolarizing are said either to be quiescent or repolarizing. As
subway cars exchange commuters spatially and temporally, neurons conduct
action potentials by a series of temporal and spatial, but local, exchanges of ions
referred to as depolarizations and repolarizations (also known as local responses).

Because ions are charged, they are indeed able to conduct electrical current
in living tissues. Thus, part of the process of communication in excitable cells
like neurons involves conduction of electrical currents carried by ions. The sec-
ond part of the process of communication involves transmission across synap-
tic junctions (from subway cars to platforms). This process occurs via the
release of synaptic stores of chemicals. The word transmission, in the case of
neuron-to-effector communication in physiology, refers to a signal crossing the
synapse. Although charged ions are involved in the total process, the actual
crossing of the gap depends on chemicals called neurotransmitters. The process
of neurotransmission has been under investigation by physiologists for more
than one hundred years. During the last forty years, physiologists have identi-
fied dozens of neurotransmitters that play roles in cell-to-cell communication. I
will focus on three or four of the most well-known of these.

In the case of the PNS and its primary activator—the striated skeletal muscle
cell—the neurotransmitter of interest is acetylcholine (ACh). This chemical com-
pound is synthesized and stored on the presynaptic side of the gap in subcellular
storage organelles called vesicles. The vesicles are part of the presynaptic neuron.
When the action potential that was conducted electrically down the axon reaches
the presynaptic membrane, it depolarizes. One of the end results of depolariza-
tion is fusion of the vesicle’s membrane with the presynaptic membrane and
release of ACh into the synaptic cleft. As ACh from many vesicles is released into
the cleft, its concentration builds up and the molecules diffuse across the gap and
come in contact with the postsynaptic membrane. Integral components of the
postsynaptic membrane are tiny docking stations called receptors. These are
proteins with structural properties that match those of the neurotransmitter.
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FIGURE 2.2 Lateral view of a cerebral hemisphere. Note the various regions and the
associated functions that are regulated there (e.g., occipital lobe and vision; premo-
tor cortex and voluntary movements).

(Author’s illustration)

Acetylcholine binds to the receptors and causes activation or depolarization of
the postsynaptic membrane. Depolarization is conducted over the entire surface
of the muscle cell as well as deep into the interior of the cell. Through a cascade
of subsequent ionic/chemical interactions, that is, via a signal-transduction path-
way, the depolarization or excitation of the muscle cell is converted into a
mechanical response called muscle contraction. The overall process involving a
nerve action potential and muscle contraction is called excitation-contraction
coupling (E-C coupling), and the end result is the shortening of a single muscle
cell with the accompanying generation of force (see figures 2.1 and 2.2). When
applied to an entire muscle system, E-C coupling enables the arms to move an
object or to lift a load. When applied to the entire body, excitation of multiple
nerves and the responses generated by their effectors keep systems such as the
production and release of hormones and their many physiological regulatory
effects intact. This often means the difference between health and disease.

Different Neurotransmitters and Their Locations and Functions

Chemical neurotransmission involves several steps. It begins with an action
potential arriving at the presynaptic membrane and depolarizing it. The depo-
larization causes the opening of potential-dependent (voltage-gated) calcium
channels in the presynaptic membrane, which allows ionized calcium (Ca?*) to
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enter the presynaptic terminal. The increase in intracellular calcium causes the
membranes of presynaptic vesicles (containing neurotransmitters) to fuse with
the presynaptic membrane, which releases neurotransmitter into the synaptic
cleft. The neurotransmitter diffuses across the cleft and binds to receptors on
the postsynaptic membrane. This activates the postsynaptic membrane, which,
in turn, depolarizes the postsynaptic cell. The entire process of neurotransmis-
sion is terminated when enzymes in the cleft or on the postsynaptic membrane
hydrolyze the neurotransmitter (that is, alter its chemical nature thus terminat-
ing its effectiveness), when neurotransmitter is taken up by the presynaptic
membrane and repackaged into vesicles, and/or when the neurotransmitter dif-
fuses away from the synaptic cleft and can no longer reach the postsynaptic
membrane.

This entire process has physiological relevance to health and medicine on
a continuous basis. Consider the simple act of eating a meal. Each time one
chooses to swallow, reflexes are activated. These briefly terminate respiration
thereby minimizing the chances of a bolus of food passing accidentally into the
trachea rather than the esophagus. Collectively these nerve/effector actions
are called the swallowing reflex. By this reflex, as the bolus of food is forced to
the back of the mouth in preparation for swallowing, the epiglottis is lowered
over the glottis thus closing entry to the trachea. Simultaneously, inspiratory
neurons are inhibited and respiration comes to a temporary standstill in expi-
ration. The upper esophageal sphincter is relaxed thus permitting easy entry of
the bolus of food into the esophagus. The entire sequence of reflex events is a
highly coordinated, marvelous display involving sensory and motor nerves,
neurotransmitters, and their effectors. Under normal conditions, the end result
is swallowing of a bolus of food and absence of choking. The process can be frus-
trated by the careless eating of food and concurrent participation in uncon-
trolled conversation, exercise activities, and so forth. Careless interference with
the swallowing reflex can result in accidental choking and even death.

In the nervous systems defined above, the primary neurotransmitters are
acetylcholine (ACh) and norepinephrine (NE). ACh was the first neurotransmit-
ter identified, isolated, and purified for investigation. Norepinephrine was dis-
covered not long after, and both are among the most frequently studied
neurotransmitters of the past and present. Many others are listed in table 2.2.

Most neurotransmitters are released from the presynaptic nerve terminal
and act on the postsynaptic nerve terminal. However, the case of the autonomic
nervous system—where the motor (efferent) action potential travels over two
consecutive neurons in series with each other—is special. In both the PSNS and
the SNS, there are pre- and postganglionic axons, therefore there are also pre- and
postganglionic chemical neurotransmitters. For students of physiology, neuro-
sciences, and medicine, it is essential to associate the proper neurotransmitter
with the proper synapse. Their sites of release, reuptake, and receptor recognition
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TABLE 2.2

Selected classes of chemical neurotransmitters and
examples of each

Class Examples

Amino acids aspartate, gamma amino butyric acid, glutamate, glycine

Monoamines acetylcholine, histamine, serotonin

Catecholamines dopamine, epinephrine, norepinephrine neuroactive
peptides

Peptides angiotensin II, arginine vasopressin, B-endorphin,

vasoactive intestinal peptide

Purine derivatives adenosine, adenosine triphosphate (ATP)

are not intuitive. The only thing that might be intuitive is the coupling of the
neurotransmitter with its receptors, but even this can vary. Neither is the loca-
tion of postsynaptic receptors intuitive. For the neurotransmitters ACh and NE,
the student must memorize their pathways within the mammalian autonomic
nervous system.

In the PSNS, the neurotransmitter at both the pre- and postganglionic axon
is acetylcholine. In the SNS, the neurotransmitter at the preganglionic axon is
acetylcholine. At the postganglionic axon, the neurotransmitter is norepineph-
rine. There are specialized cases in the ANS, CNS, and PNS as well where neuro-
transmitters and related chemicals are colocalized and coreleased in response
to action potentials.

The mammalian nervous systems use dozens of neurotransmitters that act
on more than 100 receptors that have been identified to date. The receptors,
such as those found in the postsynaptic membranes, operate through second
messenger systems that in turn regulate dozens of enzymes and ion channels
(pores in cell membranes). The second messenger system is so named because
it is activated by a primary or first messenger, that is, the original neurotrans-
mitter. For example, catecholamine neurotransmitters such as norepinephrine
(the primary or first messenger) bind to their postsynaptic receptor and acti-
vate an enzyme called adenylate cyclase (or adenylyl cyclase). This activated
enzyme converts adenosine triphosphate (ATP) to a compound called cyclic
adenosine monophosphate, or cyclic AMP (or cAMP). Cyclic AMP becomes the
second messenger and activates a cascade of downstream chemical reactions
that lead to useful physiological functions. For example, when either norepi-
nephrine or epinephrine binds to its corresponding adrenergic receptor in the
liver, cCAMP, acting as a second messenger, activates protein kinase A (PKA).
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This enzyme in turn activates a glycogen phosphorylase. The entire sequence
and other components of this signal-transduction pathway stimulates glycogen
breakdown and inhibits glycogen synthesis.

Understanding the above also suggests how errors in these systems can affect
the function of a single cell, a tissue, or an organ system. Dysfunction of the
behavior of cells, tissues, and organs means disruption of the health of the person
in whom these systems have gone awry. Consider Parkinson’s disease, for
example. This disease is characterized by muscle rigidity, involuntary tremor, and
akinesia (difficulty initiating movement). The akinesia is often of greater concern
to the patient than either the muscle rigidity or involuntary tremor. This is
because, in advanced stages of the disease, performing even the simplest of motor
movements requires tremendous concentration, mental effort that deepens to
anguish as the disease worsens. Parkinsonism is associated with the neurotrans-
mitter dopamine, and dopamine-containing neurons are found throughout the
CNS. They are especially abundant in deep nuclei of the cerebrum (the basal gan-
glia) and in the structures of the midbrain such as the substantia nigra. Collec-
tively, these structures among others regulate motor functions of the body. The
substantia nigra projects axons to the basal ganglia, particularly the caudate
nucleus and putamen that influence voluntary movement. Degeneration of the
dopamine-containing cells of the substantia nigra produces the progressively
worsening and finally fatal motor disorders of Parkinsonism.

Treatment for Parkinson’s disease is therefore based on an understanding
of dopamine as a neurotransmitter and the structures it affects. Administration
of a drug called L-dopa to patients suffering from Parkinsonism usually attenu-
ates the severity of the symptoms, especially rigidity and akinesia. L-dopa is con-
verted to dopamine in the brain. Another treatment for the disease is the drug
L-deprenyl. This drug inhibits the enzyme monoamine oxidase (MAO), which
destroys dopamine after it has been released into the synaptic cleft. By inhibit-
ing MAO, L-deprenyl enables dopamine to remain in the tissues for a longer
period of time. Combination of L-dopa and L-deprenyl generally provides more
effective treatment for Parkinsonism than either drug alone. Transplantation of
dopamine-secreting cells (obtained from the tissues of aborted fetuses) into the
brains of patients has met with some success. However, this treatment is short-
lived because the fetal cells survive for only a few months. One of the great
hopes the new field of regenerative medicine offers is the prospect of using stem
cells to treat diseases such as Parkinsonism. Researchers hypothesize that by
administering undifferentiated stem cells in combination with the appropriate
nerve growth factors, new neurons will grow in the substantia nigra and basal
ganglia, thus replacing dead tissue and restoring motor function.

Huntington’s disease also involves neurotransmitters and the central/
peripheral nervous systems. Huntington’s disease is a heritable disorder that
appears at age thirty to forty years. It begins with flicking movements in individual
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muscles. These progress to severe distortional movements of the entire body.
Severe dementia is associated with the impaired motor functions. Huntington’s
disease is thought to be caused by loss of the cell bodies of GABA-secreting neu-
rons in the caudate nucleus and putamen and of ACh-secreting neurons in
many parts of the brain. GABA-secreting neurons are thought to inhibit excit-
atory neurons. The loss of inhibition allows spontaneous outbursts of excitatory
activity that lead to involuntary muscle contraction and body distortions. The
dementia associated with Huntington’s disease is said to result more from loss
of ACh-secreting neurons than from those that release GABA. This is especially
true of areas of the cerebral cortex associated with thinking and reasoning.

Discomfort, Pain, and the Nervous System

Hyperexplexia, or startle disease, is a rare genetic disorder of humans that often
begins in infancy. It is characterized by continuous marked rigidity or hyperto-
nia, except during sleep, and marked, generalized muscle contractions to sudden
noises (hyperreflexia). As the child grows and develops, the rigidity disappears,
but the marked and excessive startle response to unexpected auditory, tactile,
or visual stimuli continues. The gene defect has been identified in the alpha one
subunit of the inhibitory glycine receptor. Glycine is a major inhibitory trans-
mitter in the spinal cord where it mediates crossed inhibition and inhibition of
sensory inputs.

On the night of March 23, 1994, a natural gas line exploded in Edison,
New Jersey, by the Durham Woods Apartments. The enormous explosion rocked
an area of several square miles and the atom-bomb-like fireball could be seen as
far away as Manhattan. Fourteen buildings in the apartment complex were lev-
eled or badly burned. Fortunately only ten people were injured and no deaths
resulted directly from the explosion. However, within an hour or two, thirty-
seven-year-old Sandra Snyder, a nearby resident, died of a heart attack because
in the chaos she could not get emergency care. Her husband later described
Sandra’s response to the blast. She sprang out of bed, donned a bathrobe, and
began pacing the house nervously before subsequently collapsing and going
into cardiac arrest. Her husband performed CPR for nearly thirty minutes, but
she was later pronounced dead at nearby JFK Hospital. Mrs. Snyder’s response to
sudden, unexpected noise and confusion marks the most extreme outcome of
this neurologic condition (although it is not known if she was an undiagnosed
sufferer of either hyperexplexia or cardiac disease).

Both acute and chronic pain is associated with injury to and/or degenera-
tion of the nervous system. The spinal cord is part of the central nervous system.
There are millions of neurons/axons that project into and extend away from the
spinal cord. An estimated 80 percent of Americans will have to cope with back
pain at some time in their lives. Other than coughs and respiratory infections,



30 OUR MARVELOUS BODIES

back pain is the leading cause of visits to the physician’s office. Those who suf-
fer from back pain cost the United States approximately $90 billion annually in
medical expenses, disability payments, and lost productivity at work. With the
increasing tendency toward lifestyles of physical inactivity and obesity, these
numbers are likely to climb in the future.

Barring congenital and genetic anomalies over which we have little control,
the best way to avoid injury to the spinal cord and other nerve tissue is to use
good judgment and common sense in everyday life. My seventeen-year-old son
told me about the athletes he follows in the arena of extreme sports. At one
event young men tried to jump, on mountain bikes and skateboards, the Great
Wall of China. One mountain bike competitor attempted his jumps with a light-
weight helmet and no other body protection. His hand slipped off the handle
bars as he hit the receiving ramp, causing him to careen over the edge and away
from the safety net. He died as a result of the accident. An American skate-
boarder wearing better protective gear made the jump but fell on the receiving
half-pipe. Fortunately he escaped serious injury. In these extreme cases of
potential injury to the nervous system, the athletes involved placed the value of
transient excitement, publicity, and glory above the value of life. We, more than
anyone else, should work tenaciously to protect our own lives and their value to
us and to others.

Having said that, I must acknowledge my own carelessness in protecting my
health during the moment’s excitement. I have accidentally injured ankles (play-
ing basketball), knees (hiking the Appalachian Trail), shoulders (mountain bik-
ing), and wrists (retro-racing)—all in my adulthood. Even after such simple
accidents, recovery can be incomplete. For example, the range of motion of an
injured joint might not ever be fully restored. The tissue remodeling that takes
place in a broken or sprained ankle could prevent one from ever ice skating again.
Heaven forbid a horse-jumping accident of the kind that eventually led to the
death of actor Christopher Reeve. I have had orthoscopic surgery on both knees,
first to remove bone fragments and second to trim a damaged meniscus. In both
cases, the orthopedist said I would be back to 100 percent of function after several
weeks. The two surgeries took place about ten years apart, and the earlier one took
longer to heal than the latter. In neither case did I feel fully recovered until nine to
twelve months postsurgery. I still experienced considerable discomfort and pain,
as well as noticeable inflammation in both knees after eight to ten weeks. More-
over, neither orthopedist explained some of the side effects I might expect as a
result of the procedures. During the period of postsurgical inactivity, I lost muscle
and other soft tissue mass from my legs as well as in my feet. I developed bone
spurs in my left heel when I tried running too soon after the surgery and loss of tis-
sue mass. For two to three years after surgery on my right knee, I experienced
numbness and absence of sensation in the area of the surgery. This was most likely
the effect of severed sensory nerves caused by the surgical procedure.
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Had the surgeons been more forthright with their experience and informa-
tion, I would have resumed my exercise program more cautiously. Instead of
running several miles a day, I would have walked a lesser distance and gradually
built up to my former running regimen. Still, I can take some of the blame for
the problems because as a physiologist I should have understood these things
and used better judgment after the surgeries. In the case of the second surgery,
however, I could not have known that the surgeon and procedure would disrupt
function of sensory nerves in my knee. Even the best common sense could not
have compensated for this.

Aside from backaches and pain associated with surgical procedures, a more
common cause of nerve-related discomfort is headache. Many of us experience
on a regular basis the intermittent headaches associated with employment and
the routines of daily life. Fortunately most of us do not experience debilitating
and sustained migraine headaches. Travelers to high altitudes may experience
symptoms of acute mountain sickness defined by headaches that are described
as severe, bitemporal, and throbbing; in the United States alone, more than
30 million people travel to elevations over 2,000 meters every year, and at least
25 percent of them will experience symptoms of mountain sickness severe
enough to limit activity. Other symptoms besides headache include nausea,
insomnia, anorexia, and general fatigue. Although very common and painful, a
primary concern of high-altitude headache is that it may be a harbinger of more
rare but potentially fatal forms of high-altitude sickness, including high-altitude
pulmonary and cerebral edema.

High-altitude headache was first described in writings from ancient China
dating to 32 B.c. Nausea and headache are defining symptoms of acute mountain
sickness. Although the definitive mechanisms are not known, they are thought
to be related to the time-delayed effects of hypoxia (lack of oxygen at altitude).
Potential mechanisms involved in high-altitude headache include vasodilation
and an increase in cerebral blood flow. This would increase the volume of cra-
nial tissue thus making the brain fit more tightly inside the cranium. Cerebral
compression could cause increased sensitivity and damage to meningeal sen-
SOry neurons.

Ibuprofen and other nonsteroidal anti-inflammatory drugs have been estab-
lished as the standard treatment for high-altitude headache and are the gold
standard against which other pain-relieving analgesics are compared. However,
therapeutic use of these compounds is often associated with gastrointestinal
problems including ulceration and bleeding. Stuart Harris and coworkers found
that acetaminophen (Tylenol) was just as effective as ibuprofen in reducing the
incidence of high-altitude headache in mountain climbers on Everest and sug-
gested that it might be a good replacement for nonsteroidal anti-inflammatory
drugs since it is equally efficacious and lacks the gastrointestinal problems (see
Suggested Reading).
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If acetaminophen behaves in cerebral tissue as it does in cardiac tissue, there
could be a simple explanation for its effectiveness. In heart tissue, acetaminophen
effectively attenuates the production of nasty oxidants such as hydroxyl radical,
peroxynitrite, and superoxide anion, all of which are known to damage living cells
including sensory neurons, vascular endothelium, and vascular smooth muscle.
These experiments were conducted in hearts where blood flow was temporarily
stopped (made ischemic) then restored (reperfused) (see Suggested Reading). We
call this kind of experiment myocardial ischemia/reperfusion injury, and acet-
aminophen appears to protect both the function and structure of the heart under
such conditions. Acetaminophen hasn’t been studied under similar conditions in
the brain. However, it is conceivable that at high altitude and in the presence of
hypoxia, the production of oxidants and other damaging molecules in the CNS
could outpace their rates of destruction and removal. This could lead to net accu-
mulation and untoward effects including headache. Such a mechanism might
apply similarly to the headaches and discomfort many of us experience by the end
of a busy workday even at sea level. Of course final judgment must be withheld
until the experimental data are collected and published.

Mental Activity, Cerebral Blood Flow,
and Health of the Nervous System

Other than therapeutics for damaged/stressed nervous tissue, there are several
steps we can take proactively to understand and care for our central and other
nervous systems. The image in figure 2.2 is a left-sided lateral view of the cranial
components of the CNS (cerebral hemisphere, cerebellum, and brain stem). Imag-
ine this cut in half to yield right and left sections of the cerebrum. Also imagine
that we are able to view the interior portions of either half. In the general regions
labeled Broca’s area, primary auditory cortex, and Wernicke’s area, we would find
structures collectively called the limbic system. The limbic system includes the neu-
ronal circuitry that controls our emotions and motivational drives. A major part of
the limbic system is the hypothalamus. In addition to being an important relay sta-
tion for higher brain regions, the hypothalamus acts as a governor of the pituitary
gland, and therefore of all the neuronal and endocrine functions of the body that
the pituitary and its hormones regulate. Some simple examples of physiological
variables controlled by the hypothalamus are body temperature, osmolality of
body water, thirst drive, hunger drive and satiety, and control of body weight
and body composition. The hypothalamus, which is less than one percent of the
brain’s mass, is one of the most important control pathways of the limbic system.
Its activities are importantly affected by blood flow. Structures shown in figure 2.2
are to compliment an understanding of experiments described below.

Figure 2.3 and the text accompanying it illustrate regional cerebral blood flow
and how it is increased by various physical and mental activities (shaded circles
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and adjacent areas). There are several ways to measure the total volume of blood
flow to the cerebral hemispheres. Most are experimental, but some are clinical.
If the measurement is being made in an experimental animal, the animal might
have to be euthanized at the end of the experiment so the brain can be removed
and analyzed. Experimental techniques include administration of radiolabeled
tracers, dye and thermal dilution methods, and ultrasonic and electromagnetic
probes placed on major arteries that deliver blood flow to the brain. Clinical
techniques include thermodilution, dye dilution, and detecting radiolabeled,
but nonharmful, tracers. Increased blood flow means increased delivery of oxy-
gen, blood sugar (glucose), and other nutrients that are good for nerve tissue. It
also means washout and removal of harmful byproducts of metabolism (that is,
those that do not get metabolized) that might prove damaging to the brain if
allowed to accumulate. Engaging in activities that increase cerebral blood flow
is good for us, and we should make a regular practice of doing such things.
Among the most important cognitive activities is learning, for example, reading
and trying to pronounce unfamiliar words, seeing and learning new words,
learning a foreign language, playing Scrabble, even watching a television pro-
gram like Jeopardy.

Even though the two cerebral hemispheres appear to be symmetrical, each
half is morphologically, chemically, and functionally specialized. The left cerebral
hemisphere deals primarily with the motor and somatosensory (sensory systems
of the body) functions of the right side of the body. In addition, in the vast major-
ity of the population the left cerebral hemisphere processes language. Language is
a complex activity that includes watching and seeing, hearing and listening,
speaking and understanding, and reading and writing. Different regions of the
brain seem to be specialized to cope with these various components of language.

The most important take-home message is that engaging one’s mind in
mental activities is good for the health of the brain. Experiments have been/can
be done to investigate the influences of studying crossword puzzles, giving
service to others, avoiding rage and anger, and speaking kind and charitable
thoughts to others. For the interested undergraduate student, I would recom-
mend experience as a research assistant in the laboratory of a behavioral, cog-
nitive, or biomedical neuroscientist. It is often said that the best way of learning
is by doing. Being part of a team that designs, evaluates, and publishes an exper-
iment in neuroscience is probably one of the best ways to drive home the above
messages. Such opportunities abound for the average student at well-endowed
public and private universities. They are less likely at community colleges and
small liberal arts colleges. Even if yours is a shy and timid personality, improv-
ing your social confidence and conversational skills (by practicing) will con-
tribute to a healthier central nervous system even as you age.



The Endocrine System and
Physiological Communication

Advances in Endocrinology

Both the nervous and endocrine systems were designed for communications.
The nervous systems rely on the principles of conduction and transmission
using electrical and chemical signals associated with individual neurons. Most
commonly, these neurons are arranged in series whether they be on the sensory
or motor sides of the central nervous system. They are physical structures (bio-
logical current-conducting cables) in contact with other physical structures
(other neurons and activators such as skeletal muscle cells). Parallel arrange-
ments of neurons and their effectors, however, are not uncommon.

The endocrine system is arranged differently. Historically endocrinology
refers to selected organs called glands, for example, the thyroid gland or the
adrenal gland, that produce hormones that are released into the circulation and
carried to distant targets (cells, tissues, organs) to produce physiologic actions.
The details of any single component of the endocrine system have been the top-
ics of dozens of textbooks. In today’s world of modern molecular biology and
with the continuing revolution in the life sciences, endocrinology is much more
than its classic definition. Today’s student must also understand the concepts of
paracrines and autocrines in addition to the classic concepts of endocrines.

An endocrine hormone is one that gets released from its mother cell into
the blood; blood becomes the vehicle of transport for that hormone. Those hor-
mones acting as autocrines and paracrines get released into the interstitial
spaces and must rely on mechanisms other than the circulation for transport to
their target tissues (for example, diffusion).

An exocrine gland is one that releases its products into tubules and ducts (for
example, the acinar cells of the salivary and pancreatic glands). Consider the pan-
creas gland. It has both endocrine and exocrine functions. It synthesizes and
releases the endocrine hormones insulin and glucagon. These are transported by

35
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the blood to distant tissues like fat cells, muscles, and the liver. Among pancre-
atic exocrine functions are the synthesis, storage, and secretion of digestive
enzymes and bicarbonate ions. These are released into pancreatic ducts (tubules),
then pass through the common bile duct, and are finally delivered into the duo-
denum of the small intestine. In the duodenum, the enzymes participate in the
breakdown and uptake of fats and proteins and the bicarbonate ions help buffer
acids emptied from the stomach into the small intestine.

We have learned in recent decades that a product released from one cell
can have an effect on the behavior of an adjacent cell (a paracrine function, see
figure 3.1). Moreover, that same product might evoke a physiological or bio-
chemical response on the same cell in which it was synthesized and released (an
autocrine function). These concepts were not known in the late nineteenth and
early twentieth centuries when the fields of endocrinology and neuroen-
docrinology were beginning to develop. In fact, though I began to study endocrinol-
ogy in the late 1960s and early 1970s, I did not become familiar with these terms
until the mid 1980s, when I was already into my academic career as a professor
of physiology. Paracrines and autocrines often reach their target cells by the
principles of simple diffusion. This means the differences in their concentra-
tions in two locations, the distance between the two locations, and the random
movements of the molecules (thermodynamics), among other considerations,
determine their movements between the two points.

The average student probably thinks of endocrinology as the functions of
the pituitary, adrenal, thyroid, and pancreas glands. However in recent decades,

Panel A Panel B Panel C
Endocrine
gland
A 4
Blood-
stream
cell A cell B cell A
S =
Target
organ |
Endocrine Paracrine Autocrine

FIGURE 3.1 Contrasting mechanisms by which a hormone can be released, transported,
and can act on a target cell. In panel A, the target cell is distant to the endocrine gland
(endocrine function). In panel B, both cells A and B reside in the same gland
(paracrine function). In panel C, the cell that releases the hormone might itself be
the target tissue (autocrine function).



THE ENDOCRINE SYSTEM 37

the field has developed and shown that the endocrine system is much broader,
more complex, and more dynamic than this. We now know of organs, tissues,
and cells that have endocrine-like properties but were formerly not thought of
as dedicated endocrine organs. Prior to the second half of the twentieth century,
physiologists used the word neurohumoral to refer to chemicals that are released
either as neurotransmitters or from unidentified organs and tissues. That word
fell out of vogue in the second half of the twentieth century but might be appro-
priate to reintroduce as we think of the more recently defined autocrine,
endocrine, and paracrine functions of tissues and organs.

As an example of this new knowledge, let’s look at the heart. When I was a
graduate student, scientists did not know that the mammalian heart had
endocrine properties. However, atrial natriuretic peptide (ANP) is a hormone
produced in atrial tissue when the volumes of blood or pressures inside the
atria are elevated. Stretch of the atria is a signal for them to release ANP. Under
such conditions, ANP is released into the general systemic circulation and
causes the kidneys to excrete excess sodium. The loss of sodium coupled with
the water it takes with it is referred to as natriuresis. When the kidneys excrete
excess sodium and water, the circulating volume of blood can decrease. As
blood volume declines, so also does arterial blood pressure and pressures in
other parts of the circulatory system, for example, in the atrial chambers. As
atrial volume and pressure (stretch) decrease, the signal to release ANP is
removed and the heart and circulatory systems return to their homeostatic
steady states. This is a feedback system that works as described in chapter 1.
Again, stretch of the atrial chambers is a trigger that signals the release of ANP.
ANP acts on multiple effectors including cells of the kidneys. These cells are
changed in a way that inhibits reabsorption of water and sodium, thus promot-
ing their excretion. As they are excreted, blood volume and blood pressure
return to physiological levels. Their return serves as a negative feedback signal
terminating further release of ANP, and homeostasis is reestablished.

The kidney is another organ that traditionally has not been thought of as
having endocrine functions. However, when there is inadequate oxygen in the
circulation, the kidneys sense the hypoxia and release a product called erythro-
poietin. This agent acts on bone marrow, causing it to release more red blood
cells into the systemic circulation. As more red cells are added, the capacity of
the blood to take up oxygen from the lungs and deliver it to the hypoxic tissues
is increased. As this cascade of events proceeds, the initial signal (hypoxia) that
evoked release of erythropoietin from the kidneys is removed and homeostasis
is once again restored.

The kidneys also produce an endocrine-like product called renin. Renin
acts on a circulating macromolecule, angiotensinogen, to cleave it to a smaller
molecule called angiotensin I (AI). In the lungs, angiotensin I is reduced to
angiotensin II (AIl) by an enzyme called angiotensin-converting enzyme (ACE).
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Angiotensin II is a potent vasoconstrictor. This signal-transduction pathway is
importantly involved in the regulation of systemic arterial blood pressure and
therefore all the physiological phenomena that are affected by it. Whenever
blood pressure in the renal artery decreases, a condition known as renal arterial
hypotension, renin is released, angiotensin II is produced, and systemic arterial
blood pressure gets elevated. I will say more about this process in the conclud-
ing chapter.

Hypertension is a disease that affects millions of Americans, as well as mil-
lions of residents of other industrialized nations. The pharmaceutical industry
has profited considerably in the past few decades by developing ACE inhibitors
to help treat or otherwise control hypertension. The physiological rationale
suggests that by inhibiting the conversion of AI to AIl, the vasoconstrictor
contributions of AIl to the preexisting hypertension are reduced or elimi-
nated. Therapeutically, this approach has been more or less effective in treating
hypertension.

Table 3.1 presents a selected list of endocrine glands, the hormones they
produce, and selected functions of those hormones. Hormones are classified
according to their molecular structures, their synthetic pathways, and the tis-
sues from which they are derived and upon which they act. For example, the thy-
roxines or T, and T, are clearly produced in the thyroid gland. Similarly, follicle

TABLE 3.1

Selected endocrine glands, the hormones they produce and release,
and some of their physiological functions

Gland Hormones Functions

Hypothalamus GHRH causes release of pituitary growth
hormones

Posterior oxytocin stimulates milk ejection and uterine

pituitary contraction

Thyroid T4 and Ty increase rates of chemical reactions and
metabolism

Testes androgens promote growth and development of
male reproductive tract

Ovaries estrogens promote growth and development of
female reproductive tract

Kidneys erythropoietin increases production and activities of
red blood cells

Heart ANP reduces blood pressure by promoting

renal excretion of sodium ions
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stimulating hormone, or FSH, acts on the ovarian follicles but is produced in the
anterior pituitary gland. Many steroidal hormones have the same basic molecu-
lar structure as cholesterol and vitamin D. Examples of these hormones are the
mineralocorticoids produced by the adrenal cortex such as aldosterone. Other
hormone-like compounds are derived from proteins, peptides, and amino acids
such as tyrosine and glutamate. Still others have the amino group NH, in com-
mon. Examples in this class are the biogenic amines, including dopamine, epi-
nephrine, histamine, and adenosine.

These classifications are important because the structures of hormones
determine their functions, a phenomenon pharmacologists call the structure-
activity relationship. Oxytocin, for example, is important to the process of milk
production and release in lactating women. There are oxytocin receptors in the
alveoli and ductal systems of the female breast that recognize oxytocin but do
not recognize ANP. Hence administration of oxytocin to a lactating mammal
will stimulate greater production and release of milk whereas treatment with
ANP will not. This simple example illustrates the importance of molecular
structure to the function of a particular tissue.

Table 3.2 presents a selected list of the chemical classifications of hormones
and examples within each classification.

Hormones, Proteins, and Peptides

Most of the hormones in the body are either peptides, proteins, or protein
derivatives. The term peptide refers to the kind of chemical bond between adja-
cent amino acids; therefore a polypeptide is an amino acid chain with many
peptide bonds. A decapeptide has ten peptide bonds and di- and tri-peptides
have two or three bonds, respectively. Hormones made from peptides and pro-
teins have several things in common. Both are composed of chains of amino
acids. Both have primary, secondary, and tertiary molecular structures. However,
the size of the molecule is an important characteristic of hormones. Peptides are
smaller than proteins. One of the smallest peptides is thyrotropin-releasing factor

TABLE 3.2

Chemical classification of selected hormones

Peptide hormones Steroid hormones ~ Amino acid hormones

antidiuretic hormone  aldosterone norepinephrine, epinephrine,
(ADH) tyrosine

secretin estradiol (E,) serotonin (5-hydroxytryptamine)

insulin androgens thryoxine (Ty4)
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(TRF, or thyrotropin-releasing hormone, TRH), which consists of three amino
acids. Growth hormone (GH) and prolactin (PRO), on the other hand, have as
many as 200 amino acids each. Polypeptides with fewer than 100 amino acids
are called peptides and those with greater than 100 amino acids are considered
proteins. Another way of classifying hormones is by their molecular weights.
Proteins have molecular weights greater than 5,000 daltons and peptides have
molecular weights less than 5,000 daltons.

Functionally proteins and peptide hormones are synthesized inside cells on
structures called the endoplasmic reticula. They are originally constructed as
macromolecules that are biologically inactive. That means they cannot be used
by the body to transmit signals between cells or tissues. Being bound within
vesicles or to the endoplasmic reticulum prevents them from doing unwanted
damage to the interior machinery of the cell such as the nucleus and mitochon-
drion. These macromolecules are called preprohormones when they are initially
synthesized, but they ultimately get broken down to smaller products called
prohormones, which are packaged inside secretory vesicles. Inside the vesicles,
enzymes cut down the prohormones to biologically active hormones. Like neu-
rotransmission, when the appropriate signal activates the endocrine cell, the
vesicle fuses with the cell membrane, both membranes are momentarily and
locally disrupted, and the active molecule gets released to the outside of the cell.
The neurohumor (hormone) is free then to act on the original secretory cell
(autocrine), to diffuse through the interstitial spaces to act on a neighboring
cell (paracrine), or to be carried away in the bloodstream to act on some distant
organ or cell (endocrine).

In the case of the endocrine function, many hormones circulate freely in
the plasma until they arrive at their target organ. Others are bound to proteins
called carriers. The bound hormone and its carrier are called a circulating or
binding complex. Good examples of this kind of hormone transport system are
the thyroid hormones T, and Tj, steroid hormones such as estrogen and andro-
gen, and insulin-like growth factors.

At least two physiologically important functions are served by the binding
of hormones to protein carriers. First, it creates a pool of readily available hor-
mone in the vascular compartment and minimizes the hour-to-hour or day-
to-day fluctuations in the hormone concentrations and actions that would
occur otherwise. Second, it extends the half-life of the hormone. When in the
unbound state, these hormones might have half-lives of only a few minutes,
whereas they might have half-lives of several days when bound to protein carriers.
The half-life of a hormone (abbreviated t /,) is the time it takes an initial con-
centration of the active hormone to be reduced to one half the original quantity.
As an example, more than 99 percent of T, is bound to carrier protein in the cir-
culation. The bound form has a t '/, of about seven or eight days. The t '/, of free
T, is only a few minutes. If the physiological half-life of the unbound form of
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T, was several days, general metabolic processes would be so accelerated that
cells, tissues, and organs would burn out well before their intended life expectancy.
Having a half-life of only a few minutes ensures a graded physiological response
from the target tissue without excess damage to it.

The Hypothalamic-Pituitary Axis

There are several physiologically important endocrine glands. Among the most
thoroughly studied are the pituitary gland, the gonads (testes, ovaries), the pan-
creas, the adrenal glands, and the thyroid gland. The latter four operate under
the regulatory control of the pituitary gland. The pituitary gland is found at the
base of the brain and consists of several types of endocrine tissues: the anterior
pituitary (adenohypophysis), the posterior pituitary (neurohypophysis), and
the median eminence, also known as the pituitary stalk. In humans, the pituitary
gland is attached by the stalk to the floor of the third ventricle of the brain. The
walls of the third ventricle are composed of specialized CNS nuclei including
those that comprise the hypothalamus, a structure key to the physiology of the
pituitary and other glands.

There is continuous communication between the hypothalamus and the
pituitary. The neurohypophysis consists of neurons whose cell bodies are
located above it in the hypothalamus. This means the axons of hypothalamic
neurons descend through the pituitary stalk and into the neurohypophysis.
A couple of the more important nuclei are the supraoptic and paraventricular
nuclei. Respectively, these nuclei synthesize, among other products, ADH (antid-
iuretic hormone; also known as AVP, arginine vasopressin, or simply vaso-
pressin) and oxytocin. These chemicals move from the neuronal cell bodies
down the axons of the stalk and are stored in the presynaptic terminals of the
posterior pituitary. ADH is involved in the physiological regulation of body
water and osmolality. Oxytocin helps initiate and sustain lactation in postpar-
tum women.

The hypothalamus also produces other chemicals that affect function of the
adenohypophysis. These compounds are called releasing factors, releasing hor-
mones, and inhibiting factors or inhibiting hormones. Such compounds are
synthesized in the hypothalamus but are released under the appropriate stimuli
into a special circulatory system in the median eminence of the pituitary stalk
and are carried by these blood vessels to the anterior pituitary. There they acti-
vate or inhibit the release of several hormones that are synthesized in the ante-
rior pituitary. One of the factors is gonadotropin-releasing factor (GnRF, also
called gonadotropin-releasing hormone, GnRH). Its name implies, correctly,
that it has something to do with the physiology of gonadal products such as the
androgens (predominantly male hormones produced in the testis) and estro-
gens (predominantly female hormones produced in the ovaries). GnRH causes
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select groups of cells in the adenohypophysis to release follicle-stimulating hor-
mone (FSH) and leutinizing hormone (LH). These are carried by the circulatory
system to the gonads where they augment the growth and reproductive func-
tions of those glands. Other hormones of the anterior pituitary include thyroid-
stimulating hormone (TSH), adrenocorticotropic hormone (ACTH), and growth
hormone (GH).

The hypothalamic-pituitary axis refers to the interconnections and interac-
tions between these tissues. While all hormones and endocrine glands are
designed to promote the health of the body, I will highlight only a couple that
affect growth. These are growth hormone (GH) and the insulin-like growth fac-
tors (IGF-I, IGF-II). In addition to its general effect in promoting growth, GH has
several specific effects that include the increased rate of synthesis of proteins,
the reduced use of glucose, and the increased breakdown and consumption of
fat deposits. This effectively means that GH conserves body carbohydrates, mobi-
lizes fat (thus minimizing its storage), and enhances uptake and use of proteins
by the body. GH promotes use of protein by increased uptake of amino acids
through cell membranes, increased translation of RNA (ribonucleic acid) to
promote the synthesis of proteins by the ribosomes, increased transcription of
DNA (deoxyribonucleic acid) to form new RNA, and decreased breakdown of
structural proteins and amino acids (for example, those that comprise muscle
tissue).

While many of the effects of GH are acute (they take minutes to hours to
occur), they are distinct from those that are important in the long-term regula-
tion of growth. We are not yet aware of all the effects of growth hormone nor
of all the ways its physiological actions can be influenced. However a general
takehome message for younger students is this. Most of us do not attain our full
adult height and function until our late teens and early twenties. This means
the actions of GH on height and size are still taking place up to that point. One
should avoid doing anything prior to these ages—and at any age—that could
impair the physiological actions of growth hormone. For example, use of toxic
substances, including but not limited to illicit drugs, tobacco, and alcohol, should
be avoided regardless of how socially popular they are.

We have also heard stories of the effects of weight-bearing exercise
(strength training and conditioning) on height and size of youth. Use of steroids
often finds its way into such stories. Serious weight training at too early an age
should be avoided, or one should at least consult with the family physician
before beginning a routine. I am always amused after giving endocrine-related
lectures at the number of young men who approach me in private to seek help
for a friend who is on steroids and working out. They are concerned for the
friend’s welfare and want to know what I think about athletic use of steroids.
I tell them to not use these drugs and to encourage their friends to stop using as
well. High school and college locker rooms are generally not great sources of
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information about steroid hormones, body size and conditioning, and the
appropriate physiology.

About half a century ago, it was reported that GH itself does not have
growth-promoting action on epiphyseal cartilage (the site of longitudinal
growth of bones). Using in vitro experiments, investigators found that plasma
from physiologically normal animals stimulated the growth of cartilage. Plasma
taken from animals whose pituitary glands had been removed (hypophysec-
tomized) failed to promote growth of cartilage. The addition of GH to plasma
deficient in GH did not restore the plasma’s ability to promote growth of cartilage.
However, if the animals that were deficient in GH were administered GH several
weeks later when the plasma of these treated animals was withdrawn and placed
in a petri dish with cartilage from a second, younger animal, the treated animal’s
plasma promoted the growth of the younger animal’s cartilage. This experiment
led to the hypothesis that GH stimulates the secretion of another circulating fac-
tor that mediates the action of GH. This intermediate substance was called
somatomedin because it mediates the somatic (body) effects of GH. The respon-
sible proteins were isolated, purified, and subsequently found to be identical to
peptides with structures similar to proinsulin. Hence they were given the name
of insulin-like growth factors.

Rats are a commonly used experimental animal in both biomedical and
social sciences. They rarely live to be more than twenty-four to thirty-six months
of age. Investigators use litter mates (rat pups born to the same mother) to study
the effects of GH and IGFs on body weight and the rate of growth. At the end of
such an experiment, rats die either of natural causes (old age) or they are eutha-
nized. Investigators then compare, for example, the masses of organs, the dimen-
sions of long bones, or even more physiologic variables such as hematocrit,
circulating blood volume, and oxygen carrying capacity of the blood. Over the
course of their life span, the GH-treated litter mates gain weight at a more rapid
pace. They also achieve final adult weights that are 40 to 60 percent greater
than vehicle-treated litter mates. Even though the experiments have not been
done, it is reasonable to conclude that similar results would be obtained in
higher mammals, including humans. This is one more reason to avoid lifestyle
behaviors that can in any way impair the physiological functions of growth
hormone.

To estimate the growth potential and final adult height of a child today, sci-
ence and medicine commonly use the average height of the child’s parents as
the most reliable indicator. For example, I am approximately five feet eleven
inches tall. My wife, the biological mother of our nine children, is approximately
five feet one inch tall. We have six sons and three daughters. At the time of this
writing, all except our last child (an eighteen-year-old son) have reached their
adult heights. My best estimate of their average height is five feet six inches. Our
daughters, on the average, are shorter than our sons. Some of our sons are over
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six feet and some are under six feet (so parental heights are not an exact
predictor).

Many physiological variables change rhythmically. The frequency of change
can be measured on a time scale of seconds to minutes (for example, heart rate
and respiratory rhythm), by the hour (ultradian, for example, release of GH), by
the day (diurnal or circadian, for example, sleep and wakefulness), or by the
season/year (circannual, for example, hibernation, march of the lemmings, migra-
tions of orcas, migration of arctic terns). Doubtless there are other physiologically
important temporal rhythms waiting to be defined. Chronobiology, or the study
of the timing of life’s events, is a fascinating and important field. The interested
student can go to any search engine, for example, pubmed.com, enter key words
that relate to chronobiology, and find studies on a wide variety of physiological
factors that are influenced by it. For example, in the field of general medicine,
the response of female patients to general anesthesia is influenced by the
timing of their menstrual cycles. The time of day a patient takes a prescription
medication has an effect on physiological responses to the medication. In febrile
patients, body temperatures fluctuate diurnally and are often highest in the early
evening hours.

Growth hormone is one of the endocrine products that is secreted on a
diurnal basis. This means that if an investigator collected venous blood samples
from human subjects every hour on a twenty-four-hour cycle, then measured
the concentrations of GH in those samples, the concentrations would vary
throughout the twenty-four-hour period. The greatest circulating concentra-
tions would be found during the first few hours of deep sleep (around mid-
night). The lowest concentrations would be found in the early morning hours
(between 4 and 7 A.Mm.).

Excesses and Deficiencies of GH and Health

According to the Guinness Book of Records, Robert Pershing Wadlow (1918-1940)
of Alton, Illinois, was the tallest person in history. At the time of his death,
Robert was eight feet eleven inches tall and weighed 490 pounds. The Alton
Giant or Gentle Giant, as he was known, was six feet two inches tall and weighed
195 pounds as an eight-year-old boy. At age thirteen he became the tallest Boy
Scout in history at seven feet four inches tall.

An overactive pituitary gland caused by a tumor in or near the GH-producing
cells of the adenohypophysis can lead to two related diseases, gigantism and
acromegaly. Gigantism is associated with disease that begins before puberty
while acromegaly develops after puberty. The epiphyses are the growth-producing
regions of cartilage at the ends of the shafts of long bones such as the femur in
the upper leg and the humerus in the upper arm. When the epiphyses fuse with
the shafts of the long bones, the long bones no longer increase in length and
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one’s height is fixed. In an individual with a disturbance in pituitary function,
growth and development either before or after adolescence can be markedly
altered. Robert Wadlow and others like him probably suffered from gigantism
originating from a congenital pituitary disorder.

If the disease is initiated after adolescence (after fusion of the epiphyses
and long bones), the affected individual will not increase in height but will
increase in size (acromegaly). In particular, bone structures of the face, hands,
and feet enlarge. Internal organs are also affected—the heart, liver, and kidneys
are enlarged (cardiomegaly, hepatomegaly, nephromegaly). Enlargement and
dysfunction of internal organs can continue until the death of the patient,
which occurs earlier than in the healthy adult. In the extremities, the fingers
and toes get thicker, growing to perhaps twice the size of the fingers and toes of
a normal person of similar age. The forehead is enlarged and protruding, par-
ticularly around the orbital ridges of the eyes. The nose, lips, and lower jaw can
also grow to twice the normal size. In addition to these facial features, other
signs of the disease are present such as a deepened raspy voice.

Many years ago my wife and I befriended another couple. As our association
developed I could not help notice the signs of acromegaly in this man. Though
Iam not a small man, at five feet eleven inches in height and 175 pounds neither
would I be considered large. My friend was about the same height, but his face,
hands, and feet were disproportionately larger than mine. This became most
evident when we shook hands. His voice was deep and husky, but he was among
the gentlest, kindest men I have known. As our friendship grew, I queried him
about his health. Our conversations lead me to conclude that he was not aware
of the signs and symptoms of pituitary disease. I asked if he or his wife had ever
heard the terms acromegaly or gigantism. Both said no. I also asked my friend if
he had ever had a physician’s examination. He replied yes and that he saw his
physician once every few years. However, none of the physicians he had seen
had bothered to raise the question of acromegaly.

After T had described these two diseases, I gave my friend a list of terms and
questions he should take with him the next time he saw his doctor. My friend
was referred by his primary care physician to several specialists. They ran tests
including CAT scans and MRIs and concluded that he did indeed have acromegaly:
the enlarged and tumorous pituitary was revealed in CAT/MRI images and blood
samples revealed elevated concentrations of GH, somatomedin, and insulin-
like growth factor. My friend and his physicians were then faced with the deci-
sion of how to treat the disease. They decided that because of his age, the
longevity of the disease, and other factors, he should have the pituitary tumor
removed surgically. They chose a hospital where surgeons were expert in
performing hypophysectomies (removal of pituitary tumors/glands), and
he was treated successfully. After the operation, there were marked changes in
both his physical body and in his voice. All his facial features—the heavy
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protruding jaw, the thick enlarged nose and lips—as well as the size of his
hands and fingers were much less pronounced. His voice was not as deep and
raspy. My friend seemed less lethargic as well. He thanked me for his new lease
on life.

As a health practitioner or student planning to become one, you must be
aware of such clear signs of diseases like gigantism and acromegaly. Once you
are aware it then becomes your professional obligation to reveal this informa-
tion to your unsuspecting patient. You must educate them on the causes and
symptoms of the disease so they can think about it in an informed way. Finally,
with the patient’s input, you must present all the options for treatment. Identi-
fying and diagnosing disease should not be left to patients even if they are rea-
sonably informed physiologists.

Other diseases of the anterior pituitary lead to the opposite effects of gigan-
tism and acromegaly. Moreover, such diseases need not be limited to the pituitary
gland. In general, there are two classifications, panhypopituitarism and dwarfism.
The former means a generalized decrease in secretion of all hormones of the
anterior pituitary. It can be congenital or have its onset at any time of life and
can arise slowly or rapidly. It results most commonly from a tumor that destroys
the entire pituitary gland. Dwarfism, on the other hand, results from the gener-
alized lack of secretions from the anterior pituitary in early childhood. The
limbs, organs, and other body parts grow in relative proportion to one another,
but the rates of growth are markedly impaired. A child of ten to twelve years of
age might look proportionately balanced but will have the body growth of a
four- to six-year-old. The same person at ages eighteen to twenty might have the
body development of an eight- to ten-year-old child. In contrast with dwarfism,
a person with panhypopituitarism does not pass through puberty and never
secretes sufficient quantities of gonadotropic hormones to develop adult sexual
functions. In about one-third of individuals with panhypopituitarism, however,
only GH is impaired, and these people do pass through puberty and develop
adult sexual functions because secretion and release of FSH and ACTH are not
impaired. In other forms of dwarfism, the release of GH is normal but there is an
inherited inability to synthesize somatomedins, which are necessary for normal
growth and development.

Another friend of mine was born with dwarfism. As an adult, this man was
about four feet five inches tall. His wife had been married once before and had
two sons from that marriage. Several years later my friend and his wife had a
baby girl, their first child. The newborn was the age of one of our children. She
grew up to be a beautiful young woman and appeared physiologically nearly
perfect. She got married in her mid-twenties and had children of her own.
Her father’s dwarfism seemed to have no effect on her or her children. Her
father was also a kind soul (despite the fact that he was employed in a county
prosecutor’s office).
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The Adrenal Gland and Growth

The adrenal cortex can also be problematic and can lead to arrested growth and
development. This gland is so named because it is located bilaterally atop the
kidneys. The adrenal is composed of two glands, an inner medulla and an outer
cortex. They have different cell types, look different morphologically, and secrete
different hormone products. The adrenal medulla in humans and other mam-
mals is a specialized type of nerve tissue. Cells in the medulla synthesize, store,
and secrete the catecholamines tyrosine, dopamine, epinephrine, and norepi-
nephrine (the latter two are also known as adrenaline and noradrenaline).
These compounds are coreleased when the gland is stimulated, but epinephrine
is the major secretory product. It is this portion of the gland and its secretory
products epinephrine and norepinephrine from which the archaic phrase “fight
or flight hormones” has arisen. The flight or fight hormones have multiple
effects on the body that prepare one for adverse events including taking exams.

In the cardiovascular system, epinephrine and norepinephrine increase
heart rate and contractility. They also increase blood flow to many organs. These
are some of the main events in the fight or flight preparation. This function of
the gland is closely related to function of the autonomic nervous system. In fact,
any sensory signal that prepares the body via stimulation of the adrenal medulla
for an adverse event also stimulates the sympathetic division of the autonomic
nervous system. This allows the two systems, nervous and endocrine, to com-
pliment one another.

The outer portion of the adrenal gland is called the cortex and in humans is
divided into three zones. Each zone produces a different class of hormones collec-
tively called adrenocorticoids. The three main classes are glucocorticoids, miner-
alocorticoids, and sex steroids. Their names indicate their physiological functions.
Glucocorticoids directly affect the metabolism of carbohydrates (glucose being
one of the main targets). Therefore they indirectly affect the metabolism of the
other energy substrates, protein and fat. Two glucocorticoids are cortisol and
deoxycorticosterone. These are classically considered anti-inflammatory agents
although in recent years the health food industry has tried to link them negatively
with abdominal fat and obesity. Mineralocorticoids affect the physiology of miner-
als, most notably sodium and potassium ions but also chloride and bicarbonate
ions. Specifically they exert a major influence on how the kidneys process these so-
called electrolytes. One important mineralocorticoid is aldosterone. Aldosterone’s
main effect is promoting sodium reabsorption. Its release is also linked to the
renin-angiotensin system and to systemic arterial hypotension. The third class, the
sex steroids, influence reproductive structure and function. They do this via their
direct and indirect actions on target tissues such as the testes and ovaries.
Examples of the sex steroids are pregnenolone (leads to the synthesis of proges-
terone) and androstenedione (leads to the synthesis of androgens).
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The adrenal hormones can have a profound effect on growth and develop-
ment. Their effects are best understood by considering the consequences of
excess or deficiency of such hormones. Excess androgens and estrogens before
puberty can enhance bone growth. This also accelerates the rate at which the
skeleton matures and thus can diminish the time between lengthening of long
bones and closure of epiphyseal plates. In many cases, this is revealed as
reduced longitudinal growth of long bones, therefore in reduced adult height
and stature. This outcome is clearly demonstrated in cases where children are
exposed to excess sex steroids at an early age such as might occur from tumors
of the adrenal glands or taking sex steroids (for purposes of body building or
other athletic performance enhancement) that have been prescribed as med-
ications for their parents or older adults.

Like the sex steroids, the adrenal glucocorticoids in excess can also inhibit
growth. Glucocorticoids are used therapeutically to treat serious illnesses of
childhood such as asthma and autoimmune deficiencies, but the side effect can
be impaired growth, which is not restored to normal until the plasma concen-
trations of glucocorticoids are returned to physiological levels. Use of GH to
treat the impaired rate of growth that occurs with glucocorticoid therapeutics is
not effective in restoring normal growth rate. This reveals that the underlying
cause of the impaired growth is not due to inefficiency of GH. It is most likely
that glucocorticoids impair physiological functions at growth plates, since this
is where longitudinal growth takes place. Finally, in recent years the public has
become concerned about being exposed to growth hormone through drinking
cow’s milk. On occasion, dairy cows are treated with growth hormone to
increase the cow’s production of milk. The potential detrimental effects of
drinking milk from treated cows has not been investigated.

Table 3.3 presents a list of some of the known factors that are related to
growth and development. This list has evolved in recent decades and is likely to
continue expanding as research in life sciences and biomedicine continues.

The Thyroid Gland

Growth hormone and products of the adrenal glands are not the only endocrine
hormones that affect growth and development. Generally any neurohumoral
agent that affects metabolism and use of energy substrates will affect growth
either directly or indirectly. Thyroid hormones are another good example of
endocrines that influence growth and development. Thyroid hormones have
two important functions. In growing animals and humans, they are crucially
important in development especially of nervous tissue. In adult animals and
humans, the thyroid hormones act to maintain metabolic homeostasis and thus
affect the functions of virtually all living tissues. To meet these requirements,
the thyroid gland is able to synthesize and store large quantities of thyroxine
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TABLE 3.3
Short list of various physiological growth factors

Acronym  Full name Target tissues

AGF angiogenic growth factor growth of new blood vessels and
related tissues

EGF epidermal growth factor growth of skin and subcutaneous
tissues such as fat

FGF fibroblast growth factor growth and development of cells
and tissues in general

HGF hepatocyte growth factor growth and development of liver
cells and liver sinusoids

IGF-I, 1T insulin-like growth factors  mediate effects of growth hormones

NGF nerve growth factor growth and healing of nerves and
supportive tissues

VEGF vascular endothelial growth and development of

growth factor endothelial cells that line blood

vessels

(T,) and triiodothyronine (T;). Metabolism of the thyroid hormones takes place
primarily in the liver although some metabolism takes place in the local target
tissues such as the brain. Circulating plasma concentrations of thyroid hor-
mones are regulated precisely by the anterior pituitary hormone TSH (also
known as thyrotropin) in a classic negative-feedback mechanism. The predom-
inant actions of thyroid hormones occur by binding to nuclear receptors and
through modulating transcription of specific genes.

Disorders of the thyroid gland are common and consist of two general
types: changes in morphology of the gland and changes in the secretory activi-
ties of the gland. Thyroid nodules and goiter are the most common pathologies
and can be caused both by benign and malignant tumors (morphology). Such
tumors might or might not influence secretory behavior of the gland. Con-
versely, patients appearing with overt hyper- or hypothyroidism often present
with marked clinical manifestations. These are not always accompanied by
changes in morphology but are associated with marked fluctuations in secretory
products. For example, global congenital hypothyroidism due to iodine defi-
ciency remains the major cause of mental retardation and is particularly prob-
lematic in many third-world countries. Iodine is an absolute requirement of the
thyroid gland’s ability to synthesize thyroxines. Screening of newborns coupled
with the thyroid-related institution of hormone replacement therapy has
markedly decreased the incidence of mental retardation in the United States.
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Effective treatment of most thyroid disorders is readily available. Treatment of
the hypothyroid patient is straightforward and consists of hormone replace-
ment. However, treatment of hyperthyroidism in adults is more complex and
includes blocking the synthesis of thyroid hormones, surgical removal of the
gland, and chemical destruction of the gland by administration of radioactive
iodine. Still, treatment of thyroid disorders is extremely satisfying as most
patients can either be cured or have their disease controlled.

The thyroid gland is located anteriorally at the base of the neck and is
attached by connective tissue to the trachea and surrounding tissues. Its main
secretory products are thyroxine (T,) and triiodothyronine (T;). Their synthesis
and release are under the control of TSH from the anterior pituitary, which is
regulated by the hypothalamus by thyrotropin-releasing hormone or factor,
TRH/TRF. Thyroxine is the major secretory product and, like GH, influences
many bodily functions. Most notably it is involved in the homeostasis of metab-
olism and internal body temperature. An overactive thyroid (hyperthyroidism)
is the most common cause of the disease thyrotoxicosis, characterized by excess
activity, insomnia, and inability to gain weight/excess loss of weight. A defini-
tive diagnosis is obtained by accelerated excess uptake of radiolabelled iodine
during a twenty-four-hour period. Grave’s disease or toxic diffuse goiter is the
most common cause of excess uptake of iodine and accounts for a majority of
the cases. Grave’s disease, like Hashimoto’s thyroiditis, is caused by an abnor-
mal immune response that includes the production of antithyroid antibodies
against the thyroid follicular cells, microsomes, and TSH receptors. Many of the
signs and symptoms of thyrotoxicosis stem from the excessive production of
heat, from increased motor (physical) activity, and from activation of the sym-
pathetic nervous system. Activation of the sympathetic nervous system can lead
to cardiovascular effects such as elevated heart rate, cardiac enlargement,
reduced resistance to blood flow, and increased pulse pressure. The increase in
basal metabolic activity produces excess appetite and, if food intake is insuffi-
cient, to loss of weight. Left undiagnosed and untreated, people suffering from
hyperthyroidism may be misunderstood as hyperactive type-A personalities. In
older patients and/or as the disease progresses, angina, cardiac arrhythmias,
and heart failure may be present.

Hypothyroidism, also known as myxedema when severe, is the most com-
mon disorder of thyroid function. An underactive thyroid can result from hor-
monal insufficiency at one or more levels of the neuroendocrine axis. The
neuroendocrine axis involves cranial structures such as the hypothalamus and
neurons descending into it, the pituitary stalk and glands, and more peripheral
endocrine glands like the thyroid, adrenals, and pancreas. Failure of the thyroid
to produce sufficient hormone is called primary hypothyroidism. Central hypothy-
roidism is a CNS problem and results from failure of the pituitary to release TSH
(secondary hypothyroidism) or from failure of the hypothalamus to release TRH
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(tertiary hypothyroidism). Central hypothyroidism is much less common than
primary hypothyroidism. Associated symptoms in these individuals are usually
the opposite of hyperthyroidism. They often display reduced metabolic rates.
Their consumption of oxygen and production of carbon dioxide are below the
norms for their age and gender, they are intolerant to cold, and have unexplained
gain of weight, lethargy, and generalized apathy. The face is often expression-
less, puffy, and pallid. The skin is cold and dry and the hair is coarse, brittle, and
sparse. The voice is hoarse and low-pitched, speech is slow, and the appetite is
suppressed leading to gastrointestinal inactivity and regular constipation.

Because the thyroid gland has such far-reaching effects throughout the
body, its surgical removal (to treat hyperthyroidism) or use of replacement ther-
apy (to treat hypothyroidism) can lead to long-standing imbalance in homeo-
static regulation. Changes in body temperature can be marked and sustained for
days or weeks. The patient’s sensations of being warm and cold can fluctuate
several times during a single twenty-four-hour period. It might take months for
a physician to titrate the dose of hormone to bring this single physiological vari-
able under control. A similar picture is painted for the regulation of appetite,
thirst drives, sleep, and physical activity.

Our sixteen-year-old son complained of being tired and having little energy.
We initially thought this was due to his relatively poor diet that included too
much sugar and too few vegetables and fruits. Because his complaints came early
in the track season, we thought his lethargy might be related to the transition
from an unfit to a more fit state. But after adjusting to training and conditioning,
and changing to a diet of more fruits and vegetables and less sugar, he still com-
plained. My wife made an appointment with a pediatrician, and his blood
chemistry was evaluated. His T, and T, concentrations suggested the possibility

Hyperthyroidism Hypothyroidism
Excess production of Insufficient production of
thyroid hormones thyroid hormones
increased metabolism decreased metabolism
intolerance to heat intolerance to cold

loss of weight unexplained weight gain
excess appetite loss of appetite
insomnia lethargy, apathy

FIGURE 3.2 Classic symptoms associated with the diseases hyperthyroidism (left
column) and hypothyroidism (right column).
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of hypothyroidism, so he was sent a month later for more blood work. This blood
screen included measures of TSH (thyroid-stimulating hormone) and thyroglobu-
lins (proteins that bind thyroid hormones). TSH concentrations were high and
thyroglobulins were normal. This was confusing since elevated TSH would nor-
mally be expected to augment the production and release of T, and T,. The pedi-
atrician also mentioned decelerated growth rate in our son starting at about ages
thirteen or fourteen years. One of his favorite role models was his older brother.
Indeed the record of their growth throughout the teenage years was marked on
the same scale on trim around the door frame. We could see from these data that
our younger son was falling behind his older brother’s growth rate. These obser-
vations were consistent with the possibility of hypothyroidism.

More tests were prescribed, and both the results and the physician’s inter-
pretations were inconsistent and even more confusing. To add to the confusion,
our son was by this time getting up at 6 A.m. to go to a summer job and was a
dedicated weight lifter. He had started training at age fourteen and was still
working out three years later. We began to question whether the early weight
lifting had impaired his growth but felt the main problem was our inability to
get conclusive clinical blood chemistry. Physicians are not scientists and are not
trained in the scientific method. Moreover, insurance companies and HMOs
strongly influence a physician’s ability to prescribe tests and make referrals.
Therefore the blood screens were infrequent, random, and disjointed. They
were not completed under the systematic, disciplined conditions that would be
expected in an endocrinologist’s or physiologist’s laboratory and trying to make
sense of them was an exercise in futility.

Carefully observing our son for the next few years and making decisions
with his input seemed like the best course of action. We knew that during the
interim he would gain his adult stature and that this could affect his condition.
Moreover, there was some evidence of cardiac disease in our family, and this
had shown up in the son with whom the growth of our youngest son was being
compared. With his consent, we decided to give no further attention to the mat-
ter until he reached young adulthood and his full adult stature. His complaints
of lethargy had diminished markedly by the time we reached this decision.



The Cardiovascular System
and the Blood

Homeostasis in the mammalian cardiovascular system depends importantly
on the interactions among blood pressure, blood flow, resistance to blood flow,
and other hemodynamic variables. Moreover, there are several important reflexes
such as the baroreceptor reflex and the Bainbridge reflex that help maintain an
equilibrium in the above hemodynamics and that try to restore homeostasis
when it is disturbed.

The mammalian cardiovascular system is best understood by analyzing its
component parts. In the simplest terms, these are the heart, the blood vessels,
and the blood. The hearts of all mammals have four chambers: a left and a right
atrium and left and right ventricles. The atria are separated by a thin wall of
muscle called the interatrial septum and the ventricles are separated by the
thicker interventricular septum. There are effectively two cardiovascular sys-
tems in mammals: the pulmonary and systemic (peripheral) circulatory systems.
Each is composed of a pump (right or left ventricle) and a set of blood vessels.
The ventricles function as the pump mechanism for generating pressure and
volume work, and need to create high enough internal pressures to overcome
the arterial resistance to blood flow. The ventricles must also eject a sufficient
volume of blood to initiate and sustain circulation. The main differences between
the two cardiovascular systems are that (1) the pulmonary circulatory system
supplies blood flow only to the lungs whereas the systemic circulatory system
provides blood flow to all remaining organs and tissues, and (2) the pulmonary
is a low-pressure system while the systemic is a high-pressure system. The pul-
monary cardiovascular system begins at the right ventricle and ends at the left
atrium. The systemic or peripheral cardiovascular system begins at the left ven-
tricle and ends at the right atrium. All other organs and tissues of the body are
interposed between these two chambers. All vessel components between the
two end points in either system are an integral part of that particular system.

53
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This means that under normal conditions, maximum ventricular/arterial pres-
sures in the systemic circulatory system are about 100 mmHg whereas corre-
sponding pressures in the pulmonary circulatory system are about 25 mmHg.
This is important because the systemic circulation and left ventricle work
against a high resistance. The pulmonary circulation and right ventricle do not.

The Blood

Blood is a tissue. A tissue is a group of like-behaving cells that serve a common
purpose. In the case of blood, the purpose is delivery of nutrients and gases and
removal of by-products of metabolism. Blood is composed of a variety of cell
types found in a fluid matrix. The cells are red blood cells (RBCs or erythro-
cytes), white blood cells (WBCs or leukocytes), and blood platelets (fragments of
larger, more primitive blood-forming cells). In adult humans, neither the platelets
nor the RBCs have nuclei. All WBCs have nuclei, but the nuclei have a wide range
of morphologies and staining characteristics. Some do not stain and are called
neutrophils. Others bind basic stains (blue) and are called basophils. Still oth-
ers bind acidic stains (red) and are called eosinophils. The fluid matrix in which
the cells are suspended is called the plasma. By both weight and volume, plasma
is mostly water, about 90 percent. Because plasma is mostly water and because
water is the universal chemical solvent, plasma is considered a solvent. It con-
tains a wide range of solutes including but not limited to macromolecules such
as the immunoglobulins (antibodies) and other proteins, electrolytes, vitamins
and minerals, carbohydrates, lipids, and amino acids. One of the important con-
stituents is fibrinogen, a protein that is essential to the blood-clotting mechanism.
Under conditions where increased clotting is necessary, fibrinogen is broken
down to fibrin monomers that polymerize to help form fibrin clots. These serve
as vascular plugs to minimize loss of blood from severed blood vessels. When
fibrinogen and its breakdown products are removed from the plasma, it (plasma)
will no longer clot and is then known as serum. The two terms plasma and serum
are frequently misused. Clinically speaking, if withdrawn plasma is stored and
intended for reinfusion, it is either anticoagulated or has the fibrinogen removed
before storage. In this latter case, the plasma becomes serum.

The health of the blood is a good indicator of the overall health of the body,
and it can be assessed in a number of ways. One of the most important quan-
tifications of the blood is what we call hematocrit. Hematocrit is the percentage
of whole blood (cells plus plasma) that is composed of cellular elements, mostly
RBCs. It is determined by withdrawing a sample of peripheral venous blood
from, for example, the vein between the forearm and biceps. The sample is then
centrifuged to separate cellular elements from the plasma. Hematocrit is demon-
strated in figure 4.1. The heavier RBCs settle and compact at the bottom of the
centrifuge tube while the lighter-molecular-weight plasma fills the top half.
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Between the two volumes is a narrow layer called the buffy coat. This volume is
composed of WBCs and platelets.

Note in figure 4.1 that the hematocrit (erythrocytes or red blood cells) is
approximately 45 percent. This is physiologically normal. A reasonable range for
hematocrits in adult males is 42 to 46 percent and slightly lower in menstruat-
ing women. Diseases and other conditions that elevate hematocrit are called
polycythemias and those that decrease hematocrit are known as anemias. Many
conditions that lower the amount of oxygen in the circulation (hypoxia) stimu-
late erythropoiesis, or the enhanced production of erythrocytes. Hypoxia-induced
erythropoiesis in turn elevates the hematocrit. One of the most well-known ery-
thropoietic stimuli is spending time at high altitudes. Mountain climbers who
reside at sea level but periodically venture to altitudes above 15,000 to 25,000
feet, the height of the world’s highest mountains, have hematocrits in excess of
50 percent while they are at the high elevations. The increase in red blood cells
compensates for the lower partial pressures of atmospheric oxygen and thus
helps maintain oxygen homeostasis. When these sojourners return to sea level,

Plasma

Sample of mammalian

‘ whole blood after centrifugation

Buffy coat ¢

A

Red cells

FIGURE 4.1 A cylinder illustrating the blood hematocrit. The height of the column of
fluid inside the cylinder (right arrow) illustrates the whole blood sample after cen-
trifugation. Note there are three separate layers, the bottom layer consisting mostly
of packed red blood cells, the second of white blood cells and platelets (about 1 per-
cent of the total volume), and the top layer of cell-free plasma.
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hematocrit is restored to its sea level value. People who live or spend long periods
of time at high altitude typically have hematocrits in excess of 55 to 60 percent.

Mature red blood cells in adults lack nuclei. In terms of their morphology or
multidimensional shape, erythrocytes are biconcave disks. Cross-sectionally, they
look like donuts and are thickest at the perimeter and thinnest in the center.
The physiological explanation for this design lies in the function of the cell.
Arguably the most important molecular component of the red blood cell is the
protein hemoglobin (Hb). Hemoglobin is the main protein carrier of oxygen in
the circulation. Hemoglobin molecules are most densely concentrated around
the edges of the cells, giving the perimeter its thicker shape. This is important
for at least two reasons. First, it decreases the distance that oxygen must diffuse
to get from the red blood cell to the tissue or from the pulmonary alveoli to the
red blood cells. This facilitates exchange of gases. A second purpose for the
biconcave design of the RBC is flexibility. The outside diameter of RBCs is often
equal to or modestly greater than the inside diameter of the smallest blood ves-
sels through which they must pass. Were the cells not flexible, they could not
conform to the interior dimensions of the microcirculation and would become
trapped, thereby impeding blood flow.

The flexibility of RBCs is analogous to rides at water parks. Many of these
rides involve curved and tortuous cylinders of a few feet in diameter. These
slides with water flowing through them descend from heights of forty to eighty
feet to ground level. Riders sit or lie on inflated rubber tubes. Some tubes have
space for only one rider; others can accommodate two or three riders. Because
the tubes are rubber and inflated, they are flexible. They deform and reshape
according to the weight of the rider and the contour of the cylinders through
which they pass. If they were inflexible, they could become jammed in the cylin-
ders, thus preventing their passage as well as that of subsequent riders.

When evaluating the health of one’s blood by measuring concentrations of
electrolytes such as Na*, K*, and Ca?*, plasma is used. Electrolytes are maintained
at near-constant levels by homeostatic control mechanisms. These mechanisms
involve their dietary intake, renal excretion, and distribution and balance among
the various body water compartments. Extracellular potassium is normally about
4-5 milliequivalents per liter in both plasma and interstitial fluids. A doubling of
this concentration—elevations to 8-10 milliequivalents per liter—can be life
threatening. The heart is extremely sensitive to circulating concentrations of
potassium. Imbalances can lead to disturbances in rhythmicity as well as to sud-
den death. Loss of calcium homeostasis can also be dangerous. Calcium is an
important second messenger, and disturbances in its transmembrane distribution
can lead to disruption of cellular signal-transduction pathways in all cell types.

The volume of blood in circulation at any moment in time is maintained at
relatively constant levels. This takes place through sensitive feedback mecha-
nisms involving all the components described earlier. For example, if blood
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volume is suddenly increased appreciably above physiological levels, stretch
receptors in the blood vessels and cardiac chambers as well as elsewhere in the
body are activated. This leads to increased renal excretion of water, inhibition of
thirst mechanisms, and subsequent restoration of blood volume. The converse
happens when blood volume is suddenly decreased such as with hemorrhage.

Blood volume is also regulated hemostatically. Hemostasis is the ability of
blood to clot. Circulating blood volume in adults ranges from about four to eight
liters and can be estimated by multiplying one’s body weight by 0.08—blood
volume is an estimated 8 percent of body weight in mammals. I weigh 175
pounds or 80 kilograms. Eight percent of 80 kilograms is 6 kilograms. One kilo-
gram of whole blood (1,000 grams) has a density or mass per volume of about
one gram per milliliter. Therefore one kilogram of blood is approximately equal
to one liter of blood. So my circulating blood volume is about six liters.

Any injury to one or more blood vessels is a potential threat to circulating
blood volume. If blood volume decreases, blood pressure also decreases. If blood
pressure decreases, blood flow falls. If blood flow diminishes, so also will the
delivery of oxygen and nutrients to the tissues as well as the removal of waste
products from them. Hemostasis is the body’s design to minimize and/or pre-
vent loss of circulating blood volume. When a blood vessel is severed and blood
loss occurs, a physiological sequence of events takes place to minimize the loss.
The first event is vasoconstriction of the severed vessel and those in the imme-
diate vicinity. Vasoconstriction happens because endothelial cells in the walls
of the damaged blood vessels release chemicals that cause smooth muscle cells
in the wall to contract. When the smooth muscle cells contract, the inside diam-
eters of the vessels are reduced, that is, the vessels vasoconstrict. The sympa-
thetic neurons in the region of the damage help mediate this process by releasing
neurotransmitters that cause vasoconstriction. The second event is the forma-
tion of platelet plugs. Other signaling molecules from the region of damaged tis-
sue attract blood platelets to the wound. The platelets adhere to the luminal
endothelial cells adjacent to the wound and establish a cargo-net-like mesh-
work of polymerized fibrin molecules that begin trapping other platelets, RBCs,
and WBCs. This is referred to as a platelet plug. The chemistry of the platelet
plug is beyond the purposes of this book, but it involves a cascade of events
importantly involving conversion of fibrinogen to fibrin and thrombinogen to
thrombin. Finally, the third step is the entrapment of many RBCs to form a
blood clot. Subsequent extraction of plasma from the meshwork strengthens
the clot, and the loss of blood to the outside is reduced, then stopped.

The Heart and Cardiac Cycle

The typical heart illustrated on Valentine’s Day cards shows the apex as the
pointed end of the heart and a base that is the fatter upper end of the heart. The
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mammalian heart bears little resemblance to the idealized Valentine’s Day card
although one can see the similarities. If you look at your chest and place your
hand (fingers close together and thumb extended) on edge and obliquely from
the upper right side toward the lower left side and across the sternum, you will
have defined the position of the heart inside the thoracic cavity. The base of the
heart is near the base of your hand where it joins the wrist. The apex of your heart
is near the tip of the small finger where it contacts the chest wall.

Among the mammalian organs, the human heart is special in many ways.
The rhythmic contractile activity we call the heart rate is based on the perform-
ance of a specialized conduction system that originates in the right atrium and
terminates at the base of the ventricles. Structurally and morphologically, the
heart is composed primarily of striated muscle cells, though it is cardiac striated
muscle as opposed to skeletal striated muscle. Adjacent cells are interconnected
at specialized regions called intercalated disks. These do not occur in skeletal
muscle, and they give the heart the ability to function as a syncytium, that is, as
if it was a single cell. This means that when one cell contracts, all others con-
tract nearly simultaneously. The exterior surface of the heart is called the epi-
cardium and is composed of tough epithelial cells. The internal surface of the
cardiac chambers is called the endocardium. These are flat, smooth cells that
form the interface between the blood and the wall of the heart. Everything
located between these two layers of tissue is called the myocardium—whether in
the atria or ventricles. The myocardium can be further subdivided into the
subepicardium, the midmyocardium, and the subendocardium. This classifica-
tion of layers helps cardiologists, thoracic surgeons, and pathologists describe
damage caused during heart attacks and other disease states. It helps physiolo-
gists define their experimental investigations. For example, a myocardial infarc-
tion, or heart attack, might have been confined to the subendocardium at the
base of the posterior left ventricle. Myocardial infarcts of the left ventricle are
more common than those of the right ventricle. Full-thickness infarcts—those
that extend from the subepicardium to the subendocardium—are more serious
than those that involve only the subepicardium, midmyocardium, or subendo-
cardium. Infarcts of the left ventricular lateral free wall are more common that
those of the left ventricular posterior free wall. This is all importantly depend-
ent on the architecture of the coronary vasculature and the degree of blockage
of these blood vessels. Prognosis varies with the individual, the size and location
of the infarct, timing of postinfarction treatment, treatment itself, surgical and
cardiological teams treating the patient, and so on.

The normal mammalian heart is found inside a membranous sac called the
pericardium. The pericardium is composed of several layers of epithelial cells
and tough connective tissue. There is generally a small amount of fluid inside
the pericardium. This serves to lubricate the interior surface of the sac and the
outer surface of the heart where they come in contact. Friction between the two
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tissues is thereby reduced. Too much fluid can lead to compression and disease
of the heart.

The specialized conduction system of the heart is composed of modified
muscle cells (not nerves). It begins in the posterior wall of the right atrium
where it joins with the superior vena cava, the primary vein carrying blood from
the head, neck, and regions of the upper body to the right atrium. In humans,
there is a small specialized region of tissue at that location called the sinoatrial
(SA) node. It is also known as the pacemaker of the heart. Here a single cell
depolarizes and then near-simultaneously activates all surrounding syncytial
cells. An action potential is created that spreads throughout the right and left
atria. This leads to electrical activation then contraction of the atria. When the
atria contract, they empty blood into the corresponding ventricles. The wave of
electrical activity then converges at another specialized group of cells called the
atrioventricular (AV) node. The AV node is located at the basal terminus of the
interventricular septum. It is approximately fifteen millimeters long and ten
millimeters wide and extends into the interventricular septum as the bundle of
His (pronounced hiss). Because of the cellular construction of the AV node, it is
a tissue that is especially sensitive to any obstruction of the action potential and
to the influences of disease and drugs. Indeed, disturbances in rhythmicity of
the heart can often be traced to the AV node. The bundle of His divides into left
and right branches that descend down the left and right sides of the interven-
tricular septum, eventually branching multiple times to become the Purkinje
fibers. Purkinje fibers interconnect with muscle fibers of both ventricles and
terminate at the base of the heart. This specialized conduction system origi-
nates at the top of the right atrium and terminates at the base of the ventricles
and is able to conduct an action potential throughout the entire heart in less
than one-half of one second. The frequency of depolarizations of the SA node is
what determines heart rate or rate of ventricular contraction.

I want to stress that the heart’s specialized conduction system is composed
of muscle cells, not neurons. That is not to say the conduction system is not
influenced by the nervous system; it is. The autonomic nervous system inner-
vates the heart and is especially abundant in the conduction system. Both
branches of the autonomic nervous system influence the atrioventricular con-
duction system. Postganglionic fibers of both the parasympathetic and the sym-
pathetic nervous systems are generously distributed to the SA and AV nodes.
However, sympathetic fibers are more abundant in the SA than AV nodes and
parasympathetic fibers are more abundant in the AV than SA nodes. The bundle
of His and the Purkinje fibers are also influenced by both autonomic branches.
Conversely, only the sympathetic nervous system innervates the walls of the
ventricles to any appreciable degree. As a general rule, activation of sympathetic
fibers increases heart rate and cardiac contractility. Activation of parasympa-
thetic fibers slows heart rate but does not affect contractility.
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Electrical activity in the heart causes mechanical activity. That is, genera-
tion of action potentials in the SA node leads to contraction of both the atria
and ventricles. The coordination of electrical and contractile (mechanical)
events in the heart is known as excitation-contraction coupling (E-C coupling).
In more recent years, it has also been called electromechanical coupling or
electromechanical induction. Coupling of these two events and the physiologi-
cal actions of calcium ions are intimately interconnected. As graduate students,
my peers and I were taught that the involvement of calcium was the final com-
mon pathway in E-C coupling. We were told that stimulation of sympathetic
nerves led to enhanced heart rate and contractility and that the neurotransmitter
norepinephrine (released by the SNS postganglionic axons) acted via calcium in
mediating these actions. My instruction as a graduate student took place in the
early 1970s prior to the current revolution in life sciences and the era of modern
molecular biology. At that point in time, we thought that calcium release and its
interaction with contractile proteins was indeed the final step in E-C coupling.
As the era of modern molecular biology has expanded our understanding, we
can now speak of the roles of stimulatory and inhibitory G proteins, calcium-
induced calcium release, ryanodine and dihydropyridine calcium receptors, and
many other components of signal-transduction pathways that were unknown in
the early 1970s. The take-home message for the student of the early twenty-first
century is this: enjoy your formal education as you receive it, but realize that
what you learn in physiology and medicine today will be markedly influenced by
what those who come after you learn and do in experimental laboratories ten,
twenty, and forty years from now.

The coronary circulation provides blood flow to the heart and all its associ-
ated tissues. Of the total volume of blood that the heart pumps to the entire
body, the coronary circulation under baseline conditions receives only about
5 percent. Considering the tremendous volume of work the heart does over a
lifetime, it is certainly one of the most underperfused organs of the body. That
means that the ratio of its supply of oxygen and important nutrients to its
demand for these is among the lowest of all tissues. Functionally, this is not as
important for amphibians and other lower vertebrates and invertebrates as it is
for mammals. Some lower forms of animals including amphibians are able to
extract oxygen from the blood in the chambers of the heart. As far as we know,
mammals are not able to do this. Thus for their oxygen supply, mammals must
rely on a well-developed circuit of coronary blood vessels, as well as mecha-
nisms that proportionately increase coronary blood flow as oxygen supply dwin-
dles and as oxygen demand increases.

In humans there are two main coronary arteries. They are called the right
and left main coronary arteries. They are the first blood vessels to arise near the
root of the aorta. Because the left ventricle contains much more tissue, hence
mass, than the right ventricle, the left main coronary artery carries most of the
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heart’s blood flow. The two main coronary arteries are each only a couple cen-
timeters long. Both branch into smaller arteries that provide blood flow to the
anterior and posterior walls of both ventricles. The left ventricle receives most
of its blood supply during the resting phase of the cardiac cycle while the right
ventricle receives the greatest fraction of its flow during the contracting phase
of the cycle. Thus the regulation of the coronary circulation is an important sub-
ject of investigation and has far-reaching clinical implications. One of the main
avenues of investigation in both the basic physiology laboratory and by the
pharmaceutical industry has been the identification and development of coro-
nary vasodilators. This has required physiologists and pharmacologists to identify
protein receptors in the membranes of vascular smooth muscle and endothelial
cells. Once these proteins are identified, purified, and sequenced, organic
chemists are able to synthesize compounds that will bind to them that either
relax vascular smooth muscle directly or cause release of other agents that are
coronary vasodilators. Then physicians can test these agents under controlled
clinical conditions.

The average resting heart rate of adults ages twenty-one and above is about
seventy-two beats per minute. There are two subdivisions of each cycle: a rest-
ing phase called diastole and a contracting phase called systole (see table 4.1).
The majority of the time of a single cycle is spent in diastole. Physiologists
believe the reason for this is to allow adequate time for the ventricles to fill with
blood during the resting phase of each cycle. The filled volume replenishes the

TABLE 4.1

Phases of the mammalian cardiac cycle

Phases (subphase) Abbreviated physiological activities

Systole
isovolumetric contraction valves closed, ventricular volumes constant,
pressure/tension increasing rapidly

rapid ejection arterial valves open, much of stroke volume
ejected, arterial pressures rise rapidly
reduced ejection stroke volume completed, arterial pressures

stabilize, then begin to decline
Diastole

isovolumetric relaxation  valves closed, arterial pressures fall rapidly,
pressure/tension decrease rapidly

rapid filling phase atrial valves open as ventricular pressure drops
below atrial pressure, rapid filling begins
reduced filling phase ventricles finish filling, atrial pressures rise,

valves close, and cycle repeats
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volume of blood that was ejected during the previous systole and ensures devel-
opment of sufficient wall tension and ventricular pressure to eject another vol-
ume during the subsequent systole. If diastole is shortened appreciably, then
the time of filling is shortened correspondingly. This causes a reduction in the
volume of blood that can subsequently be ejected during systole. If such a con-
dition lasted for more than a few cardiac cycles, blood flow to the body would be
compromised and tissue dysfunction, damage, and death could result. Both
diastole and systole can be further subdivided into rapid and reduced filling and
emptying phases. That is, most of the blood that will fill the ventricles during
the 550 to 600 msec of diastole enters in the early milliseconds (the rapid filling
phase, that is, the first 100 to 200 msec). The rest of the blood enters during the
latter portion of diastole (the reduced filling phase). A similar phenomenon is
seen during systole. In experimental cardiovascular laboratories, these sub-
phases can be characterized and quantified by measuring pressures, volumes,
and rates of blood flow into and out of both ventricular chambers. Cardiovascu-
lar disease can thus be characterized according to such data.

Stimulating sympathetic nerves that innervate the heart by means of either
electrical instruments or by drugs causes both an increase in heart rate, that is,
a positive chronotropic response, and an increase in contractility, or a positive
inotropic response. The duration of a single cardiac cycle will be reduced pro-
portionally. Stimulating excessively can double or even triple heart rate in some
mammals. In humans if heart rate accelerates to 175 to 200 cycles per minute,
the amount of time spent in diastole during each cycle is dangerously reduced
thus impairing ventricular filling. Conversely, stimulating the parasympathetic
nerves can markedly reduce heart rate. The parasympathetic nerves are carried
to the heart by the tenth cranial or vagus nerve. Excessive stimulation of the
vagus nerve causes momentary cardiac arrest, that is, the heart actually stops
beating for several seconds. Syncope or fainting can accompany such an event.
A complete description of all the maneuvers, tests, and drugs that can influence
heart rate and function via either the sympathetic or parasympathetic nerves is
beyond the scope of this book. However, students should become familiar with
the common ones and should even query their cardiologists should they be seen
for heart-related problems. Moreover, practitioners should be sufficiently con-
cerned for the health of their patients to teach a few of these principles to them.

The Blood Vessels

The third major component of the cardiovascular system is the blood vessels.
Structurally and functionally, blood vessels can be subdivided into several types,
most notably arteries, capillaries, and veins. They all have properties in com-
mon, that is, endothelial cells that form the interface between flowing blood
and the vessel walls, but they are also uniquely different: for example, arteries
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withstand high pressures, veins have high compliance, and capillaries have only
a single layer of cells in their walls. The luminal dimensions or inside diameters
of all except true capillaries are under both metabolic and neurogenic control.
This gives all blood vessels except true capillaries the capacities to actively and
passively contract (vasoconstrict) and relax (vasodilate).

Since blood flows sequentially through the different segments of blood ves-
sels, Twill describe them and their functions in sequential order. Arteries can be
thought of as conducting, distributing, and resisting. The largest of the con-
ducting arteries are those that arise at the base of the ventricles; the aorta at the
base of the left ventricle and the pulmonary artery at the base of the right ven-
tricle (see figure 4.2 for schematic). These two conducting arteries give rise to
downstream conducting arteries of progressively narrowing inside diameters,

Pulmonary arterial

Pulmonary venous
blood flow y

blood flow going to
the left atrium

Systemic venous
circulation, representing
sequential blood

flow through HEART
venules, small veins,
and finally large veins

Left ventricular blood
flow going to the
systemic circulation

CAPILLARIES

FIGURE 4.2 The mammalian cardiovascular system and the relationships of the two
circulatory systems (pulmonary and systemic) to the heart and to each other. Tails
and heads of arrows depict the origins and terminations, respectively, of blood flow
in the two circulatory systems. Note also that the heart has four chambers, left and
right atrium and left and right ventricle.
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for example, subclavian arteries, brachiocephalic arteries, and iliac arteries.
Conducting arteries convey blood away from the ventricles and towards the
upper/lower regions of the body and extremities. They are the most compliant
among the arteries. Compliance is computed differently but basically refers to
how much volume a segment of vessel can accommodate with little correspon-
ding increase in pressure. Large veins are the most compliant among the vessels
and resistance arteries are the least compliant.

Distributing arteries are those that arise from conducting arteries—they are
the second segmental arrangement of arteries—and they carry fractions of the
total blood supply to the various organs and tissues. They distribute blood flow
among and within the organs and tissues. Some of the distributing arteries are
cerebral arteries (for example, the middle cerebral artery or MCA), coronary arter-
ies (the left anterior descending coronary artery or LAD), renal arteries (for
example the interlobular artery or ILA, radial arteries, RA), and femoral arteries
(FA). Distributing arteries carry varying fractions of the total blood supply at any
given moment. Total blood supply refers to cardiac output, the volume of blood
that either ventricle ejects per minute of time. Quantitatively, cardiac output is
expressed in liters per minute and is symbolized as Q = 1/min. The average adult
male weighs about seventy kilograms and has a Q of about five to six liters per
minute (women proportionally less). The distributing arteries carry changing
fractions of this volume of blood to their corresponding organs. For example, in
a hot arid environment, the body might need to eliminate excess heat. In this
condition, blood flow to the skin and sweat glands will increase while that to the
kidney might decrease. Likewise, where hemorrhage and blood loss threaten
one’s health, blood flow will be preferentially distributed to the heart, brain,
and a few other essential tissues at the expense of organs like skin, gut, muscle,
and kidneys, which receive disproportionately less flow during such crises.

The distribution and redistribution of blood volume and blood flow are
among those cardiovascular variables that apply to the negative feedback con-
trol systems referred to in chapter 1. Mechanoreceptors, which detect changes
in the deformation of a vessel wall or an atrial/ventricular chamber, respond to
changes in blood volume. Changes in blood volume are often associated with
corresponding changes in blood flow. If a heart chamber or a blood vessel is
gorged with blood, the mechanoreceptors will be stretched, thus detecting a
change in volume. An afferent sensory signal will be relayed to the central nerv-
ous system. An error detector will compare this signal with the set point for that
variable and will make appropriate adjustments. This corrected response will be
relayed back to the blood vessel by a motor nerve, causing the vessel to con-
strict. As the vessel constricts, its capacity to retain the added volume will
decrease and a new steady state will be achieved. With the new steady state
comes a withdrawal or termination of the initial sensory signal that activated
the feedback control system.
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Resisting arteries are more correctly called resistance arteries or arterioles.
Physiologists almost uniformly call them arterioles. Arterioles are the third seg-
ment of arteries in the arterial tree. They are so named because of the marked
drop in blood pressure that is measured across them. That is, pressure at the
upstream end of an arteriole is considerably greater than pressure at the down-
stream end. This is much less the case for distributing and conducting arteries
where there is little change in pressure from one end to the other. For example,
pressures through a large conducting or distributing artery might start at 100
and drop to 9o mmHg. For the typical arteriole, corresponding numbers might
be 75 and 35 mmHg. The pressure drop in the latter case is four times that in the
former case. Since the total volume of blood passing through all arteries in the
body is the same, and since resistance is calculated by dividing differences in
pressure by blood flow, in this case resistance to flow would be four times greater
in the resistance arterioles. The walls of arterioles are composed of much more
vascular smooth muscle than are the other classes of arteries. It is the vascular
smooth muscle in the wall of a blood vessel that determines its capacity to con-
tract and relax or to cause baseline resting tone or relative degree of contraction.

Segmentally, or in series, the next downstream set of blood vessels are the
capillaries (see table 4.2). Capillaries are the smallest set of blood vessels in the

TABLE 4.2
Segmental arrangement and function of mammalian blood vessels
Vessel segment Physiological functions
Arteries
conducting aorta, pulmonary, major downstream branches; transiently
store blood during systole, recoil and contract during
diastole, deliver blood to distributing arteries
distributing renal, coronary, cerebral; distribute fractions of cardiac
output to organs and tissues
arterioles resistance vessels; determine distribution/partitioning of
blood flow to tissues based on their needs for oxygen
and nutrients (resting states vs periods of physical
activity; e.g., dynamic exercise)
Capillaries major, but not only, site for exchange between blood and
tissues
Veins
venules adjacent to capillaries, receive capillary blood, help
determine exchange, some resistance
small veins collect blood flow from venules and microcirculation
large veins deliver blood flow to atria, store blood, serve as adjustable
reservoirs of blood volume
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body. The average capillary is less than 25 micrometers in length and has an
internal diameter of less than 10 micrometers (recall that it takes 1,000 microm-
eters to equal one millimeter and 1,000 millimeters to equal a meter, about one
yard). The walls of capillaries, unlike all other segments of blood vessel, are a
single cell layer thick. These cells are called endothelial cells. Collectively they
are referred to as the vascular endothelium. Capillaries are not under regulatory
influence by nerves or metabolites. As already mentioned, luminal changes in
diameter of blood vessels are caused by the contraction/relaxation of overlying
vascular smooth muscle cells. Capillaries cannot contract and relax because
they lack vascular smooth muscle cells. Capillaries are the sites of most of the
exchange that occurs between the flowing blood and the interstitium. A site of
less significant exchange is the downstream venule, or the smallest of the veins.
Blood pressure inside capillaries is lower than that in upstream arterioles and
higher than that in downstream veins.

The exchange between the circulatory system and the surrounding tissue
spaces and cells is critically important, and all regulatory phenomena within
the circulatory system seem to be directed at protecting capillary hemodynam-
ics. In homeostasis, there is a steady egress of fluid and nutrients from the cap-
illary spaces into the interstitial spaces. This ensures adequate nutrition for
cells and simultaneous removal of the by-products of metabolism. It also ensures
the physiological balance between water and electrolytes in the various aque-
ous body compartments. In short, the homeostasis of microcirculatory hemody-
namics ensures the existence of life. The key variables in this process are called
Starling forces in honor of the British physiologist Ernest Starling (1866-1927),
who first investigated and enunciated them. These variables are capillary hydro-
static pressure, capillary colloid osmotic pressure, interstitial hydrostatic pres-
sure, and interstitial colloid osmotic pressure. I will not quantify these here, but
know that in the circulatory steady state there is a harmonious balance among
them. Anything that disturbs this balance more than just transiently is poten-
tially life-threatening.

During the course of a twenty-four-hour period, there is a net efflux of water
from the arteriolar end of the capillaries that is not compensated for by a corre-
sponding influx at the venular end. This difference of two or three liters of water
could be stored in the interstitial spaces and thus not get returned to the circu-
latory system. If this was all that happened, circulatory collapse, systemic
hypotension, and eventually death would ensue. Fortunately, under normal cir-
cumstances, this does not happen because of our lymphatic circulatory system.
Lymphatic capillaries that are distributed throughout the tissues and organs
absorb the excess two or three liters of water and return it to the systemic cir-
culation. If the lymphatics malfunction and/or if there is excess loss of protein
(colloid) and water from the capillaries, accumulation of water in the intersti-
tium can occur more rapidly than the lymphatics can remove it, and the steady
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state will be impaired. Under these circumstances, the end result is temporary
tissue edema and inflammation such as might occur with the sting of an insect.

Venules are the first postcapillary segment of blood vessels. Like capillaries
they have low intraluminal pressures, but like arteries they do have vascular
smooth muscle cells in their walls. Therefore venules and small veins down-
stream to them are under both neurogenic and metabolic control. This means
that under the right circumstances a venule can contract, impede the outflow of
blood from capillaries, and thus increase the volume of blood and pressure
inside those capillaries. When this happens, the hemodynamics in and around
the capillaries change. Such changes can again lead to increased loss of fluid and
proteins from the capillaries and to inflammation and swelling of the tissues, an
edemogenic response. Thus, under many conditions, venules are just as impor-
tant as arterioles in determining the dynamics of fluid and solute exchange in
the capillaries. Their contributions to the health and welfare of any tissue and,
indeed, the whole body must not be underestimated.

Small and large veins are the counterparts to the distributing and conduct-
ing arteries of the upstream side of the capillaries. They are the compliance ves-
sels of the circulatory system. As mentioned above, compliance has a variety of
definitions. For our purposes, it can be thought of as stretchability, distensibil-
ity, and/or elasticity. Because veins are more compliant than corresponding
arteries, they can accommodate larger volumes of blood without experiencing
significant increases in blood pressure. Experimentally, if the volume of blood
in the systemic circulatory system is measured while the heart is arrested,
greater than or equal to 60 percent of the volume of blood would be found in
the veins. Much less would be found in the arteries, capillaries, and heart cham-
bers. Such experiments in animals have helped to establish that veins are more
compliant than arteries. Also, segments of large and small arteries and veins can
be removed from the body and studied in vitro or ex vivo to confirm the above.

Because of their compliance, veins serve as blood reservoirs or blood sources.
When arterial pressure falls due to hemorrhage (a blood sink), veins can con-
strict and in so doing transfer large portions of their blood volume to the arte-
rial side of the circulatory system. This helps to sustain arterial blood pressure
and perfusion of the organs, and has been found repeatedly under conditions of
shock and trauma and in hemorrhagic hypotension. This natural transfusion of
blood can help a person survive until artificial transfusions are available. This
system is one of the body’s best examples of a negative feedback control. Sen-
sory receptors located near the bifurcation of the common carotid arteries into
external and internal branches, known as baroreceptors, are continuously sens-
ing pulsatile and mean arterial blood pressure at these points. That sensory
information is relayed to cardiovascular control centers in the medullary
regions of the brain stem where error detectors compare it with physiological
set points. Any adjustments that are needed to protect the homeostasis of blood
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pressure are made via motor nerves that send activating signals to the heart,
blood vessels, and other organs and tissues. For example, if blood pressure in
the carotid bifurcation decreases, the baroreceptor reflex response will increase
heart rate, cardiac contractility, venoconstriction, and generalized arterial vaso-
constriction. Collectively these changes will restore carotid blood pressure to its
normotensive level.

Lifestyle and Monitoring Cardiovascular Health

There are simple, reliable, and reproducible ways for students and practitioners to
monitor the health of their cardiovascular systems and to help patients and clients
do the same. Heart rate, when expressed in cycles or beats per minute, is a cardio-
vascular variable. Changes in heart rate can be influenced by many things (table
4.3). In the resting basal state, slower heart rates are better for one’s health than
higher heart rates. The explanation is simple. The more times a heart contracts
each minute, the more work it does. The fewer times the heart beats per minute,
the less work it does. For the student and clinician, the heart does two kinds of
work: pressure-related and volume-related work. Both kinds require the expendi-
ture of chemical energy and the consumption of molecular oxygen. Simply stated,
the more oxygen and energy an individual or an organ consume per unit of time,
the more work they are doing. Working an animal, a person, or an organ more will
wear it out sooner than one worked less. Thus, having a slow heart rate under rest-
ing conditions is better for the heart and the person than having a fast heart rate.

TABLE 4.3
Selected activities that affect heart rate in mammals
Directional change in heart rate (increase,
Event decrease)
Rest and sleep heart rate decreases
Dynamic exercise (manual labor) heart rate increases
Emotional distress heart rate increases
Exposure to extreme cold heart rate decreases
Exposure to extreme heat heart rate increases
Resting state (conditioned person) heart rate slower than in unfit people
Treadmill exercise stress test heart rate rises incrementally
Intentional breath holding heart rate should decrease transiently
Straining at stool heart rate can increase dangerously
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Excluding genetic considerations, conditioned athletes are those who have
the slowest resting heart rates. They are said to have exercise-induced brady-
cardia. Bradycardia means slow heart rate and tachycardia means fast heart rate.
Some elite athletes have resting heart rates below 45 cycles per minute (cpm, or
bpm for beats per minute): when Lance Armstrong won his seventh consecutive
Tour de France in 2005, I was told his resting heart rate was 35cpm. Let’s imag-
ine that you are a physically unfit student and that your basal, resting heart rate
is 75cpm. You want to become healthier, and as a practitioner you wish to
encourage your patients similarly. By palpating the pressure pulse in either your
carotid or radial arteries, you can determine your heart rate under basal condi-
tions. You can do this several times, record the numbers, and calculate the aver-
age. Consider this your basal heart rate and make a permanent record of it. Now
go climb the stairs or do some push-ups and other form of dynamic exercise for
about ten minutes, then stop and record your heart rate again. Perhaps it rose
to 125 cpm during that ten-minute bout of exercise. Repeat the same activity for
several days, then progressively increase the duration of your exercise sessions
over a period of several weeks from ten to twenty to forty minutes. If you do this
consistently for a few months, you will discover that your basal resting heart rate
has decreased, depending on the duration (minutes per session), intensity
(effort exerted), and longevity (weeks or months) of your workout. In other
words, the health of your cardiovascular system as assessed by your resting heart
rate will have improved.

Once you have convinced yourself of the physiological reality of this exer-
cise and have felt the mental and emotional exhilaration that accompanies it,
not only will you want to continue indefinitely but you will want those you care
about to have a similar experience. You should then be motivated to encourage
your patients, clients, and others over whom you have some influence to do
something similar. As you progress, you are becoming a healthier student, prac-
titioner, and person.

No reasonably minded person in the twenty-first century will debate the
connections between diet, exercise, and cardiovascular health and disease. The
data are too firmly established to deny the beneficial effects of wise dietary
choices and sustained physical activity on the heart and circulation. For the past
several decades, the American public has been inundated with information
about the influence of diet on cardiovascular health. Unfortunately, fad diets
come and go, and in their wake millions are confused and some even die. Most
physicians who write books about diets and nutrition are neither nutritionists
nor dieticians. Therefore, before subscribing to their diets and buying their
products you might ask yourself what qualifies this person to write on the topic.

While you are reflecting on fad diets, consider also the bottled water/sports
drink fads of the past decade and a half. What is the evidence that bottled
water is better for your health than regular tap water? Contact any branch of
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government and ask for literature on purification standards for drinking water
in your community, state, and the nation. Once you have obtained the litera-
ture, contact any manufacturer of bottled water and ask for their literature
regarding the quality control standards for their products. Compare the two sets
of standards and you will discover that few if any manufacturers of bottled water
exceed governmental standards for the potability of drinking water. This means
several things. First, commercially available bottled water is no safer for your
health than is your community water supply. Second, since someone is already
paying a utility service to purify and pipe water into your home, you are throw-
ing away money by purchasing bottled water. Finally, paying for bottled water
means that your ignorance of the facts has allowed someone else to exploit you.
I will have more to say about sports drinks and the myths associated with their
use. By becoming an educated consumer, the student also becomes an educated
clinician. Teaching your patients to be similarly wise is part of your clinical obli-
gation. Now back to diet, exercise, and cardiovascular health.

Eating a balanced diet cannot be overemphasized for one’s health. Dieticians
and nutritionists have taught us that excess fats, carbohydrates, and calories are
not good for our health. But how many students have heard and understand the
phrase energy balance? Energy balance refers to the intake and combustion of
food or calories. It is used most commonly when talking about maintenance or
loss of weight. Barring genetic errors of metabolism that we have little or no
control over (despite the fact that some advances have been made in this era of
molecular biology), there is a very simple rule for energy balance. If the amount
of energy consumed is balanced by the amount of energy expended, then there
will be no gain in body weight. In other words, no matter what your current body
weight, if you consume 2,000 calories today and expend 2,000 calories today,
then tomorrow you will weigh the same that you did today. Conversely, if you
consume 3,000 calories today but only expend 2,000 calories, then tomorrow
you will weigh more than you did today. Alternatively, if you consume 2,000
calories and expend 3,000 calories, then tomorrow you will weigh less. Energy
balance obeys the same scientific laws and principles as does water balance,
sodium or salt balance, or balance of any other physiological variable. Speaking
physiologically, balance is analogous to maintaining one’s checkbook or savings
account. The key to maintaining your weight or to either losing or gaining weight
is to understand and apply the physiological principles of energy balance.

Discipline is a key ingredient in maintaining a healthy cardiovascular sys-
tem through one’s lifestyle and diet. There is nothing wrong with having a nor-
mally healthy diet today and then enjoying cake and ice cream tonight at a
birthday party. If your cake and ice cream constitute the equivalent of 500 to 1,000
extra calories, it is still not bad. The bad comes from doing nothing to counter-
balance the energy intake within the next twenty-four hours or so. For the dis-
ciplined student, patient, or practitioner, several things can be done about
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those extra 500 to 1,000 calories. You can (1) partially fast the following day, for
example, miss breakfast or lunch, or eat a smaller evening meal; (2) engage in
some dynamic activity during the next twenty-four hours that burns the equiv-
alent calories; for example, you can run, swim, cycle, dance, or do vigorous yard
work; (3) do any combination of dieting and exercising that compensates for the
500 to 1,000 calories in the cake and ice cream. The main problem we have rel-
ative to diet and cardiovascular health is sustained overindulgence with energy
intake and lack of discipline in compensatory or purposeful energy expenditure.
If you think you can regularly overeat and underexercise, and not eventually
have heart, vascular, and other health-related problems, you don’t understand
life and health.

It is not enough to simply avoid eating too much junk food as a means to
good cardiovascular health. You must also eat the proper kinds of foods in the
appropriate daily proportions. The best way to do this is through education,
good judgment, and common sense. To help the student and clinician, I encourage
getting the Report of the Dietary Guidelines Advisory Committee on the Dietary Guide-
lines for Americans, 2005 (new editions are published every five years). This
dietary guideline is saturated with good advice about food choices as they relate
not only to cardiovascular disease but also to diseases such as cancer and dia-
betes. Moreover, there is information in the report to help individuals of both
genders and several ages select exercise programs to supplement their diets and
quests for improved health.

Another piece of good advice is to ask your physician to refer you for a com-
plete screen of blood lipids. Obtain a copy of the report and take special note of
your cholesterol and triglyceride numbers. Then work and eat to either lower or
maintain them. Body weight is the physiological variable that is most highly cor-
related with elevated levels of circulating lipids including cholesterol. The heavier
you are, the higher your blood cholesterol. The higher your blood cholesterol,
the more likely you are to have an unhealthy cardiovascular system and to die
an early death from heart-related cardiovascular disease. Dietary fats are one of
the main determinants of circulating cholesterol concentrations. Most dietary
fats come in the form of triglycerides. Therefore it is important to keep both the
cholesterol and the triglycerides in control.

One thing that is inversely related to circulating concentrations of choles-
terol is intake of dietary fiber, particularly the insoluble variety. That is, as your
daily consumption of insoluble fiber increases your blood cholesterol concen-
trations come down. On the average, American women consume ten to twelve
grams per day of dietary fiber. American men consume proportionately more,
about fifteen to seventeen grams per day, because they are larger and tend to
eat more. A good target for both genders is twenty-five to thirty-five grams of
dietary fiber per day; in other words, most of us should try to double our fiber
intake.
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To test the influence of diet on your cardiovascular health, here is a simple
experiment to try. Go to your doctors and tell them you are planning to change
your diet, but before doing so you would like your blood lipids measured. For
about three days before the phlebotomist withdraws your blood, make an accu-
rate record of your daily fiber intake. You can go online to find out how much
fiber is in the foods you eat. If you have trouble finding information about the
fiber content, check the USDA’s Diet and Nutrition Service (see also the sug-
gested reading at the end of this chapter). Dietary fiber is found mainly in plant
products such as fruits and vegetables but can also be found in breads and cere-
als, particularly those containing wheat or whole wheat. After your blood has
been withdrawn and you have measurements for cholesterol and triglycerides,
modify your diet by doubling your daily intake of fiber for about thirty days. On
days 28, 29, and 30, reestimate your daily fiber intake at this higher level of fiber.
Then go for a second blood withdrawal, get those numbers for cholesterol and
triglycerides, and compare the two sets of numbers. If you are a typical Ameri-
can, have been on the typical Western diet, and have done nothing else during
the thirty-day period that might affect your blood lipids (for example, you have
not changed your exercise routine, started smoking, or started or stopped tak-
ing oral contraceptives), then you should see an appreciable decline in your
cholesterol and triglyceride numbers.

For most, this experiment can be done discretely and with little or no expense.
If doctors understand their patients’ concerns about improving health, they can
prescribe dual blood screens (that is, before and after samples) and raise little
concern for insurance companies because such repetitions are common, every-
day occurrences. The insurance company does not need to know that yours is an
experimental investigation. That is between you and your physician.

Reactive Hyperemia and Blood Flow to Organs and Tissues

Blood flow is one of several important cardiovascular hemodynamic variables.
It is routinely measured in experimental cardiovascular laboratories, during
drug development in the pharmaceutical industry, and clinically. Coupled with
corresponding measurements of blood pressure, blood viscosity or hematocrit,
and calculations of vascular resistance, much can be learned about the circula-
tory health of an organ by studying its blood flow.

Reactive hyperemia is one measure of an organ’s blood flow. It is an indica-
tor of the intrinsic ability of an organ or tissue to locally regulate its own blood
supply. This is in contrast to and distinctly different from the remote control of
blood flow by the central nervous system. Several forms of local blood flow
control exist in humans and other mammals. They are (1) reactive hyperemia,
(2) active hyperemia, or exercise/functional hyperemia, and (3) pressure-flow
autoregulation. Most organs, including the heart, kidneys, skeletal muscle,
gut, and skin, display one or more of these flow-controlling mechanisms. The
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mechanisms of these local blood flow phenomena have been under experi-
mental investigation by physiologists for decades.

Reactive hyperemia is achieved by the temporary occlusion of the arterial
blood flow to the tissue followed by release of the occlusion. The excess flow that
is measured upon release of the occlusion defines the response. Hyperemia
means excess blood flow. Reactive means in response to a preceding action, that
is, occlusion of blood flow. As an example, picture the forehead of someone who
has rested his head for a few minutes on the palm of his supported hand (elbow
resting on a knee, arm supported by a chair). Imagine the blood vessels in the
skin of the forehead. During the period of rest, those blood vessels are com-
pressed between two relatively hard surfaces: the skull and the bones of the
hand or clenched fist. During the period of vascular compression, blood flow to
tissues downstream to the point of occlusion is impaired or completely stopped.
After several minutes of occlusion and when the person has removed his head
from the resting position, the color of the skin over the point of occlusion is
a brighter hue of red than it was before the occlusion. This reveals reactive
hyperemia in the blood vessels of the skin (see figure 4.3). The mechanisms
that cause reactive hyperemia are beyond the scope of this book but have to
do with the balance between oxygen supply to the skin and the removal of
by-products of metabolism before, during, and after the period of occlusion of
blood flow.

Thus a measure of the health of one’s cardiovascular system is whether
or not an organ or tissue displays an appropriate reactive hyperemic response.
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FIGURE 4.3 The blood flow phenomenon of coronary reactive hyperemia. During the
period 0—20 seconds (a), blood flow is arrested (falls to zero). During the period
20-80 seconds (b), the occlusion is released and blood flow is restored (reactive
hyperemia). The letters a, b, c, and d are indications of the different ways this phe-
nomenon can be quantified.

Merrill, unpublished data
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A clinically more relevant way of assessing reactive hyperemia is called the Alan
or modified Alan test of collateral perfusion. This is a test of reactive hyperemia
of the cutaneous and subcutaneous tissues of the hand. Two people and a clock
with a second hand are needed. The first person is the experimental subject.
The second person is a technician or assistant. The experimental subject should
be seated or lying comfortably in a supine (on the back) position with his arms
extended, palms facing up and resting on a solid immobile surface. Both arms
should be easily accessible to the technician.

After five or ten minutes in this resting position and ensuring that no phys-
ical exertion occurred immediately before the period of rest, both persons
should observe the coloration of the palms of the experimental subject’s hands.
Both should also identify the locations of the radial and ulnar arteries. When the
arm is in the supine resting position, palm facing up, the radial artery is located
laterally projecting toward the thumb and near the outside edge of the wrist,
and the ulnar artery is located medially projecting towards the ring and little
fingers and near the inside edge of the wrist. Using curved and apposed index,
middle, and ring fingers, the technician should practice locating and palpating
the arterial pulses in both arteries. He must be able to correctly identify the
location of each artery. During the actual test, the technician will place his
thumbs directly over the radial and ulnar arteries of one of the subject’s arms.
On the appropriate signal, the subject will tightly clench the fist of that arm for
a predetermined period of time, for example, ten, fifteen, twenty, or thirty sec-
onds. Simultaneously, the technician will apply thumb pressure to both arteries
in an attempt to occlude blood flow through them. If the pressure is properly
applied and flow is occluded, the subject might feel modest tingling or numbing
of the hand during the period of occlusion. At the end of the predetermined
time interval, the technician releases both occlusions and the subject opens his
clenched fist. Coloration of the palm and fingers is observed. The yellow/white
patches should turn a uniform red hue within about five seconds upon release
of the occlusion and clenched fist. The change in color from yellowish/white to
red indicates refilling of blood vessels with oxygenated blood, that is, reactive
hyperemia and reperfusion of the tissues of the hand. If the time of reperfusion
significantly exceeds five seconds, the subject should consider seeing a physi-
cian and obtaining a referral to a cardiologist.

Occlusion of radial and ulnar arteries using direct thumb pressure is only one
method of disrupting blood flow to the clenched fist. Another method is occlu-
sion of the brachiocephalic arteries in the arm between the shoulder and elbow.
This occlusion is routinely performed using inflatable blood pressure cuffs by
nurses and others when they monitor systemic arterial blood pressure. In that
case, the nurses also use a stethoscope to listen to the sounds made by flowing
blood. When pressure in the cuff is elevated above physiological arterial blood
pressures, for example, to about 180—200 mmHg, this causes a mechanical
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occlusion of the brachiocephalic arteries and the cessation of blood flow down-
stream from the point of occlusion. When pressure in the cuff falls modestly
below systolic pressure, that is, our highest blood pressure value in the artery,
blood flow through the now partially occluded arteries will occur during the sys-
tolic phase of each cardiac cycle. As these boluses of blood collide with the walls
of the previously occluded downstream arteries, they cause the vessels to vibrate,
and the vibrations can be detected as sound. Once pressure in the cuff is mod-
estly reduced below diastolic pressure, that is, the lowest pressure in our arterial
blood vessels, the previously occluded vessels are now fully opened and the
sounds disappear. Thus, the method routinely used to measure a patient’s arte-
rial blood pressure in the clinic can be used to determine other aspects of the
health of one’s cardiovascular system, for example, reactive hyperemia and
reperfusion of the cutaneous circulation of the palm of the hand and fingers.

On occasion, results of the Alan test of tissue perfusion suggest the need for
more direct procedures to monitor blood pressure in one or both arteries. These
direct procedures can include local cannulation of either artery and direct mon-
itoring of arterial blood pressure. Under these conditions, aphysiologically low
pressures might indicate occlusive disease such as upstream atherosclerosis.
Sometimes patients with Raynaud’s disease are diagnosed using procedures
such as those described here.



Health and the Respiratory System

Breathing in the human includes both ventilation and respiration. The rib
cage, diaphragm, and intercostal muscles constitute a bellows-like system in
which the lungs are found. Neurogenically controlled movements of the tho-
racic cavity cause the expansions and contractions of the lung that respiratory
physiologists call ventilation. During the inspiratory and expiratory phases of
each respiratory cycle, atmospheric air moves into and out of the lungs in a
rhythm that is analogous to the flow of ocean tides. In both cases, air and water
flow over the same path during each cycle. Because of this analogy, respiratory
physiologists, pulmonologists, and respiratory therapists call the cyclic flow of
air in and out of the lungs the tidal volume. The number of respiratory cycles in
a minute multiplied by the tidal volume is called the minute ventilation.
Respiration concerns the fate of the gases that are carried in and out of the
lungs with each tidal volume. The primary respiratory gases are oxygen and car-
bon dioxide. The mechanisms by which these gases get from the lungs to the tis-
sues, and from the tissues to the lungs, respiratory physiologists call external
respiration. It involves mainly the exchange and transport of gases between lungs
and blood and between blood and tissues. Biochemists call the mechanisms by
which oxygen gets used by the cells tissue or internal respiration. This involves use
of oxygen by mitochondria and the processes of electron transfer. Therefore, to
fully understand the human respiratory system, the student must grasp the physi-
ological concepts of ventilation, gaseous exchange and transport, and uptake and
release of gases by cells and subcellular organelles such as the mitochondria.
The human respiratory system serves both respiratory and nonrespiratory
purposes. Physiologically, the respiratory system delivers fresh ambient air to the
blood and releases gaseous metabolic by-products to the atmosphere. The phys-
iologically important ingredient of fresh ambient air is oxygen. The significant
gaseous component released to the atmosphere is carbon dioxide. Nitrogen,
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water vapor, and inert gases are nonphysiological participants. Nonrespiratory
functions of the lungs include the delivery of odorants to the olfactory epithe-
lium. This is important to animals that rely on sniffing to detect their environ-
ment without the danger of bringing noxious volatile agents deep into the lungs.
The lungs also warm, filter, and moisturize the air. This prevents airborne
pathogens from entering alveolar gas spaces, it minimizes dessication of the
mucosal linings of the respiratory channels, and it protects exchange of gases by
ensuring the homeostasis of temperature in the alveoli. The lungs also play an
important role in immunology. Pulmonary macrophages prevent ingested and
inhaled foreign substances from getting into the alveoli.

The respiratory system is subject to feedback control, gradients for pressure
and airflow, and other physiological regulatory phenomena mentioned in
chapter 1. For example, there would be no exchange of blood gases between the
tissues, blood, and alveoli without the appropriate partial pressure gradients for
gases. Atmospheric oxygen is delivered to cellular mitochondria down a pressure
gradient that decreases in each location the gases move through: the partial pres-
sure in the atmosphere (PO,) is greater than that in the alveoli, which is greater
than in pulmonary capillaries, then interstitial spaces, then cytosol, then mito-
chondrion. For carbon dioxide, produced as a by-product of cellular metabo-
lism, the gradient is reversed. The mitochondrial PCO, is greater than the
cytosolic PCO,, which is greater than, in turn, the interstitial PCO,, venous blood
PCO,, alveolar PCO,, and finally atmospheric PCO..

The human respiratory system is subject to central control mechanisms and
negative feedback in the same way that the cardiovascular system is. For
example, during inspiration as the alveoli fill with air, causing both them and the
thoracic cavity to expand, mechanoreceptors in the walls of the airways and in
the chest wall detect the expansion and send sensory signals to the brain stem to
terminate inspiration. These signals and others from higher regions of the cen-
tral nervous system get integrated in the respiratory control centers of the brain
stem medulla. Collectively this stops the firing of inspiratory neurons, brings air-
flow and lung expansion to an end, and allows expiration to begin passively. This
is one more example of a well-ordered, cyclic, negative feedback control system.
Like all other major mammalian organ systems, respiratory homeostasis is
ensured by a system of sensory receptors, afferent—sensory nerve—central com-
parators and integrators and motor—efferent nerve—and corresponding activa-
tors. This is true whether the respiratory system is regulating gas exchange or
participating in the control of blood pH.

Components of the Respiratory System

The human respiratory system consists of two lungs (trilobed right lung and
bilobed left lung); a conducting system of airways that includes the trachea, left
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and right bronchi, and nonrespiratory bronchioles; and an air-exchange system
composed of respiratory bronchioles, alveolar sacs, and individual alveoli. The
conducting airways are passive structures and simply convey a volume of air to
and from the lungs. The bronchioles of the conducting system are active struc-
tures. In addition to other cellular and molecular elements, the walls of the non-
respiratory bronchioles are composed of bronchiolar smooth muscle cells that are
innervated by the autonomic nervous system. Parasympathetic efferent neurons
release acetylcholine onto bronchiolar smooth muscle and cause it to contract
(the bronchospasm caused by nicotine in cigarette smoke involves a vagal, effer-
ent limb that innervates the bronchioles). The sympathetic nerves release norepi-
nephrine, and this neurotransmitter has the opposite effect on bronchioles. They
are relaxed in response to sympathetic stimulation. Thus, the inside diameter of
the respiratory airways is actively regulated. They can relax by a process called
bronchodilation and contract by bronchoconstrictor mechanisms. Downstream to
the respiratory bronchioles are the alveoli (alveolus is the singular), the main site
for exchange of alveolar gases with pulmonary blood. Table 5.1 outlines general
details of the main components of the respiratory system in humans.

The trachea divides into a left and right branch as do all the bronchi and
bronchioles. Each branch, also called a bifurcation, is considered a new generation.
There are twenty-five to thirty generations of bronchi leading ultimately to
about ten million bronchioles. These give rise to hundreds of millions of alveoli,
maximizing the surface available for exchange of gases. If all the alveoli of the
adult human lungs could be opened and spread out on a flat surface, they would
cover an area nearly the size of a tennis court. This is how much surface area is
available in the lungs for air and blood to come in contact with one another.
Of course there are conditions and disease states that impair both the size and
physiological effectiveness of this surface area. Such diseases can affect either
the respiratory component of the area, the vascular component, or both.

Other physical processes illustrate the effectiveness of a large surface area.
Think of drying towels on a clothes line in the wind. If the towels are fully
opened and attached at only one edge, they will dry faster than if they are not
fully opened, draped over the line so that two halves come in contact with each
other, or any other combination. This is because the fully opened towel has a
greater surface area to which the wind will have access. A large block of ice will
melt more slowly than the same volume/mass of ice broken into smaller pieces,
which have more surface area exposed to warmer temperatures (useful knowl-
edge when buying ice for an ice chest). The importance of surface area to daily
living and to respiratory physiology can hardly be overstated.

Consider the subject of hypoxia, or lack of oxygen, in either the air we
breathe or the blood circulating to the tissues and cells. In most mammalian
organ systems, lack of oxygen in the blood causes vasodilation of small arteries
and arterioles. This allows blood flow to increase, provided the arterial perfusion
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TABLE 5.1
Structures of the conducting and respiratory zones of the
mammalian respiratory system
Inside
diameter  Cilia Cartilage Smooth muscle
Structure (mm) present (y/n) present (y/n) present (y/n)
Larynx 35—-45 yes yes no
Trachea 20-25 yes yes yes (modest
(C-shaped) amount)
Primary bronchi 12-16 yes yes (full rings) yes
Secondary bronchi 10-12 yes yes (plates) yes
Tertiary bronchi 8-10 yes yes (plates) yes
Smaller bronchi 1-8 yes yes (modest, yes
plates)
Bronchioles 0.5-1.0  yes (reduced no yes
amount) (plentiful)
Terminal <0.5 yes (reduced no yes
bronchioles amount) (plentiful)
Respiratory <0.5 yes no yes (modest
bronchioles (minimal) amount)
Alveolar sacs <0.3 no no no
Data adapted from Germann and Stanfield, Principles of Human Physiology,
2nd ed. 2005, Pearson Benjamin Cummings.

pressure is maintained or even elevated. The increase in blood flow can compen-
sate to some degree for the lack of oxygen. Oddly, the small arteries and arterioles
of the lungs vasoconstrict in response to hypoxia. When this happens, blood flow
is diverted away from those alveoli that have a low oxygen content. Hence, there
is either reduced or no gas exchange within such alveoli. This results in the same
net effect, as far as gas exchange is concerned, as reducing the alveolar surface
area. Such a response was designed to match pulmonary blood flow with alveolar
ventilation. Under homeostatic conditions, the volume of airflow to each alveolus
is almost perfectly matched by the volume of blood flow to the same alveolus.
That is, the ratio of ventilation to perfusion is about one. This is true for individ-
ual alveoli and for the entire lung. Matching ventilation and perfusion ensures
that blood is delivered only to those alveoli that are filled with air. Alternatively,
it means that ventilation occurs only in those alveoli that are perfused with blood.
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Within the walls of the alveoli, there are three main kinds of cells. They are
designated type I and type Il respiratory cells and macrophages. Type I respiratory
cells are flat epithelial cells. They overlay a basement membrane that is made of
glycoproteins. Adjacent to the basement membrane is the pulmonary capillary
whose wall is comprised of a single layer of endothelial cells. The alveolar epithe-
lium, the basement membrane, and the pulmonary capillary endothelium consti-
tute a respiratory membrane, or barrier, of approximately 0.2 microns thick
through which gas molecules like oxygen, nitrogen, carbon dioxide, and water
vapor must pass. Changes in its thickness can markedly influence exchange of
gases. At high altitude, the thickness of the barrier increases. This increases the
distance that either oxygen or carbon dioxide have to travel to get to the pul-
monary blood or alveolar air. The end result is body hypoxia and hypercapnia: low
oxygen and simultaneously high carbon dioxide. Both conditions change gradients
for gas exchange, signal danger, and are potentially lethal alone or in combination.

The third type of cell found in the alveoli is the macrophage. Macrophages
are white blood cells produced by bone marrow, released into the systemic cir-
culatory system, then extracted by the tissues of organs after a few days. They
are an important part of the body’s immune system. Macrophages line the walls
of the alveoli but are able to move about in order to detect, ingest, and destroy,
by phagocytosis, foreign substances that get into the lungs.

Pulmonary Ventilation, or Lung Inflation and Deflation

Lungs inflate and deflate much like balloons. Balloons have a neck and a body.
Blowing forcefully into the neck of a balloon creates a downhill pressure gradient
that is high in the lungs and low inside the body of the balloon. Because of the
downhill pressure gradient, air is able to flow from the lungs into the balloon.
The key to this process is the interrelationship among airflow, pressure, and vol-
ume. The thoracic cavity and the lungs have been designed to cyclically inflate
and deflate. The process is called the respiratory cycle. The cycle consists of three
phases: an inspiratory phase during which air moves from the atmosphere into
the respiratory system, an expiratory phase when air moves from the respiratory
system into the atmosphere, and an end-expiratory phase during which there is
no net movement of air. Respiratory physiologists refer to the entire process of
inflating and deflating the lungs as pulmonary ventilation or simply ventilation.
To correctly understand pulmonary ventilation, the student must have more
information about the structure of the thoracic cavity and the lungs, as well as a
minimal appreciation for some of the simpler respiratory gas laws.

The lungs and trachea are contained within the thoracic cavity, or thorax. At
the top this cavity is composed of the base of the neck and related structures. The
lateral, anterior, and posterior portions consist of ribs, the sternum, and the ver-
tebrae, respectively. At the bottom margin is the diaphragm, a skeletal/visceral
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muscular structure. The ribs attach at the sternum and vertebrae and are con-
nected to one another by intercostal skeletal muscles. For any particular rib, its
point of attachment at the sternum is slightly below the corresponding point of
attachment at the vertebra. The apex or superior aspect of both lungs is nar-
rower than the corresponding base or inferior margin. This is to accommodate
the heart and large blood vessels. The region of the thorax where the heart, great
vessels, and apices of the lungs come in contact is called the mediastinum.
Motor nerves innervate the diaphragm, the intercostal muscles, and the con-
ducting/respiratory airways. Sensory nerves are found in the walls of the con-
ducting airways and are located in other intrathoracic structures as well. As
mentioned above, this means that the respiratory system is subject to neuro-
genic control.

The outermost layer of cells on the surface of the lungs is called the visceral
pleura and the innermost layer of epithelial cells on the inside surface of the
thorax is called the parietal pleura. Both layers of pleura are composed of flat
epithelial cells that have physiological functions like all other epithelial cells,
including secretion of aqueous solutions. The potential space between the two
pleural membranes is called the intrapleural space. Under physiological condi-
tions, these two membranes are not quite in contact with each other over most
of their surface areas. This is because both membranes are covered by a thin film
of aqueous material. This fluid-like substance lubricates the two membranes,
reduces friction between them, and has other physical and chemical properties
that prevent the two membranes from pulling apart. This contact is maintained
throughout the respiratory cycle. To help explain ventilation, respiratory physi-
ologists refer to an intrapleural pressure and to intrapleural fluid.

There are many gas laws, both chemical and physical, that apply to the res-
piratory system. The serious student and practitioner should explore all of these,
including Boyle’s law, Charles law, Dalton’s law, Gay-Lussac’s law, and Henry’s
law. A textbook of respiratory physiology will explain some of the more impor-
tant gas equations. For our discussion, Boyle’s law is most important. Boyle’s law
relates pressures and volumes: in a closed system such as the lungs and thoracic
cavity of the human, whenever volume increases there must be a corresponding
decrease in pressure. Conversely, if pressure increases there will be a corre-
sponding decrease in volume. In other words, according to this law, the product
of pressure and volume remains constant. Consider your own respiratory system
and imagine that you are at the end-expiratory phase of the current respiratory
cycle. At that moment in time, there is no net movement of air into or out of the
lungs and the product of pressure and volume equals some number, but neither
pressure nor volume are changing. Now the inspiratory phase of the next respi-
ratory cycle begins. As your thoracic cavity and lungs expand and increase in
volume, Boyle’s law indicates that pressure inside the lungs called intrapul-
monary pressure must decrease. As the intrapulmonary pressure decreases, it
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becomes modestly lower than atmospheric pressure. Atmospheric pressure
means barometric pressure. The decrease in intrapulmonary pressure estab-
lishes a downhill pressure gradient from atmosphere to lungs. As a result of this
gradient, due in part to expansion of the lungs during inspiration, fresh ambient
air flows into the lungs and they are filled by the end of inspiration.

Another pressure gradient that is important to ventilation of the lungs is
that between the intra-alveolar (intrapulmonary) and intrapleural spaces. Again
imagine yourself to be at the end-expiratory phase of a normal respiratory cycle.
At that point in time, there is no net airflow and intra-alveolar pressure is said
to be zero. This means that ambient and intrapulmonary pressures are the same.
Intrapleural pressure under physiological conditions is always subatmospheric,
which means it is less than ambient pressure. In textbooks of respiratory physi-
ology and in the current scientific and medical literature, it is not unusual to see
intrapleural pressure referred to as a negative pressure. The word negative
and/or the minus sign (—), in this case, simply means that intrapleural pressure
is lower or less than atmospheric pressure. In the mammalian respiratory sys-
tem, there is really no such thing as a negative pressure, and use of the word sub-
atmospheric in place of the word negative is preferred. A subatmospheric
intrapleural pressure ensures that the alveoli specifically and lungs in general
are always partially inflated and inflatable. Should the thorax ever be punctured,
the intrapleural and ambient pressures would become equal; they would equil-
ibrate, the alveoli and lungs would collapse, and the patient’s respiratory con-
dition would be compromised. This condition is known as pneumothorax, and
it can be caused by events such as a knife or gunshot wound to the chest or, in
the case of an automobile accident, the penetration of a steering column. A first
responder, such as an emergency medical technician at the scene, should locate
the site of the wound and close it to the atmosphere. Should you find a victim
conscious, able to speak, but having difficulty breathing, you must always con-
sider pneumothorax.

Chronic obstructive pulmonary diseases (COPD) cause difficulty in ventilat-
ing the lungs. These conditions occur more commonly in the elderly, especially
those who abused their respiratory systems with years or decades of tobacco use.
These diseases can also occur in the young for no cause of their own, for
example, small children who are unable to escape the pathological effects of sec-
ondary smoke. COPDs include asthma, chronic bronchitis, and emphysema. The
first two conditions increase resistance to airflow and thus make inspiration
difficult. The third causes eventual breakdown of alveolar walls. This results in
difficulty deflating the lungs. All three conditions influence the ratio of air flow
to blood flow in the alveoli and usually require medical attention.

Pulmonary function tests are used to diagnose respiratory diseases. These
tests frequently involve analyzing one’s ability to eliminate large volumes of air
in short periods of time. The patient is brought to the clinic or laboratory. Using
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the equipment and principles of spirometry, the technician determines the
patient’s maximal lung capacity, that is, how many liters of air he or she can
inhale after eliminating as much air as possible during a prior prolonged and
forced expiration. Once the maximal lung capacity is determined, the technician
asks the patient to repeat the exercise. This time the technician determines
how rapidly the patient can eliminate air and the exact volume that is expired.
Both the volume of air released, measured in liters, and the time it takes to
release it, measured in seconds, are evaluated. These numbers are compared with
the population of healthy subjects of the same age, weight, and gender. One pul-
monary function test of this kind is called the forced expiratory volume test or
FEV. It measures how much air subjects can forcefully expel from their lungs.
A variation of the FEV is the volume of air one can forcefully expel in the first
one second of the test, also called the FEV;. Most healthy individuals are able to
eliminate about 80 percent of the maximal volume in one second. If your FEV;
is significantly less than this, there is reason to be concerned.

Respiration, Exchange, and Transport of Blood Gases

In the above few pages, we have reviewed pulmonary ventilation or the mechan-
ical movements of the chest wall and the corresponding inflation and deflation
of the lungs. The main purpose of those activities is to cause the exchange of
respiratory gases between the atmosphere, flowing blood, and the tissues and
cells of the body. We will now turn our attention to the topic of external respi-
ration. As already mentioned, there are several ways that scientists describe res-
piration. The student or clinician can speak of internal (mitochondrial, cellular)
and external (exchange and transport of respiratory gases). Here we will focus
only on external respiration. The physiologically important respiratory gases are
oxygen and carbon dioxide. These are the gases that are most important to our
health. Nitrogen, however, which composes about 79 percent of the ambient
air, is also important in determining barometric pressures in the alveoli, and
thus in determining alveolar inflation/deflation. It does not participate, how-
ever, in the important metabolic, regulatory, and respiratory processes in the
body that oxygen and carbon dioxide do. Thus it is of little concern to us here.
For the current discussion, respiration can be thought of as the exchange of oxy-
gen and carbon dioxide between tissues, circulating blood, and the alveoli. That
definition can be expanded to include how these gases move from one place to
the other.

Let’s begin our discussion at the alveoli. Imagine two events taking place
simultaneously. The first is the inspiration of an amount of fresh ambient air.
This amount, taken in a single breath, is called the tidal volume. The second
event is the arrival at the pulmonary capillaries of a volume of blood just return-
ing from the tissues where it has given up oxygen and gained carbon dioxide.
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The volume of air that a person moves in and out of both lungs each minute is
called the minute ventilation, V. It is determined by calculating the product of
respiratory rate, measured in cycles per minute, and tidal volume, expressed in
liters. An average Vg = 12 cycles per minute X 0.5 liters = 6.0 liters/min. The vol-
ume of fresh ambient air that is delivered to the alveoli and respiratory bron-
chioles each minute is called minute alveolar ventilation and is designated V.
It is different from minute ventilation. The difference in the two volumes is
called the dead space volume. Dead space volume is any and all portions of the
respiratory system where air exists but does not get exchanged with pulmonary
blood during the respiratory cycle. Specifically it includes all tubular structures
of the respiratory system upstream to the respiratory bronchioles as well as the
larynx, pharynx, and oral and nasal passages (the conducting zone). In each tidal
volume, approximately 150 ml of air fills the dead space and therefore is not
available for exchange with the blood. Of course, this volume depends on the
gender and size of the person as well as on the state of their health. In order to
estimate the alveolar ventilation, minute ventilation must be corrected by sub-
tracting the volume of dead space air (or dead space ventilation). In this example,
V, = (500ml —150ml) X 12Ccpm, or 4.2 liters/min.

Each inspiration of new air gets divided into alveolar air and dead space air.
Only the alveolar air is available for exchange with the arriving volume of pul-
monary capillary blood. This is because the pulmonary capillaries lie adjacent
to the alveoli and respiratory bronchioles and not to the bronchi, trachea, and
nasal passageways. As the two volumes, blood and air, come in close proximity to
each other, separated only by the respiratory membrane, they simultaneously pick
up oxygen and release carbon dioxide. The gases get from one compartment to
the other, that is, from the alveolar space to the pulmonary capillary lumen, by the
principles of diffusion. Moreover, they have only a few milliseconds to make the
transfer.

Key to the process of transport and exchange of gases are the red blood cells
and the hemoglobin molecules they carry. Hemoglobin arriving at the alveoli
from the tissues carries both carbon dioxide and hydrogen ions. Both are poten-
tial forms of acid. Acidity of blood is expressed by pH (an index of hydrogen ion
activity, or hydrogen ion content, H*). Venous blood is more acidic (for example,
about 7.32 pH units) than arterial blood (about 7.40 pH units). Acidity is repre-
sented on a spectrum of 1.0 (most acidic, for example, stomach acid after ingestion
of a meal containing a high content of protein) to 14 (least acidic or most basic).
A neutral pH is 7.0. In human physiology, a neutral blood pH is considered to be
in the range of 7.38 to 7.42 or thereabouts. Hemoglobin molecules that are car-
rying these potential acids are called reduced hemoglobin. They can be abbre-
viated HbH to designate hemoglobin bound to hydrogen ions and HbCO, to
designate hemoglobin bound to carbon dioxide. In the few milliseconds that it
takes the hemoglobin molecule to pass from the arterial to the venous ends of
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the pulmonary capillary, chemical reactions take place inside the red blood cells
that convert hydrogen ions to carbon dioxide and release it to the alveolar space.
Now freed of acid, these same hemoglobin molecules are available to bind to
new oxygen. Hemoglobin’s molecular structure is modestly changed as it binds
oxygen so it can accommodate more oxygen. Hemoglobin that is bound to oxygen
is called oxyhemoglobin and is abbreviated HbO,.

Pulmonary capillary blood that milliseconds earlier arrived at the alveoli now
leaves the pulmonary capillary en route, via the left atrium and ventricle, to the
tissues that moments ago released their carbon dioxide and hydrogen ions to the
same or similar hemoglobin molecules. For moving products from one location to
another, the hemoglobin gas-transport system is arguably the most efficient
known. Can you imagine how the cost of living could be reduced if every bus, car,
plane, ship, train, and truck that departed a location full of goods reached its des-
tination, unloaded, and then refilled entirely before returning to the same location
instead of returning empty or only partially filled? For years, I have watched cam-
pus buses traveling in one direction filled with students that return in the oppo-
site direction carrying one or two students. I have traveled across the country in
large airplanes when I was one of only a handful of passengers on the plane. Semi
trucks depart full of cargo and carry empty trailers on return. In the case of physi-
ology, a hemoglobin molecule arrives at the tissues and deposits its load of oxygen
(see table 5.2). It then retrieves an equally important load of carbon dioxide and
returns to the lungs to start over. What a marvelous picture of efficiency.

TABLE 5.2

Exchange and transport of respiratory gases (oxygen, carbon dioxide)
between lungs, blood, and tissues

Site Oxygen Cabon dioxide Mode of transportation

Alveolar pulmonary

capillaries
arterial end low high bound to proteins (Hb),
dissolved in solution,
venous end high low bound to proteins (Hb),

dissolved in solution,

Peripheral tissue

capillaries
arterial end high low bound to proteins (Hb),
dissolved in solution,
venous end low high bound to proteins (Hb),

dissolved in solution,
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This respiratory system of exchange and transport is effective for healthy
individuals living at or near sea level. However, the scene can change lethally in
extreme conditions or the unhealthy person. Consider the novice adventure trav-
eler. There is a lucrative business for those willing to fill the public’s desire for
thrill. For $75,000 to $100,000, clients can pay travel adventure companies to
take them to the summit of Mount Everest, the world’s highest peak at 29,028
feet. At those altitudes, barometric pressure is only one-third that at sea level. The
partial pressure of oxygen that drives diffusion of the gas from one space to
another inside the body is equally low relative to sea level. The partial pressure of
oxygen in the alveoli at such altitudes might be below 35 mmHg, compared to
about toommHg in the alveoli at sea level. Under such extreme conditions, the
exchange and transport of oxygen are markedly impaired. Persons often become
hypoxic and disconnected, and their abilities to think and perform are seriously
impaired. Between 26,000 feet and the summit is where most deaths on Everest
occur; oddly, the majority of those deaths take place during the descent from the
summit. Add to hypoxia the effects of malnourishment, dehydration, sleep depri-
vation, fatigue, hypothermia, and severe weather, and survival becomes very dif-
ficult, as novice to experienced climbers discovered on Everest in May 1996.
Travel adventure expeditions to Everest, one from the United States led by Scott
Fischer and another from New Zealand led by Rob Hall, were trapped by an unex-
pected blizzard in the death zone above 26,000 feet. Both Fischer and Hall were
expert mountaineers and had summited Everest before. Nine people lost their
lives in the May blizzard while seeking adventure on Mount Everest. The deaths,
including those of Fischer and Hall, were all preventable and were caused, in large
part, by poor judgment and the pathophysiology of oxygen and carbon dioxide.

One of the main variables that determines the exchange and transport of
oxygen is the partial pressure gradient of the gas between two compartments.
Under normal circumstances, and at sea level, the gradient for oxygen between
alveolar air and pulmonary capillary blood is 60 mmHg or more. In the death
zone on Mount Everest, and for those not using supplemental oxygen, this gra-
dient can be reduced to less than 10 mmHg. John West and colleagues collected
these data during their 1981 American Medical Research Expedition to Everest.

Central and Peripheral Regulation of the Respiratory System

As early as the second century a.p., investigators of experimental physiology sus-
pected that control of respiration resided, at least in part, above the midcervical
spinal cord. Galen of Pergamon (circa 130—210 A.D.) studied medicine in Greece,
Asia Minor, and Alexandria. When he returned to Pergamon, he became chief
physician and surgeon to the gladiators. Later, in Rome, he was appointed court
physician to Marcus Aurelius. During Galen’s tenure caring for traumatized
gladiators, he observed that those wounded in the high cervical spinal cord
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were not breathing when brought to him. Those receiving battle injuries in the
lower cervical cord were breathing but were paralyzed in the arms and legs. He
later confirmed these observations in experimental animals and reasonably
concluded that the brain sends messages via the midcervical spinal cord to res-
piratory structures including the phrenic nerve, diaphragm, and intercostal
muscles. However, Thomas Lumsden and others working more than eighteen
centuries later conducted definitive physiological experiments that revealed that,
in fact, control of respiration resides in the brain stem, or above the spinal cord.
Galen was so revered and his theories so unchallenged that advances in respira-
tory medicine were stalled for nearly eighteen centuries.

Regulation of the respiratory system is under the kind of negative feedback
control described in chapter 1. It includes vascular, respiratory, and neurogenic
components. In these reflex arcs, the sensors are located in the systemic circu-
latory system (peripheral sensors) and in the brain stem (central sensors). Collec-
tively these sensors are called chemoreceptors, and they are sensitive to changes
in the partial pressures of oxygen and carbon dioxide as well as to changes in
the concentrations of hydrogen ions. Sensors located in the systemic circulatory
system are called peripheral chemoreceptors, and those located in the central
nervous system are called central chemoreceptors. When activated, their out-
puts cause changes in the depth and frequency of respiration as well as changes
in heart rate, blood pressure, and other cardiovascular variables. The main pur-
pose of the respiratory control system is to maintain the partial pressures of car-
bon dioxide and oxygen. The system is also intimately involved in maintaining
acid/base homeostasis, or pH.

The peripheral chemoreceptors are located primarily at the bifurcation of
the left and right common carotid arteries where these arteries form internal
and external branches. Peripheral chemoreceptors are also found near the ven-
tral surface of the aortic arch and, depending on the mammalian species, near
the bases of other large conducting arteries. Collectively they are called carotid
bodies and aortic bodies. The ascending limbs of their sensory nerves project
into the brain stem and other structures of the central nervous system. The cen-
tral chemoreceptors are found in the pons and medulla of the brain stem, are
located bilaterally, and can be divided into a dorsal respiratory group, a ventral
respiratory group, and a pneumotaxic center (see table 5.3). They receive sen-
sory input from the peripheral chemoreceptors, from respiratory structures
such as the conducting airways, and from the blood perfusing them. Output
from the respiratory control centers flows to the abdominal muscles, intercostal
muscles, and diaphragm, as well as to the heart, vasculature, and other organs.

The dorsal respiratory group is located dorsally (toward the back) in the
medulla and extends over much of the length of the medulla. This respiratory
control center controls inspiration and so plays the most important role in
respiration. This region of respiratory neurons displays a ramp-like discharge of
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TABLE 5.3

Central respiratory control centers and their functions

Name of center Location Function
Dorsal respiratory bilateral dorsal medulla controls inspiration
group (DRG) (brainstem near nucleus
tractus solitarius)
Ventral respiratory bilateral medulla active during expiration
group (VRG) (brainstem ventrolateral
to DRG)
Pneumotaxic center  rostral pons (top of stops inspiration
brainstem)
Apneustic center caudal pons (bottom historic significance

of brainstem)

action potentials that steadily increases for a couple seconds and then is termi-
nated for about three seconds. This causes progressive inflation of the lungs and
allows adequate time for the lungs and chest wall to recoil during expiration
before the next ramp begins. The basal rhythmicity of inspiration is intrinsic to
the neurons of the dorsal respiratory group just as basal heart rate is intrinsic
to the SA node. These neurons are often referred to as the central pattern gener-
ator. The underlying cause of this intrinsic rhythm, like so many other rhythms
of physiology, is unknown.

The ventral respiratory group is anterior (toward the front) and lateral
(toward the side) to the corresponding dorsal respiratory group. There is little or
no evidence of involvement of these respiratory neurons in quiet passive breath-
ing, when they are mostly inactive. So we can conclude that under resting condi-
tions, the dorsal, and not ventral, respiratory group controls respiration.
However, under more dynamic conditions such as strenuous exercise, neurons of
the ventral respiratory group contribute to both inspiration and expiration. Dur-
ing conditions such as extreme exertion, they are more involved in expiration and
seem to control the powerful respiratory movements of the abdominal muscles.

The pneumotaxic center is located dorsally in the pons region of the brain
stem. Its main function is to limit the duration of inspiration. When strong signals
descend from this center to the dorsal respiratory group, the duration of inspira-
tion might last only half a second. When the signals are weak, inspiration can
last as long as five seconds. The pneumotaxic center plays a variety of roles in auto-
nomic function but is not essential to normal respiration or eupnic breathing.

Not all respiratory physiologists agree on the existence of a fourth set of respi-
ratory neurons, the apneustic center. When this term appears in modern textbooks
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of physiology and medicine, it is usually to pay tribute to early investigators and
their contributions. This center is more historical than physiological.

Peripheral regulation of respiration begins with changes in blood gases and
blood pH. The critical changes are those that occur at the sites of the aortic and
carotid bodies. The specific changes that stimulate an increase in respiration are
(1) a decrease in the partial pressure of oxygen in arterial blood (Pa0O,), (2) an
increase in the partial pressure of carbon dioxide in the arterial blood (PaCO,),
and (3) a decrease in the pH of the arterial blood, that is, an increase in hydrogen
ion concentration. Under physiological conditions, the PaO, of arterial blood per-
fusing the aortic and carotid bodies is about 100 mmHg. Thus, these chemically
sensitive neurons are conditioned to this level of dissolved oxygen in the blood.
They generate action potentials that are carried centrally to act on the respiratory
control centers. These in turn cause the respiratory system to operate at a fre-
quency of about twelve to fifteen cycles per minute and at a tidal volume of about
400 to 600 milliliters. This establishes basal minute and alveolar ventilations.
These are closely matched to rates of blood flow in the pulmonary and systemic
circulatory systems. Such basal physiological rates of respiration sustain life.

Imagine yourself as a mountaineer. Your PaO, has been reduced to 50 to
60 mmHg as you near the summit of a 20,000 foot peak without breathing sup-
plemental oxygen. Your aortic and carotid bodies will detect this aphysiological
change and will fire action potentials with increased frequency to the medullary
central pattern generator. The output of respiratory neurons to the muscles of
inspiration will increase, and both your tidal volume and respiratory frequency
will increase. This will stimulate ventilation of the lungs and will deliver more
oxygen to the alveoli and pulmonary capillary blood. Subsequently the arterial
PaO, will increase, compensating for the reduced PaO, you had experienced.
Soon a new steady state for PaO, will be established, and PaO, will be within a
range that is somewhere between 95-100 and 50-60 mmHg. The new steady
state for oxygen delivery will sustain you for the several hours you remain at
20,000 feet. This is one more example of how negative feedback systems work.
The initial stimulus was an aphysiologically low partial pressure of oxygen at the
chemoreceptors. The response was a compensatory increase in respiration that
delivered more oxygen to the blood. The final response was a return of the par-
tial pressure of oxygen to more physiological levels.

Lungs and Balance of Acids and Bases

Under physiological conditions, the partial pressures of oxygen and carbon diox-
ide in human arterial blood are, respectively, 95 = 5 mmHg and 40 * 2 mmHg.
The pH of arterial blood under these conditions is about 7.40 + 0.02 units.
Corresponding values for venous blood under physiological conditions are
40 * 2mmHg, 45 = 2mmHg, and about 7.35 + 0.02 units. All three physiological
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variables are under homeostatic control and must remain relatively constant to
sustain life. There are physiological mechanisms in place to compensate for
simultaneous changes in one or more of these variables. Some of these mecha-
nisms are performed by the blood, such as the presence of proteins that can
buffer changes in blood pH, others are found in the interstitial fluids, such as
the hydration of carbon dioxide to produce a weaker acid, and still others reside
in the respiratory and renal systems.

Acidosis refers to any condition that results in an excess of acid in any com-
partment of the body, including intracellular, intravascular, and interstitial
spaces. Alkalosis refers to any condition that results in an excess of base or the
opposite of acid. If acidosis or alkalosis is caused by a problem in the respiratory
system, the condition is called respiratory acidosis or alkalosis. If disruption of
kidney function causes the problem, the ailment is called renal acidosis or alka-
losis. From these simple definitions, the student can tell that the lungs and kid-
neys are the organs charged with resolving acid/base problems that might
compromise one’s health. The lungs are a rapidly responding system, and cor-
rective changes occur within seconds or minutes. The kidneys respond more
slowly, and corrective changes take hours to days. From this perspective, it is
prudent to view the two systems as complimentary to one another. However,
only the acid/base responses of the lungs will be discussed here.

Table 5.4 lists some examples of the pH of various fluids and body compart-
ments, while table 5.5 defines the four kinds of clinically significant acidosis and
alkalosis. Both will be useful references as you read this section, and each
should become familiar to the student and well-known to the practitioner.

TABLE 5.4

Acidity/alkalinity of fluids and body compartments in mammals

Location Conditions pH range

Stomach antrum histamine-induced secretion of 0.6-0.8
gastric acid

Secretory granules basal, resting state 5.45-5.65

Tap water at body temperature 6.75-6.95

Cytoplasm sampled in any cell; skeletal 715-7.25
(inside cells) muscle, nerve

Arterial plasma sampled in any systemic artery at 7.38-7.42

body temperature

Venous plasma sampled in any systemic vein at 7.28-7.38
body temperature (at rest)

Pancreatic fluid after ingestion of a meal 7.95-8.15
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From table 5.5, one can see the conditions that decrease alveolar ventila-
tion or that impair diffusion of gases across the respiratory membrane and ele-
vate the partial pressure of carbon dioxide in blood plasma and other extracellular
spaces. This causes a secondary increase in the concentrations of hydrogen ions
and carbonic acid in those same spaces. Carbonic acid (H,CO,) is produced
when carbon dioxide (CO,) combines with water (H,O). This chemical reaction
is called the hydration of carbon dioxide. Carbonic acid is a weak acid but can
still contribute to respiratory acidosis. Respiratory acidosis can occur whenever
damage to the respiratory membrane takes place, such as with disease, accidents,
or smoking. It can also be caused by injury or disease to the respiratory control
centers. Obstruction of the respiratory passageways caused either acutely, such
as temporarily choking on food, or chronically, as with emphysema and asthma,
can lead to respiratory acidosis. It is compensated for by increased buffer capac-
ity of body fluids and/or by renal excretion of excess acids.

Respiratory alkalosis results from increased ventilation and reduced partial
pressure of carbon dioxide. Diagnosis of the disorder might require evaluation of a
sample of arterial blood. By analyzing the pH, PaCO,, and HCO, values of the blood
sample, clinicians can determine if the underlying cause is metabolic (kidneys) or
respiratory (lungs). Then clinicians can determine corrective actions. Respiratory
alkalosis rarely results from physical problems associated with the respiratory
membranes or passageways. It occurs occasionally in association with neuropsy-
choses. The disorder is also commonly seen in those ascending to high altitude.
High-altitude hypoxia stimulates increased ventilation and loss of carbon dioxide.

TABLE 5.5
Respiratory and renal conditions that lead to imbalances in
physiological acid-base homeostasis in mammals
Condition Possible causes Resultant changes
Acidosis
metabolic HCO3 loss (diarrhea), reduced plasma pH, reduced
ketones (diabetes) plasma bicarbonate ions
respiratory decreased ventilation, reduced plasma pH, elevated
reduced diffusion plasma bicarbonate ions
Alkalosis
metabolic NaHCOj3 therapy, elevated plasma pH, elevated
reduced H (severe plasma bicarbonate ions
vomiting)
respiratory elevated ventilation, elevated plasma pH, reduced
anxiety plasma PCO,
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Lifestyle and Care of the Lungs

As a child and young man, I had seasonal allergies. I was either born with these
or developed them early in childhood. I grew up in rural communities in the
arid environments of the western United States. My allergies were most severe
during the haying season, when dairy farmers haul and stack baled alfalfa (hay)
during the hot dry months of June, July, and August. I was equally allergic to the
sagebrush and scrub oak that are omnipresent in many areas of the western
United States. Though my allergies manifested themselves in multiple ways dur-
ing those years, they were most evident in my respiratory system. I had difficulty
breathing during the day while working in the hayfields and for several days or
weeks after. The severity of my allergies diminished later in life through avoid-
ance of arid environments (I've lived in the humid Midwest or on the East Coast
since 1971), treatment with drugs, and, I believe, with increasing age. Perhaps
I developed some long-lasting if not irreversible problems in my respiratory sys-
tem that I am still not aware of. However, I did not exacerbate these by choosing
a lifestyle that included smoking cigarettes or abusing other tobacco products.
In the Midwest, and a few years later on the East Coast, my allergies seemed
to intensify during the season when ragweed blooms (from about mid-August to
the first freeze in October). My nasal passages were often swollen, my eyes
watery, and my oral communication difficult and uncomfortable. As a teacher,
this was a difficult time of year to suffer from such symptoms. My allergies were
so severe at one point that I asked an emergency room physician at Michigan
State University to help me find relief. He gave me an intramuscular injection of
a steroid drug called Kenalog (triamcinolone acetate). Within a couple days my
symptoms were gone, and I felt a tremendous sense of relief. That experience
became a permanent part of my memory. A few years later at Rutgers University,
I made an appointment with a physician who held both MD and PhD degrees
and who specialized in treating allergies. I told him about my history with sea-
sonal allergies, my discomfort with teaching during the ragweed season, and my
Kenalog-mediated relief at Michigan State University. I said, “Will you consider
experimenting with me?” and he replied, “Yes.” During the next few weeks, he
exposed me to a series of skin allergens and discovered that I was allergic to
almost everything from animal dander to ragweed and grasses. He outlined my
treatment options. I rejected, on the basis of time and expense, weekly injec-
tions for selected allergens. Instead he prescribed drops for my itching eyes
(Vasocon), a spray for inflammation and nasal congestion (Vancenase, used
orally to treat asthmatics), and an oral pill for general symptoms (a cortico-
steroid). He told me to use them only as needed. Within a few days of taking the
first doses of these combined medications, I had no further symptoms during
that season. By the following spring and summer, I noticed a marked decrease in
my responses to allergens. I continued to take the medications only as needed
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and very sparingly for the next few years. By about 1980, and ever since, I have
been virtually allergy free. What an amazing difference! For the first time since
my early childhood, I was freed of the discomforts, inconveniences, and ill
health of seasonal allergies.

For students and other readers who have access to good health care, good
medical insurance, and who suffer from seasonal allergies, I recommend doing
something like I did. Get a referral from your primary care physician. With
his/her input, find a physician who holds an MD and PhD, and whose PhD is in
the field of immunology. That person should understand science and experi-
mentation better than an allergist who lacks the scientific background and
therefore has little or no appreciation for experimentation. Then work with this
specialist in designing a course of action suited to your needs. If your outcome
is as rewarding as mine was, your quality of respiration and life will be perma-
nently changed.



Kidneys and Renal Physiology

Among the many physiological functions of the kidney—including those that
are subject to feedback control—one is preeminent and omnipresent from birth
to death. This is the need to maintain the homeostasis of body water and body
electrolytes. Except for short-lived maladjustments, water and electrolyte bal-
ance among intracellular, extracellular, and intravascular spaces must be main-
tained twenty-four hours a day throughout a lifetime. Challenges to such a
balancing act are presented by the daily cycles of hydration and dehydration we
all experience. Consider the states of sleep and wakefulness. During the typical
six to eight hours of sleep average adults get, we are steadily losing body water.
This happens, in part, each time we exhale and lose water vapor to the atmo-
sphere. It also occurs continuously with evaporation of water through the skin.
Thus, during our sleep we lose a certain quantity of water but do not replace it.
The net result is dehydration.

Normally from the moment we awake until about lunch time, we are con-
sciously or unconsciously rehydrating. This is driven, in part, by eating break-
fast, drinking multiple cups of java, and, earlier, by physiological feedback
mechanisms promoting thirst: most notably a dry mouth and the afferent sen-
sory signals it generates. During the sleeping hours, we steadily dehydrate and
the homeostasis of water and electrolyte balance among the three compart-
ments gets disturbed. Sensory signals from multiple locations throughout the
body apprise the kidneys of these changes. The kidneys react via reflex mecha-
nisms by conserving water. Water conservation during sleep takes place primarily
at the distal tubules and collecting ducts of the renal nephrons. These tubular
structures have specialized cells designed to transport water from the tubular
fluid into the blood. In the membranes of such cells are proteins called aqua-
porins that form water channels. The number of such channels, that is, the pro-
duction, release, and insertion of aquaporin proteins, is under physiological

94
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control. Peter Agre of Johns Hopkins University shared the Nobel Prize in Chem-
istry in 2003 for his discovery of water channels.

As the body dehydrates, the osmolality of the blood gradually increases. The
increased osmolality is sensed by osmoreceptors in the hypothalamus of the brain.
The osmoreceptors cause the production and release of a hormone called antidi-
uretic hormone (ADH), or arginine vasopressin (AVP), from the posterior portion
of the pituitary gland. Once in the systemic circulation, this hormone stimulates
distal tubules and collecting ducts in the kidneys to increase the production of
aquaporins. Then the kidneys are able to reabsorb more water, thereby excreting
less water in the urine. This compensates to a limited extent for the dehydration
that increased osmolality. This mechanistic response to imbalances in water and
electrolyte distribution suffices until we awake and begin to rehydrate.

Interestingly, we quite often overhydrate in the first several hours of wake-
fulness. The evidence of this is the number of trips we make to the bathroom
between late morning and early afternoon, the progressively lighter hue of our
urine as that time period progresses, and the reduced desire to drink fluids
(thirst satiety). I will have more to say about this daily cycle later in the chapter.
For now, once we have overhydrated, the opposite feedback to the one described
above takes over to compensate for the dilution of osmolality in the body water
compartments.

Functional Morphology of the Kidneys

As mentioned in chapter 1, the kidneys are among the best examples in humans
of the relevance of structure to function. The kidneys are bilateral bean-shaped
structures located at the back and outside of the abdominal cavity. The peri-
toneum is the inner epithelial and connective tissue lining of the abdominal
cavity. Abdominal structures like the stomach, liver, and intestines rub against
or come in contact with the peritoneum. The kidneys, on the other hand, are
located on the outside of the peritoneum and therefore, technically speaking,
are not abdominal organs. There are two of them, and they are found dorsally
just below the lower ribcage. They are the approximate size of the individual’s
loosely clenched fist, and in the average 70 kg adult, they weigh about 250 grams
each. Each kidney is encapsulated in a rigid sheath made of connective tissue
and called the renal capsule. The renal hilus is the point of entry and exit of the
ureter, blood vessels, and renal nerves. The top of the kidney where the adrenal
gland is attached is called the upper or north pole, and the bottom is the lower
or south pole of the kidney.

If a kidney is removed and cut into two halves from top to bottom poles in the
sagittal plane (any good medical dictionary will have a diagram), further detail of
the kidney’s structure is revealed. The innermost area where the ureter and other
tubular structures arise is called the renal pelvis. Among its components are the
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major and minor calyses (calyx is the singular). The calyses are contiguous with a
region called the renal medulla. Just outside the medulla and beneath the renal
capsule is the renal cortex. Where the renal cortex and renal medulla meet is a
transition zone called the juxtamedullary region. The functional and structural
units of the kidney are called nephrons (see chapter 1). There are two populations
of nephrons: those found in the cortex (cortical nephrons) and those found in the
juxtamedullary region (juxtamedullary nephrons). Both groups of nephrons func-
tion similarly, even though the vast majority of nephrons are found in the cortex.
The juxtamedullary nephrons play a predominant role in concentrating and dilut-
ing the urine; that is, they are important in the conservation of body water.

Each kidney has a million or more nephrons, and each nephron is composed
of vascular and tubular components. In order, the physiologically most important
vascular components are the afferent arterioles, the glomerular capillaries, and
the efferent arterioles. These segmentally arranged blood vessels conduct renal
blood flow to and from the nephron, and their hemodynamics of pressure, flow,
resistance, and blood viscosity determine filtering efficiency of the individual
nephrons. The tubular components of the nephron begin with an inflated, bell-
shaped structure that surrounds the glomerular capillaries and is called Bowman’s
capsule. Bowman’s capsule is contiguous with segmental tubular components
called the proximal tubule, the loop of Henle, the distal tubule, and the collecting
duct. Most of these structures are further subdivided, and the student is referred
to any comprehensive textbook of medical physiology to learn about them.

Glomerular Filtration Rate and Urine

Filtration is one of the kidney’s primary functions. Filtration of blood takes
place in the kidneys at sites called glomeruli. The rate at which all glomeruli of
both kidneys filter blood is called the glomerular filtration rate (GFR), expressed
in milliliters per minute. It is one of the most important physiological variables
that can be evaluated to reveal overall health of kidney function. In the average
70 kg adult human, both kidneys combined receive about 25 percent of the car-
diac output. As explained earlier, cardiac output is the volume of blood pumped
by either ventricle each minute. In the resting state, cardiac output is about five
liters per minute (or 5,000 ml/min) for the average 70kg person. This means
that renal blood flow (RBF) is about 1.25 liters per minute in this average person.

Only plasma gets filtered across the glomerular capillaries of the nephron.
From our discussion of hematocrit in chapter 4 you will recall that cellular elements
including RBCs, WBCs, and platelets constitute about 45 percent of the total blood
volume. The remaining 55 percent is composed of plasma, and most of this is
water. Thus, renal plasma flow (RPF) is 55 percent of 1.25 liters/min, or 563 ml/min
in the average 70 kg adult. Not all of this plasma gets filtered each minute. Using
experimental and clinical techniques, physiologists have discovered that GFR in
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a 7okg adult is about 120 ml/min. If we divide GFR by RPF, 120563 = 0.21, and
multiply this by 100, we find that 21 percent of RPF gets filtered each minute. We
call this the filtration fraction.

What is actually getting filtered (that is, removed from the plasma and
excreted), and why is this important? By weight or by volume, plasma is greater
than 9o percent water. This means that if we eliminate all the organic and inor-
ganic elements from plasma—all the sugars, fats, proteins, ions, electrolytes,
and minerals—what is left is water. Alternatively, if we weigh a given volume of
plasma and then evaporate the water, the weight of the remaining elements will
be about 90 percent less than the original weight of the plasma. I dwell on the
composition of plasma to impress the student with how important water is to
the process of glomerular filtration. The components of renal plasma that get
filtered, including water (the solvent) and solutes dissolved in it, are delivered
directly to Bowman’s capsule. This capsular fluid is called the ultrafiltrate, and,
except for a few constituents, it resembles renal plasma. It differs from plasma
primarily in its protein concentration.

Many plasma proteins are large (they have molecular weights greater than
50,000 daltons or molecular radii greater than 42 angstroms)' and do not get fil-
tered by the kidneys. The larger the protein or any other plasma constituent, the
more difficult it is to get it across the glomerular filtration barrier. One impor-
tant plasma protein, fibrinogen, is involved in blood clotting and has a molecu-
lar weight of about 50,000 daltons. It does not get filtered. Other plasma
proteins include the gamma globulins that are important to the immune sys-
tem. These can have molecular weights in excess of several hundred thousand
daltons. They also do not get through the glomerular filtration barrier. Only
small molecules are filtered.

Water and the ions and electrolytes that are dissolved in it are small mole-
cules. Glucose, the main blood sugar, has a molecular weight of about 180 dal-
tons. It is also a small molecule and so gets freely filtered. Any constituent of
plasma, charged or uncharged, that has a molecular radius less than 204 is
freely filterable, that is, its filtration is similar to that of the water molecule.
Molecules greater than about 42 A are not filtered. Those between 20 and 42 A
are more or less filterable depending on their charged state. Positively charged
molecules are more easily filtered than their negatively charged analogs.

The glomerular filtration barrier is like the respiratory barrier and is com-
posed of three layers of tissue: (1) the glomerular capillary endothelium, (2) a col-
lagenous, proteoglycan basement membrane, and (3) the renal tubular epithelium
with accompanying podocytes and pseudopodia. Pseudopodia are elongated, foot-
or toelike projections of epithelial cells that circumscribe the glomerular capillar-
ies at their external surface. The basement membrane of the filtration barrier,
under physiological conditions, carries a net negative charge. Therefore, negatively
charged molecules, even if small, are repelled by the barrier. In some individuals,
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including conditioned athletes, a bout of strenuous exercise is accompanied by
the appearance of protein in the urine. This is called exercise-induced protein-
uria and is thought to be due to the transient removal of electrical charges from
the basement membrane. The glomerular filtration barrier is extremely effec-
tive in forming glomerular ultrafiltrate.

The structure of the glomerular filtration barrier is analogous to the drain of
the kitchen sink. The drain plug and the drain trap lie in close proximity with
wastewater passing through the plug first. The plug has small holes in it: about ten
to twenty of 4 to 8 millimeters in diameter. The drain trap has fewer, usually about
four, and larger holes, often 10 to 15 millimeters in diameter. Functioning together,
the two keep dishwater contents larger than 4 millimeters out of the house plumb-
ing system. This is especially important if the system is not equipped with an auto-
matic garbage disposal between the sink drain and the house plumbing.

Physiologists can sample the ultrafiltrate in Bowman’s capsule using anes-
thetized, instrumented animals and micropipette techniques. When they do this,
they find that the water content of the ultrafiltrate is similar to that of plasma, as
are the concentrations of important electrolytes such as sodium (Na*), potassium
(K*), calcium (Ca?*), and bicarbonate (HCO3). So ultrafiltrate is said to be osmot-
ically equal to or iso-osmotic with plasma. However, if tubular fluid is sampled
downstream to Bowman'’s capsule (for example, in the proximal tubule, loop of
Henle, distal tubule, or collecting ducts), the outcome is quite different. That is
because electrolytes, water, and other elements of the ultrafiltrate are processed
differently by each segment of this tubular nephron. Most ultrafiltrate gets reab-
sorbed in the proximal tubule. Reabsorption means the removal of individual ele-
ments from the ultrafiltrate and their return to the systemic circulatory system.
The reabsorbed chemicals initially get transferred from the tubule into peritubu-
lar capillaries. These are renal capillaries that lie immediately downstream of the
efferent arterioles. From the peritubular capillaries, the reabsorbed material is
delivered to the general systemic circulation. In the kidneys we find a renal-portal,
or renoportal, circulatory arrangement. This means that renal arterial blood flow
gets delivered to two sets of capillaries that are arranged in series with each other
and with other renal vasculature. The renal-portal system is composed of the fol-
lowing structures: afferent arteriole — glomerular capillary — efferent arteriole —
peritubular capillary — renal vein. This means that renal blood flow is subject to
dual processing via the mechanisms of filtration, reabsorption, and secretion.

The glomerular filtration rate, as mentioned above, is about 120 ml/min.
If most of the ultrafiltrate formed each minute got excreted as urine rather than
being reabsorbed, then it would take less than one hour to deplete the body of its
circulating volume of plasma. By measuring the daily rate of urine excretion, how-
ever, we can easily discover that slightly less than 100 percent of the ultrafiltrate
gets reabsorbed each day. At 120 ml/min (GFR), about 173 liters/day of ultrafiltrate
are produced. Urine excretion in the average 7okg adult is rarely more than
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2 liters/day. Thus 173 —2 = 171 liters/day are reabsorbed, or about 99 percent of
the daily formation of ultrafiltrate. Under physiological conditions, tubular reab-
sorption is a highly efficient process. It is designed to conserve products the body
needs, such as water and electrolytes, and to eliminate those that are potentially
harmful, such as urea, ammonia, and other by-products of metabolism.

Regulation of GFR and RPF

The rate of glomerular filtration is a tightly regulated physiological variable: it
obeys the law of conservation of mass, and it depends on the intact hemodynam-
ics of the renal circulatory system. Moreover, the physiological control of GFR is
intimately linked to the regulation of RPF. The variables that are important in reg-
ulating GFR are called Starling forces and include pressures inside and outside
glomerular capillaries. There are two pressures in each location. Inside the
glomerular capillaries, these pressures are capillary hydrostatic pressure and col-
loid oncotic pressure. Outside the glomerular capillaries, that is, inside Bowman’s
capsule, the pressures are capsular hydrostatic pressure and capsular colloid
oncotic pressure. Colloid oncotic pressure, sometimes called colloid osmotic
pressure or simply oncotic pressure, occurs only in the presence of proteins. Since
the plasma inside glomerular capillaries contains proteins but the ultrafiltrate,
under physiological conditions, does not, colloid oncotic pressure is regularly
much higher inside glomerular capillaries than it is in Bowman’s capsule. Hydro-
static pressure is influenced by flow and resistance inside glomerular capillaries
and Bowman’s capsule. Generally speaking, the greater the volume of flowing
fluid, the greater the hydrostatic pressure. Therefore the things that can change
Starling forces are those that will subsequently alter GFR and RPF. Among the
most important of these are pre- and postcapillary resistances. Precapillary resist-
ance occurs mostly in the afferent arteriole upstream to the glomerular capillar-
ies. Postcapillary resistance is seen mostly in the efferent arterioles that are
downstream to the glomerular capillaries. Both sets of arterioles are richly
endowed with vascular smooth muscle cells. They are also innervated by motor
nerves of the sympathetic nervous system. Thus, both sets of arterioles respond
to neurogenic stimuli as well as to vasoactive compounds that are in the general
systemic circulation. It is therefore conceivable that either set of stimuli—nerves
or circulating compounds—will affect one and not the other set of arterioles.
Imagine the following hypothetical condition. A patient or experimental
subject has taken a drug that selectively constricts renal efferent arterioles. As
the arterioles constrict, blood flow through them decreases. As a consequence
of the reduction in efferent blood flow, the volume of blood inside the upstream
glomerular capillaries increases. This causes an increase in capillary hydrostatic
pressure. If other Starling forces fail to change correspondingly, then the bal-
ance of Starling forces will favor increased loss of fluid and ultrafiltrate into
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Bowman’s capsule, that is, GFR will increase. Conversely, if precapillary resist-
ance increases and all other Starling forces remain constant, then blood flow
through the glomerular capillaries will decrease. This will cause a reduction in
hydrostatic pressure and a corresponding decrease in the formation of ultrafil-
trate. That is, GFR will decrease. One can see how simple changes in pre- and
postcapillary hemodynamics can have a direct effect on the rate of glomerular
filtration. Changes in the intravascular concentration of plasma proteins can
have an equally significant impact on GFR but such changes are less common
than those in pre- and postcapillary resistances.

Another variable that potentially threatens the homeostasis of renal func-
tion is renal arterial blood pressure. Changes in renal arterial blood pressure
can have direct effects on glomerular capillary blood flow, glomerular capillary
hydrostatic pressure, and GFR. Elevations in renal blood pressure (RBP) increase
GFR and decrements in RBP decrease GFR. Thus, without a system of checks and
balances one can see how GFR would be constantly influenced by changing
renal hemodynamics. Fortunately the kidneys were designed with such a system
of checks and balances. The system is called pressure-flow autoregulation. It is a
marvelous design, one that serves not only to keep renal blood flow nearly con-
stant but to also regulate GFR. Pressure-flow autoregulation in its classic defini-
tion simply means the ability of an organ to maintain a relatively constant blood
flow over a wide range of blood pressures. Pressure-flow autoregulation is most
well developed in the mammalian kidney but is seen also in many other organs
such as the heart, brain, skin, and skeletal muscle. This phenomenon has been
observed for many decades by multiple investigators under a variety of experi-
mental and clinical conditions.

To explore autoregulation, the investigators use either anesthetized instru-
mented animals or isolated perfused whole organs. Imagine that you are a
research assistant in my laboratory and that we are using an isolated perfused kid-
ney to study the phenomenon of renal pressure-flow autoregulation. The kidney
we are investigating has been removed from the animal’s body and is being sus-
tained under near-physiological conditions. It must be instrumented to allow us to
control renal perfusion pressure while at the same time being able to measure
renal blood flow and GFR. Let’s also imagine that thirty minutes have passed since
we set up the preparation, so these three monitored variables—renal blood pres-
sure, renal blood flow, and GFR—are in their steady states. At this point, we collect
some baseline control data, and the numbers look like this: RBP = 100 mmHg,
RBF = 80 ml/minute (RPF is about half this number), and GFR = 40 ml/minute
(see figure 6.1). At our discretion, we then adjust RBP to equal 150 mmHg (a 50 per-
cent increase) and at the same time continuously monitor RBF and GFR. Almost
immediately upon elevating RBP, RBF and GFR increase to about 120 and
60ml/min, respectively. However, in the next several minutes and while main-
taining RBP at 150 mmHg, RBF and GFR steadily decrease to new steady state values
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of about 80 and 40 ml/min. In other words, despite the maintenance of elevated
blood pressure both blood flow and the rate of glomerular filtration have returned
to their baseline, control levels.

At this point in the experiment, we return RBP back to its baseline control
level of oo mmHg and allow the kidney to restabilize for several minutes. Then
we collect another set of baseline data and obtain numbers that are the same as
those found during the first control period. We then reduce RBP from 100 to
about 5o mmHg and find that RBF and GFR also decrease, almost immediately,
by about 50 percent each. However, as the low RBP is maintained over the next
few minutes, both RBF and GFR return to levels that are not substantially differ-
ent from their previous baseline values.

From this experiment of elevating and reducing renal blood pressure in an
instrumented isolated kidney, one can see that despite increments or decre-
ments in RBP, RBF and GFR in the steady state are maintained at nearly constant
levels. This is what renal pressure-flow autoregulation means. The fact that GFR
is correspondingly maintained in the steady state means that it too is autoregu-
lated (see figure 6.1).

Pressure-flow autoregulation is a marvelous phenomenon. It involves an even
more impressive structure, the justaglomerular apparatus or JGA. The student is
encouraged to explore this structure in much greater detail than I describe here.
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FIGURE 6.1 The blood flow and renal function phenomena of autoregulation (tilda-
shaped curve). Note that between renal arterial blood pressures of o to 80 mmHg, as
pressure increases so does renal plasma flow (RPF) and glomerular filtration rate
(GFR). A similar phenomenon is observed above pressures of about 180 mmHg. How-
ever, between pressures of 80 and 180, as pressure is elevated (or lowered), RPF and
GFR remain relatively constant (autoregulation).
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Minimally, the JGA consists of renal tubular and vascular components that lie in
close proximity to each other. Some of the cells of the walls of each are specialized
to communicate with each other. Tubular epithelial cells detect the concentration
of sodium chloride flowing by them. Specialized vascular smooth muscle cells
detect changes in renal arterial perfusion pressure. Working cooperatively, these
two sets of cells in the JGA as well as other tissues help maintain blood pressure.

The fact that autoregulation occurs in all major mammalian organ systems
means that our bodies are able to adjust to stimuli and challenges that have
important effects on arterial blood pressure and related physiological variables
such as GFR. Some of these stimuli include moderate to heavy exercise, hypoten-
sive crises such as blood loss, hyperthermia, and hydration/dehydration. Several
mechanisms have been proposed to explain pressure-flow autoregulation, but
only a couple have withstood the test of time. They are the myogenic and meta-
bolic mechanisms, both of which are beyond the scope of this book. Myogenic
means that vascular smooth muscle cells in the walls of blood vessels have the
ability to detect changes in transmural pressure (stretch and destretch of vessel
walls). If the transmural pressure increases (that is, if the vessel is stretched by an
increase in blood flow), the smooth muscle cells contract, causing luminal diam-
eter to decrease and blood flow to fall. The metabolic mechanism has to do with
the rates of production and removal of agents that are vasoactive and can there-
fore produce changes in blood flow.

Reabsorption, Secretion, and the Formation of Urine

Once the ultrafiltrate leaves Bowman’s capsule, it passes sequentially through the
proximal tubule, descending then ascending limbs of the loop of Henle, distal
tubule, and collecting duct. Beyond the collecting duct, the ultrafiltrate is no
longer subject to manipulation by the nephron and is destined to be excreted from
the body as urine. Of course even after the collecting ducts, the ultrafiltrate still
passes through several tubular and other structures including the ducts of Belloni,
the minor and major calyses, the renal pelvis, the ureters, and finally the urethra.

Most of the ultrafiltrate is reabsorbed by the proximal tubule. Absorbed
substances include, in equal proportions, both water and solutes. Remember
that the ultrafiltrate in Bowman’s capsule is iso-osmotic with plasma, that is,
both fluids have the same osmolarity of about 280 milliosmoles per liter of fluid
(280 mOsm/1). However, depending on the physiological state of the body (for
example, whether it is well hydrated or dehydrated), ultrafiltrate collected from
locations downstream of the proximal tubules can vary markedly in its osmo-
larity. In the normally hydrated person, the osmolarity of all body water com-
partments is about 280 mOsm/1. Under these conditions, fluid in the descending
limbs, both thick and thin segments of the loop of Henle, becomes progressively
more concentrated. Osmolarity increases because these segments of tubule are
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highly permeable to water and water gets reabsorbed. Thus, by the time the
ultrafiltrate reaches the tip of the loop in the inner medulla of the kidney, it
might have an osmolarity of 600 mOsm/1, or about double that of plasma. The
ascending limb of the loop of Henle is impermeable to water both in the
absence and presence of antidiuretic hormone (ADH). However, it is highly
effective in reabsorbing solutes such as sodium, potassium, and chloride. Thus,
even though it receives a more concentrated ultrafiltrate from the descending
limb, it sends a dilute ultrafiltrate to the distal tubule.

In the absence of ADH, the distal tubule and collecting ducts are impermeable
to water. They too actively transport sodium, chloride, and potassium back into
the circulation thus making the tubular fluid even more dilute. This can be seen
in an experimental setting where subjects voluntarily drink large volumes of water.
If the volume of urine flow and the osmolarity of the urine are simultaneously
measured at half-hour intervals before the water is consumed, the urine flow rate
might average 0.5 ml/min and the urine might have an osmolarity in excess of
500 mOsm/1. After 60 to 120 minutes of drinking one liter of water, the urine flow
rate will increase and the osmolarity will decrease. This is called a water diuresis,
and at the peak of such a response, urine flow rate can reach 4 to 6 ml/min or
more, and urine can have an osmolarity of less than 100 mOsm/1 (that is, the per-
son produces a dilute urine). Under such conditions, central and peripheral mech-
anisms block the release of ADH from the pituitary gland thus preventing its
actions on the distal tubule and collecting ducts. When a person is seriously dehy-
drated, the above scenario is reversed. Under these conditions, ADH release might
be maximal and the person could excrete a highly concentrated urine, one with an
osmolarity that exceeds 1,000 mOsm/1. Urine flow rate in this dehydrated state is
minimal, for example, less than 0.1ml/min. Only enough water is excreted to dis-
solve the inorganic/organic solutes the body needs to get rid of. That minimal
amount of excreted water is called obligatory water loss.

The specific and detailed mechanisms by which the kidneys are able to
concentrate and dilute the urine are beyond the scope of this book. However,
I urge the interested reader to study these in any of the textbooks of medical
physiology listed in the suggested reading.

Renal Health, Hydration, and Urination

The state of hydration of our bodies changes throughout the day. Understandably,
hydration state is affected by where we live, what we do, the time of day, and sea-
son of the year. Residents of the Southwest, for example, Phoenix, Arizona, con-
sume more water than residents of the Northeast, such as Boston, Massachusetts.
In either location residents consume more water in a typical August than in a typ-
ical January. This seems like common sense. Nonetheless federal and state agen-
cies try to keep a handle on such information and occasionally report it. Water
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consumption patterns quite possibly have been affected by the recently developed
bottled and flavored water and sports drinks industries. Nowadays, students with
bottled water and discarded water bottles are ubiquitous.

We consume water from three different sources. If we drink water from the tap
or from a bottled water cooler, we consume it directly. If we use tap water to make
a beverage such as coffee, Postum, hot chocolate, and soda, then we consume water
indirectly. Finally, water consumed as a natural component of the foods we eat, or
that is found in fruits and vegetables or as a beverage such as cow’s milk, is con-
sumed as intrinsic water. Each day, the average American adult consumes approx-
imately two liters of water by these three routes. We also lose about two liters of
water each day via the physiological processes of urination, defecation, perspira-
tion, and evaporation. Some of these processes occur on a continuing basis with-
out us being aware of them, for example, expired water vapor or evaporation via
the skin. We are better hydrated in the late morning to early evening hours and less
hydrated in the late evening to early morning hours, cyclically and diurnally.

Consider the states of hydration of the body upon awakening in the morning
and several hours after breakfast. We awake relatively dehydrated. We rehydrate
as soon as we begin consuming water by any of the routes defined above. Imagine
that you awake at 6 aA.M. and go directly to the bathroom to urinate. If you are
physiologically normal and observant, you will note that your urine is a darker
hue of yellow than it will be at 11 a.m. after eating breakfast, drinking water
directly, and having had your second or third cup of coffee. Relative to 6 .M. when
you awake dehydrated, your body is well- if not overhydrated at 11 A.M. When you
urinate at 11 A.M., the volume excreted is usually greater than that at 6 a.m. More-
over, the color of urine at 11 A.m. is a lighter hue of yellow. As a rule, the greater the
state of body hydration, the lighter the hue of urine. Alternatively, the greater the
state of dehydration, the greater the yellow intensity of the urine. All this is
affected by the kidney’s ability to either conserve or eliminate water.

To teach this concept to upper-level premedical students in an experimental
physiology laboratory course at Rutgers University, we divide them into three
groups. One group serves as the control or placebo group. The second group con-
sists of overhydrated students, and the third group is composed of students who
consume several salt tablets to simulate dehydration and body water conserva-
tion. When they enter the laboratory, the students in the three groups go to the
bathroom and urinate in graduated beakers. They record the time and urine vol-
ume and then measure the osmolarity of the urine samples. Students in the over-
hydrated group then drink one liter of water as rapidly as possible. Students in the
dehydrated group consume several salt tablets. The placebo group students do
nothing; all students collect urine and measure its volume and osmolarity each
thirty minutes during a 180-minute time period.

The outcome is predictable. Those consuming salt tablets will excrete the
lowest urine volumes with the highest osmolarities (due mainly to the high
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sodium concentration). The greatest urine volumes and lowest osmolarities will
be produced in the group who drank the liter of water. Values in the control
group will fall between these two extremes. This is a real yet simple and inex-
pensive way of teaching students how the kidneys either concentrate urine by
conserving body water or dilute it to rid the body of excess water and reestab-
lish homeostatic osmolarity among the various body water compartments. The
students who take the salt tablets represent all of us when we awake dehydrated
before breakfast. The students who drink the liter of water represent all of us in
the late morning to early evening after we have rehydrated.

As another illustration of the physiological principles of hydration/dehy-
dration and osmoregulation, consider beer-drinking fans at sports events and
concerts. By weight or volume, beer and many other alcoholic drinks are greater
than 9o percent water. Thus after several hours of tailgaiting, beer drinkers are
well-hydrated experimental subjects. Equally important, alcohol is a strong
inhibitor of the production and release of ADH. In the absence of physiological
concentrations of ADH, the distal tubules and collecting ducts of the nephrons
cannot reabsorb water with or without the presence of alcohol. Thus, inebriated
fans not only challenge their bodies by overhydrating, but they prevent ADH
from doing its physiological job.

Monitor your own patterns of output for several days. Record the results in a
place where they are secure and permanent. Repeat the observations several
years later, then again in a few more years. If this is done over a lifetime, you will
not only begin monitoring your kidney health but will learn about the relation-
ships among the kidneys, the circulation, and the respiratory system. On a prac-
tical day-to-day basis, you will be able to apply the knowledge gained for your own
comfort and convenience. For example, whenever you have mid-morning meet-
ings or other activities that last more than two hours, you will find yourself visit-
ing the restroom before the meeting begins rather than having to interrupt it
because of an overfilled urinary bladder. You will be able to drive a distance of
one hundred miles or more without stopping at a rest area to urinate. Most
importantly, once you have confirmed the diurnal nature of kidney function in
your own life, should it ever change without explanation you will be motivated to
see your doctor and have her refer you to a nephrologist. You would be less likely
to do this if you didn’t know about the daily kidney patterns in the first place.

Diabetes and Sugar in the Urine

One of the small organic molecules filtered by the kidneys is blood sugar. Blood
sugar or glucose is a monosaccharide, one of the simplest of sugars. In the aver-
age adult eating a Western diet of approximately 2,000 calories per day with
approximately 30 percent fat, 60 percent carbohydrate, and 10 percent protein,
glucose concentrations in the plasma average about 80 to 1oomg/dl in the
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postabsorptive state, that is, about four hours after consuming a meal. It might
be higher than this during the absorptive state during the actual ingestion of a
meal. Under these conditions and in a normally healthy individual, glucose does
not appear in the urine. That is because 100 percent of the glucose in the ultra-
filtrate gets reabsorbed in the proximal tubule.

The walls of the tubular nephron consist of epithelial cells. The portion of
the cell membrane that faces the lumen of the tubule is called the apex of the
cell or the apical membrane. The portion of the cell that faces the interstitial
spaces and blood vessels (regions of the cell that are not in contact with the
tubular lumen), are called the base or lateral walls of the cell (or the basolateral
membrane). At each location, there are proteins and membrane channels or
pores that extend across the cell membrane from the extracellular tubular
lumen to the intracellular or cytosolic spaces. The proteins bind specific com-
ponents of the ultrafiltrate and transport them from the tubular lumen to the
interior of the cell. Other mechanisms move the same components from the
interior of the cell, across the basolateral membrane, and into the interstitial
and intravascular compartments. One of these specific transmembrane (also
called transmural) proteins has two binding sites: one that attaches to sodium
ions in the ultrafiltrate and another that binds glucose. The proteins that are
specific for glucose and sodium transport across the apical cell membrane are
called sodium glucose cotransporters or SGLTs. There are several different
SGLTs, and they have different capacities and affinities for binding and trans-
porting glucose and sodium. About 98 percent of glucose is reabsorbed in the
first one-third of the proximal tubule. This is called the S1 or straight segment of
the proximal tubule. The remainder of the filtered load of glucose is reabsorbed
downstream in the S3 or convoluted proximal tubule. In the St segment, a high-
capacity, low-affinity cotransporter called the SGLT, mediates reabsorption of
glucose. In the S3 segment, a high-affinity, low-capacity cotransporter called
SGLT, is responsible for apical uptake of glucose.

Because most of the glucose is reabsorbed from the early segments of the
proximal tubule, where the amounts of glucose in the ultrafiltrate and in the
plasma are about equal, there is a steep glucose concentration gradient between
tubular fluid and cell interior in the downstream segments of proximal tubule.
Thus, the SGLT in that region of the tubule must be able to generate much more
energy in order to move glucose over this large uphill gradient. The stoichiom-
etry of the two SGLTs reveals that the downstream cotransporter is 50 to 100
times more energetic than the upstream cotransporter. Once glucose enters the
tubular epithelial cell, it exits across the basolateral membrane via a member of
the glucose transport family of proteins (GLUTs). Because these transport pro-
teins are not dependent on sodium ions, they move glucose out of the cell by the
process of facilitated diffusion. Also, GLUTs do not use energy in the form of ATP
to translocate glucose, so they are quite distinct from the SGLTs. However, like
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the SGLTs, the GLUTSs vary in their affinities and capacities for glucose between
the upstream and downstream segments of the proximal tubules.

One can study the influence of changes in plasma glucose concentrations
on the renal processes of filtration, reabsorption, and excretion by infusing glu-
cose intravenously and then measuring the concentrations of glucose in the
plasma and in the urine. Some results of measurements of this kind are shown
in figure 6.2. The three curves in this figure represent (1) the filtered load for
glucose or the product of the plasma concentration of glucose and GFR, (2) the
rate of glucose reabsorption (middle curve with the rightward inflection fol-
lowed by a plateau), and (3) the rate of renal excretion of glucose (bottom curve
with a leftward inflection near the x-axis).

There are several things to note in figure 6.2. First, the physiological concen-
trations of glucose in the plasma of healthy humans is about 75 to 125 mg/dl. Under
these conditions, there are no molecules of glucose in the urine, that is, renal
excretion of glucose is zero (the excretion curve is superimposed on the x-axis).
Note also that over the above range of plasma glucose, as the concentration of glu-
cose in the plasma increases (by infusing more glucose into the vein) both the fil-
tered load and rate of reabsorption increase in parallel fashion. Excretion of
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FIGURE 6.2 The influences of circulating plasma concentrations of glucose (blood
sugar, abscissa or x-axis) on the filtered load, reabsorption, and excretion of glucose.
Note that in a typically healthy person, no excretion of glucose occurs below plasma
concentrations of about 3oomg/dl. In other words, below this level, all glucose that
gets filtered at the glomeruli is also reabsorbed (see parallel or superimposed curves
for filtered load and reabsorption). Clinicians refer to these observations as glucose
titration curves.
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glucose in the urine does not occur until plasma concentrations of the sugar reach
250 to 300mg/dl. Also note the splay, or upward-oriented curve away from the
x-axis, in the excretion curve over the range of about 250 to 350mg/dl. This
reflects variability among individual proximal tubules and their associated SGLT
and GLUT transporters. By comparing all three curves, we can see that as plasma
concentrations of glucose reach 250 to 350 mg/dl, tubular reabsorption reaches a
maximum—that is, it plateaus despite further increments in concentration—and
renal excretion parallels glomerular filtration (filtered load). Ty, stands for trans-
port maximum and means that the tubular mechanisms for reabsorbing blood
sugar are saturable and have a finite limit. The most common cause of problems
related to exceeding Ty, in humans is the disease diabetes mellitus or sugar
diabetes.

Diabetes mellitus is a serious metabolic disease with many identifying hall-
marks, the most broadly recognized being elevated blood sugar. The disease can
arise at any time in life and is caused by alterations in the synthesis, release, and
tissue actions of insulin. When the disease occurs in children, it is called
insulin-dependent diabetes mellitus or IDDM (type I diabetes). When it occurs
in adults, particularly the obese, it is designated non-insulin-dependent dia-
betes mellitus or NIDDM (type II diabetes).

Two hormones, synthesized and released by the pancreas, play the key roles
in mediating the metabolism of glucose and related compounds. These are
insulin and glucagon. Insulin is produced by the beta cells and glucagon by other
cells. In type I diabetes, the body’s immune system destroys the beta cells. Thus
the pancreas cannot produce insulin, but glucagon continues to be produced and
to cause the release of glucose and ketone bodies from the liver. A marked rise in
plasma levels of glucose and ketones occurs, producing a tremendous load for the
kidneys to filter. This causes an osmotic diuresis or excess loss of water due to the
excretion of osmotically active glucose and ketone bodies. Also the ketone bodies
are moderate organic acids and cause a marked reduction in plasma pH. Unless
corrected, these two conditions, osmotic dehydration and acidosis, will lead to
serious tissue and organ damage and death.

Individuals with either type of diabetes appear to be at risk of chronic tis-
sue damage due to elevated levels of glucose. The problem is particularly tar-
geted at the eyes, kidneys, peripheral nerves, and extremities. Use of frequent
self-injections of insulin or insulin pumps appear to attenuate the development
of the pathologic changes associated with diabetes. This suggests that it is the
prolonged elevation of glucose itself that causes the disease. It goes without say-
ing that a lifestyle that is directly correlated to diabetes and kidney dysfunction
includes poor diet, lack of exercise, and obesity. Barring genetic and metabolic
considerations over which the reader has no control, it is within the grasp of
everyone to change these patterns that will improve renal health specifically
and other organ and tissue health in general.



The Gastrointestinal System

The mammalian gastrointestinal system is also known as the digestive tract or
the enteric system. It is a complex system performing mechanical, secretory,
digestive, absorptive, and excretory functions. Each of these is under the influ-
ence of local gastrointestinal reflexes as well as central feedback control mech-
anisms. Consider, for example, the medical problems a person might have if she
ate three meals per day for several days without having a bowel movement. To
prevent the intestinal storage of food wastes and the pathogens they support, a
wide variety of gastrointestinal reflexes exist. In the well-tuned, normally func-
tioning mammalian digestive tract, shortly after the consumption of one meal a
defecation reflex is activated, causing contraction of the colon and initiating a
bowel movement. Nearly simultaneously, mechanical distension of the stomach
initiates a gastro-ileal reflex. This causes the ileum to contract and to empty its
contents into the colon. Emptying of the ileum makes room upstream as the
stomach passes its contents into the duodenum.

In many humans who have bowel movements at approximately twenty-
four-hour intervals, the gastro-ileal reflex is activated within thirty to sixty min-
utes after ingestion of the morning meal. This means the colon has space to
accommodate another meal when it is ingested. In all mammals, there is a cen-
trally located satiety center in the brain stem. Usually about four to six hours after
the last meal, sensations of hunger, often originating in the stomach, signal to
the person that it is time to eat again. Some refer to these abdominal sensations
as hunger pains or hunger pangs. Their specific cause is not known. However,
consumption of a meal resolves the sensations of hunger, and that individual
usually will not be motivated to seek food for another four to six hours.

Of course the normal physiology of hunger and satiety is influenced by dis-
ease and other interventions. Any person who has experienced food poisoning
such as that caused by E. coli or salmonella knows that during the period of
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vomiting and diarrhea and for a day or two thereafter the last thing one thinks of
is eating more food. Other changes in behavior can also influence digestion and
bowel regularity. Examples include travel, fasting and feasting, and prescription
as well as over-the-counter medications. Simply modifying one’s eating habits can
markedly influence behavior of the gastrointestinal system.

My wife and fifteen-year-old son ate considerably less than I did. I decided
one time to reduce my daily calorie intake. My plan was to observe them for one
month at all meals we ate together. After they had taken their portions, I would
take mine based on my visual estimate of theirs. I did this for one month. Many
things happened. I lost five pounds and my slacks fit more loosely. Most inter-
estingly, my gastrointestinal functions changed markedly. For example, bowel
movements became less frequent and my stools less bulky. I attributed these
changes to the reduced daily intake of calories; nothing else had changed in my
life during that period. I enjoyed that act of self-discipline and learned a few
more things about myself.

Our diets and changes in them affect us differently. The numbers, distribu-
tions, and physiological efficacies of membrane-bound digestive enzymes, among
other physiological characteristics of the enteric system, differ from person to
person. Thus, two people making the same change in their similar diets cannot
expect the same outcome in terms of pounds lost.

Components of the Gastrointestinal (GI) or Enteric System

The GI system begins with the oral cavity and ends at the anus (see figure 7.1).
The entire system is designed to mix and churn, store and propel, and digest
and absorb. These processes begin in the mouth and end in the colon or cecum
(for guinea pigs and other mammals). In the healthy individual, they continue
for a lifetime. In the person with an unhealthy GI tract, hyperalimentation or
feeding via intravenous infusions might be required and can sustain life for pro-
longed periods.

We can identify points of demarcation along the entire length of the GI
tract that help define functions. One such set of points is called sphincters. A
sphincter is a band of visceral smooth muscle—sometimes skeletal muscle,
other times a mixture of visceral smooth and skeletal muscle—that circum-
scribes a small but well-defined segment of the GI tract. Sphincters are also
comprised of longitudinal and circular smooth muscle cells. These form sepa-
rate layers of muscle that run the entire length of the GI tract and are arranged
in parallel (longitudinal), or lie perpendicular to the long axis of the gut (circu-
lar). Six sphincters are of primary importance (see table 7.1). Beginning at the
oral and ending at the anal ends of the tract, that is, going in an aboral or cau-
dad direction, these are (1) the upper esophageal sphincter (UES), (2) the lower
esophageal sphincter (LES), (3) the pyloric sphincter (PS, located between
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FIGURE 7.1 Anatomic arrangements of the gastrointestinal tract (GIT). Note func-
tions of mesentery (suspends gut loops, carries nerves and blood vessels, keeps other
organs in close proximity to gut and pancreas), and locations of muscle layers with
corresponding nerve plexuses. Blood vessels simulate arteries, microcirculation, and
veins.

(Author’s illustration)

TABLE 7.1

Location and function of sphincters in the mammalian
gastrointestinal tract

Sphincter

Location

Function

Upper esophageal
sphincter

Lower esophageal
sphincter

Pyloric sphincter

Ileocecal sphincter

Internal anal
sphincter

External anal
sphincter

superior end of
esophagus

inferior end of
esophagus

antrum and
duodenal bulb

ileum at junction
with colon

internal anal
canal

external anus
distal to rectum

prevents entry/exit of materials
into esophagus if closed

regulates entry into esophagus,
prevents gastric reflux

helps regulate emptying of the
stomach

regulates emptying of contents of
ileum into large intestine

involuntary control, opens with
pressure and contents

voluntary control, opens with
conscious movement of bowels
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the antrum of the stomach and the duodenal bulb of the small intestine),
(4) the ileocecal sphincter (IS, located where the ileum joins the ascending
colon), (5) the internal anal sphincter (IAS), and (6) the external anal sphincter
(EAS). Between any two adjacent sphincters, the GI tract performs various spe-
cial functions.For example, the stomach lies between the LES and the PS. It has
many special functions, but one important one is the temporary storage of a
recently ingested meal.

Consider a cross section of a segment of the small intestine. Imagine you
are peering into the lumen. The surface of gut wall that is in immediate contact
with the contents of the lumen is called the mucosal side, and the surface that
is farthest removed from the luminal contents is called the serosal side of the
gut wall. In addition to the longitudinal points of demarcation defined above,
these transmural—across the wall—points of demarcation help define the
makeup of the gut wall. From mucosal to serosal sides, the layers are (1) the
mucosa, (2) the muscularis mucosae, (3) the submucosa, (4) the layer of circu-
lar visceral smooth muscle, (5) the layer of longitudinal visceral smooth muscle,
and (6) the mesentery, a connective tissue sheath that encloses the GI tract and
carries the mesenteric arteries and veins adjacent to the serosal side of the
system.

The mucosa is composed of specialized epithelial cells whose collective apical
surfaces form the brush borders of the mucosa. Each individual epithelial cell
has an apex composed of microvilli, small finger-like projections that protrude
into the lumen of the gut. The microvilli increase the surface area for digestion
and absorption. Remember the analogy of alveolar surface area and drying tow-
els on a clothesline or cubed versus block ice and their rates of melting. A similar
analogy is applicable to the microvilli of the gut wall and maximal area available
for secretion, digestion, and absorption.

There are about five different kinds of epithelial cells in the gut wall. Each
is designed to perform a different function. For example, some secrete gastric
acid (hydrochloric acid), others secrete digestive enzymes, and still others
release mucus. There are also many crypts, or glands, in the mucosa. The mus-
cularis mucosa is a layer of visceral smooth muscle that is found between the
mucosa and the submucosa. It causes foldings and invaginations of the under-
lying mucosa thereby increasing exposure of food materials to the secretory,
digestive, and absorptive processes taking place there. The submucosa contains
many blood vessels, glands, and nerves such as Meissner’s plexus and is the
point of entry of the common bile duct. The circular and longitudinal layers of
smooth muscle are separated by another nerve network called the myenteric or
Auerbach’s plexus. The Auerbach’s and Meissner’s networks of nerves consti-
tute the small gut or enteric nervous system (ENS) described earlier in this
book. Some authors consider the enteric nervous system to be a third subdivi-
sion of the autonomic nervous system.
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Mechanics and Reflexes of the GI Tract

Mechanical activities of the GI tract as well as the first gastrointestinal reflex
begin in the mouth. The processes of ripping, incising, crushing, and chewing a
mouthful of food are collectively called mastication. Masticating food is a
mechanical activity. It involves forceful movements of muscles, jaws, and other
organs not directly connected to the GI tract. After several seconds or minutes
of mastication, the voluntary decision to pinch off and swallow a bolus of food
is made. As the tongue presses a quantity of the masticated food against the roof
of the mouth, a swallowing reflex that involves multiple coordinated actions of
both the GI and respiratory systems is set in motion. As the bolus of food is
moved to the back of the mouth, it activates mechanoreceptors that relay sensory
signals to the central nervous system. The motor output of this reflex simulta-
neously relaxes the upper esophageal sphincter, closes the epiglottis over the
trachea, and momentarily arrests breathing during expiration.

Once the bolus of food passes the upper esophageal sphincter, distension
initiates a primary peristaltic wave of contraction of esophageal muscle that
moves the bolus from the upper toward the lower esophageal sphincter and
stomach. As the peristaltic wave moves the bolus toward the latter sphincter, it
relaxes to allow passage of the food into the stomach, then closes to prevent
reflux of gastric contents into the esophagus. If the primary peristaltic wave fails
to move the bolus into the stomach, a secondary peristaltic wave is generated
that will complete the job. When the bolus of food enters the stomach and joins
other ingested components of the current meal, gastric contractions and move-
ments churn and mix the meal creating a semisolid, partially digested sub-
stance called chyme.

One of the early mechanical actions of the GI tract beyond mastication
and swallowing is the generation of peristalsis. This is a coordinated reflex
movement of a wave of contraction and relaxation that propels a bolus of
food from one location in the GI tract to the next. Consider a bolus of food
that is located midway down the esophagus. In order to keep the bolus mov-
ing, esophageal smooth muscle immediately upstream to the bolus contracts
reflexively as similar muscle immediately downstream relaxes. This creates an
upstream-to-downstream pressure gradient in the lumen of the esophagus that
propels the bolus forward. This pressure-gradient-like wave moves from the
oral to the aboral end of the esophagus ensuring that the bolus does not stop
until it reaches the stomach.

For a few hours after a meal is ingested, peristaltic waves move across the
stomach in an oral-to-aboral direction. Less frequently, other waves of peristalsis
move from the antrum of the stomach toward the esophagus in an aboral-to-oral
direction, causing a retropulsion or reverse flow of chyme. On occasion, the for-
ward flow, or antegrade propulsion of chyme, and the retropulsion meet head-on
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and an intragastric collision occurs. This is good. The collision causes further
churning and mixing of gastric contents thus maximizing exposure of nutrients
in the meal to digestive enzymes, acids, and mucus-containing aqueous medium.
At other times, forward flow of chyme is sufficiently powerful to force the pyloric
sphincter to open. Then chyme is moved from the stomach into the duodenum,
the first segment of the small intestine, in a process called gastric emptying.
Gastric emptying can be relatively fast or quite slow depending, in part, on the
contents of the meal. The greater the fat content, the higher the osmolarity, and
the larger the particle sizes, the slower the emptying process. Conversely, all lig-
uid meals are emptied in haste. The pyloric sphincter does not allow particles
larger than about two millimeters in diameter to leave the stomach.

Activities of the digestive tract depend to a large extent on the fed versus the
fasted state. The period of ingestion digestion and absorption of a meal is called
the absorptive state. The semi-fasting and fasting periods between meals are
called postabsorptive states. Physiologists use these two terms to describe func-
tions of the gastrointestinal and endocrine systems in health and disease. In the
fasting or postabsorptive state, the small intestine is rather quiet. However,
quiescence is periodically interrupted by synchronized rhythmic changes in
both the electrical and mechanical activity of the gut wall. These rhythmic
postabsorptive contractions are called migrating motor complexes (MMC). They
consist of several distinct phases, originate in the stomach, and usually termi-
nate in the ileum. MMCs occur at intervals of 90 to 120 minutes, and they achieve
net forward movement of residual chyme that exists from a previous meal. Eating
a meal terminates the MMCs, and the specific mechanisms governing them are
unclear. However, there is good evidence that both the enteric and autonomic
nervous systems, as well as hormonal factors, are involved. One of the most
important elements is the hormone motilin. It is produced by the duodenum
during the MCC, and its appearance and concentrations in the circulating blood
coincide with the 9o—120 minute intervals that characterize the MMC.

In the healthy individual and speaking generally, there is a high degree of
order in the reflex functions of the GI system. In people who eat three meals per
day beginning at six or seven a.M. and ending at six or seven p.M., it is common
to have a bowel movement about each twenty-four hours. This kind of physio-
logical regularity seldom is seen in those whose eating patterns differ markedly
from this. Even for those who follow the twelve-hour meal schedule, any change
of routine can have a marked effect on one’s regularity.

Bowel movements occur as the result of defecation reflexes. Some of the
various reflexes that contribute to bowel movements are duodenocolic (origi-
nates in the duodenum and acts at the colon), gastrocolic (originates in the
stomach and acts on the colon), gastroileal (originates in the stomach, termi-
nates in the ileum), and enterogastric (originates at many points in the GI tract,
terminates at the stomach). Stomach distension following a meal is a common
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stimulus for the gastrocolic reflex. The urge to move one’s bowels can appear as
early as a few minutes to one or two hours following ingestion of the morning
meal. Moreover, the composition of our meals can have a pronounced effect on
both the timing and the quality of a bowel movement. Diets high in insoluble
fiber including vegetables and whole grains such as wheat tend to produce more
frequent bowel movements. Moreover, on such diets the stools are commonly
bulkier and softer. The converse is true for diets that lack insoluble fiber. Con-
stipation, especially if it occurs regularly, is a disease of the GI tract, and it can
predispose the system to more serious diseases like diverticulitis, steatorrhea,
and even cancer of the colon.

Ingesting dairy products for those who are lactose intolerant or lactase defi-
cient, or consuming unwashed or contaminated foods containing salmonella or
E. coli can also stimulate GI reflexes. These reflexes can be explosive and are
designed to rid the body of the foreign toxins. Such toxins and the reflexes they
evoke can cause serious, even life-threatening disturbances in the homeostasis
of water, electrolyte, and acid/base balances. Farmers in third-world countries
still fertilize their fruits and vegetables with human feces, which contain E. coli.
Anyone who has made the mistake of eating a piece of fruit in such a country
without first washing it has probably experienced these kinds of reflexes.

Secretions of the GI Tract

All organs and glands associated with the GI tract have secretory capacities.
Whether they secrete primarily water and mucus or enzymes and buffers, the
secretions have important physiological consequences. Secretions of the diges-
tive tract are under local, reflex, and central homeostatic control. For example,
excess acid in a meal acts locally on the duodenal wall to cause release of the
hormone secretin. Secretin is absorbed and transported to the pancreas where
it stimulates release of bicarbonate. Bicarbonate in turn buffers excess acid in
the duodenum. When the acid is buffered, the signal for secretin release is
removed and the system returns to its previous steady state.

The primary secretory organs of the mammalian gastrointestinal tract
include salivary glands, the stomach, the pancreas, the small intestine, and the
gallbladder and liver. Collectively in the adult human, these organs secrete
about eight to ten liters of water per day. Water is the universal solvent in which
most of the body’s organic and inorganic ions and molecules are dissolved.
Whatever volume of water the GI tract secretes, it must also absorb. In addition
to the eight to ten liters of secretory GI products, the average adult consumes
about two liters of water per day. Thus this system must absorb a total of ten to
twelve liters of water each day.

One of the most profuse secretory structures of the GI tract is the individ-
ual mucous or goblet cell. There are probably billions of these epithelial cells
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TABLE 7.2

Properties of mucus that enable it to protect and lubricate

Adherent qualities adheres to food particles, thin coating of mucosa

Lumen of gut coats gut wall and prevents direct contact of
mucosa with food

Low slippage resistance  foods slide over surface of mucosa with ease
Fecal adherent binds food matter so it can be eliminated in stool
Resists decomposition prevents digestive enzymes from destroying it

Amphoteric properties can buffer small quantities of both acids and bases

distributed throughout the GI mucosa. They have one thing in common: they
secrete mucus. Mucus contains mostly water and electrolytes, but it is also com-
posed of macromolecules such as polysaccharides and glycoproteins. The pri-
mary functions of mucus are to protect the integrity of the mucosa and to
lubricate food. The qualities that enable mucus to perform these functions are
summarized in table 7.2.

The mechanisms involved in the secretory activity of the GI cells and glands
are under the influence of the PSNS, SNS, and GI hormones. The volume of meal
at any point in time and in any given segment of the GI system, as well as the
chemical composition of the meal in that location, are basic to activating these
mechanisms. For example, stimulating the parasympathetic nerves to the gut
wall uniformly increases secretory behavior. The extent of this action depends
on the preexisting level of parasympathetic and hormonal stimulation. This is
especially true of the salivary glands, the esophagus, the stomach, the proximal
segments of the small intestine, and the distal segments of the colon. Con-
versely, stimulating sympathetic nerves in the gut wall only modestly increases
secretory activity. In addition, sympathetic stimulation reduces GI blood flow.

Since all secretory products ultimately come from the circulation, any alter-
ations in blood flow are likely to have important consequences on the secretory
behavior of the GI tract. Although many details are still lacking, table 7.3 pro-
vides a sequential list of the steps physiologists believe are involved in secre-
tion. This list is based on experimental data and provides our clearest
understanding to date.

Salivary Secretions

Daily output of the three pairs of salivary glands in adult humans averages
about one liter. Two kinds of secretion are produced. One is mostly composed of
water and electrolytes and is called serous fluid. The second contains serous
secretions, mucus, and some important organic molecules, most notably ptyalin,
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TABLE 7.3

Sequence of events leading to glandular secretions in the GI tract

1. Building materials must be supplied by the circulation at the base of
mucosal cells

2. Mitochondria at the base of mucosal cells make ATP as a source of high
energy phosphates

3. ATP and circulating nutrients are used to make the organic secretary
substances

4. Secretory substances are transferred from the endoplasmic reticulum (ER)
to the Golgi complex

5. Secretory vesicles move through cellular cytoplasm to the apical surface of
the mucosal cell

6. Stimuli cause fusion of membranes (cell and vesicle) and release of
product

an amylase enzyme that helps digest carbohydrates. Secretion of saliva is not
only important to the partial digestion of carbohydrate, but it also lubricates,
protects, and aids in oral hygiene. The flow of saliva helps to wash out patho-
genic bacteria that inhabit the mouth, thus helping to minimize diseases there.
Under basal waking conditions, the production and flow of saliva is greater than
it is during sleep. Because salivary flow is lower during sleeping hours, the pos-
sibility of bacterial accumulation in the mouth increases. This is one reason why
it is important to brush teeth and gargle, clean, and rinse the mouth thoroughly
before going to bed. Saliva also contains lysozymes and thiocyanate ions, natu-
rally occurring bactericidals. In the absence of salivation, oral disease including
dental caries can become rampant and the mouth ulcerated and frequently
infected.

Esophageal Secretions

Secretions of the esophagus are not as intensely investigated as secretions of
other sections of the GI tract. Esophageal secretions are composed entirely of
mucus, that is, the glands in the esophagus are mainly mucous glands. Those in
the proximal or upper portion of the organ serve mainly to lubricate food and to
coat the surface epithelium. This protects the mucosal surface from damage by
newly swallowed food. The mucous glands in the distal or lower portion of the
esophagus are more complex but still only secrete mucus. Here the mucus coat-
ing exists primarily to protect the epithelium from potential damage due to gas-
tric reflux. Gastric reflux and its connection to esophageal and supra-esophageal
erosion and disease have increasingly attracted the attention of the medical
establishment in recent years.
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Gastric Secretions

Secretions of the stomach are more complex than either salivary or esophageal
secretions. There are multiple kinds of secretory glands spread throughout the
gastric mucosa. Some are as simple as surface epithelial cells that primarily
secrete mucus. Others exist in the form of pits—also called gastric pits or gastric
crypts—that invaginate deep into the submucosa. The walls of these pits are
lined with a variety of cell types, each designed to perform a different function.
From proximal to distal ends, the stomach can be subdivided according to the
character of its mucous lining and the glands that are present. The fundus is the
most proximal section of the stomach. Near its junction with the lower esophageal
sphincter is a region of specialized tissue called the cardia. This tissue acts
much like a cardiac pacemaker in the heart in generating periodic depolarizations
of the stomach and corresponding waves of contraction. The body or corpus is
the main portion of the stomach. It is defined by greater and lesser curvatures
and these meet at the third section or antrum. Immediately distal to the antrum
is the pylorus, which connects via the pyloric sphincter to the duodenum.

The primary secretory portions of the gastric mucosa are found in the
corpus and antrum. These cells line the walls of the gastric pits. There are at
least six different cells types. From the surface of the pit to its base, these are
(1) superficial epithelial cells, (2) mucous neck cells, (3) regenerative stem cells,
(4) parietal or oxyntic cells, (5) chief cells, and (6) endocrine cells. The main
secretory products of the corpus are acid, pepsinogens that aid in the digestion
of proteins, and intrinsic factor, a glycoprotein molecule that is important in
the absorption of vitamin By, and in the formation of red blood cells. Parietal
cells secrete acid and intrinsic factor. Chief cells secrete pepsinogens. In addi-
tion, gastric crypts contain mucus-secreting cells in the neck of the pit and
endocrine cells that secrete histamine.

Glands in the stomach antrum do not contain parietal cells. Therefore the
antrum does not secrete acid or intrinsic factor. In addition to chief cells that
secrete pepsinogens, the antrum contains superficial epithelial cells that secrete
bicarbonate ions that help neutralize gastric acid. The antrum also secretes gas-
trin and somatostatin. Both gastrin and somatostatin are hormones that have
endocrine and paracrine functions in the GI tract. Gastrin release augments
secretion of acid. Somatostatin release inhibits production and secretion of acid
and gastrin. Both have other important GI functions including promoting
growth and differentiation of other gastric epithelial cells.

Pancreatic Secretions

The pancreas has both endocrine and exocrine secretory properties. As we
learned in chapter 3, an endocrine gland is one whose secretory products are
released into the general systemic circulation. Blood becomes the vehicle of
transport to get these molecules to their target organs. An exocrine gland is one
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that does not use the circulatory system to deliver its products. Rather, exocrine
molecules diffusing through the extracellular spaces are delivered directly to
the target tissues. Examples of pancreatic endocrine products are insulin and
glucagon, both of which are important to the metabolism of carbohydrates.
Examples of exocrine products are bicarbonate ions and pancreatic lipases.
Lipases are enzymes that digest dietary fats.

Other Secretions

Other secretory organs of the GI tract include the duodenum and proximal
portions of the jejunum. They release secretin, cholecystokinin (CCK), gastric
inhibitory peptide (GIP), and vasoactive intestinal peptide (VIP). All can inhibit
the secretion of gastric acid, but none has been definitively proven to be the
most important. The liver secretes bile acids that are stored during the postab-
sorptive state in the gallbladder. The gallbladder releases these bile acids during
the absorptive state in response to fat in the diet. Bile acids are essential to the
physiological processes of emulsification and digestion of fat.

Digestion of Carbohydrates, Fats, and Proteins

Digestion begins with the sight, sound, and smell of food in preparation. Mech-
anistically, gastrointestinal activities, including digestion and secretion, can be
divided into three distinct phases: cephalic, gastric, and intestinal. The sight,
sound, and smell of food constitute sensory stimuli that activate electrical,
mechanical, and secretory events in the GI tract during the cephalic phase.
Once a meal enters either the stomach or the intestine, the second (gastric),
and third (intestinal) phases are implemented.

Because the mucosal epithelium is not prepared to absorb food materials as
they are ingested, food products must be broken down into smaller units that
can be processed by the epithelial cells. This is the function of digestion. While
some digestion begins in the mouth and stomach, the vast majority takes place
in the small intestine. For those proteins and carbohydrates that escape diges-
tion in the small intestine, colonic bacteria are able to convert them to short-
chain fatty acids. Therefore there is some but minimal digestion and absorption
in the colon.

In addition to the three phases of GI function, five options for the digestion
and absorption of a meal can be defined: (1) No digestion, such as occurs with
simple sugars like glucose. Such molecules need no further processing in order
to be absorbed, so they are ingested intact. (2) Luminal digestion of large poly-
mers to smaller monomers occurs whenever an ingested nutrient requires enzy-
matic breakdown inside the lumen of the gut. Examples include the breakdown
of proteins to their individual amino acids. (3) Brush-border digestion involves
any ingested nutrient that is acted on by enzymes that are integral components
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of the apical membranes of mucosal epithelial cells. An example would be the
enzyme sucrase that binds sucrose (table sugar) and reduces it to glucose and
fructose, its component monosaccharides. (4) Intracellular hydrolysis occurs
when di- and tripeptides, for example, are absorbed by the mucosal epithelium,
broken down to individual amino acids inside the cell, then absorbed into the
bloodstream. (5) Luminal hydrolysis followed by intracellular resynthesis is best
illustrated with dietary lipids. The main fat ingredient in our diets is triglyceride.
In the lumen of the gut, triglyceride is broken down to glycerol molecules and
free fatty acids. These are absorbed by the mucosal epithelium, then reassem-
bled in the form of intracellular chylomicrons. Chylomicrons are absorbed by
lacteals (intercellular lymphatic vessels) before they are finally delivered to the
systemic circulation.

In the processes of digestion and absorption, surface area is key. The
greater the surface area of a particular ingested macromolecule, the greater the
probability that digestive enzymes will have access to it. Similarly, in the case of
brush-border digestion, the greater the surface area of membrane-bound,
brush-border-containing enzyme, the greater the likelihood that ingested
energy substrates will make contact with the enzymes. Physiologically this is one
of the main purposes achieved by the churning, propelling, and invaginating
mechanical actions of the gut wall; they maximize the statistical probabilities
that any given food particle will come in contact with essential enzymes in the
lumen or at the surface of the mucosa. However, most mixing and churning
occurs in or near the central axis of the lumen of the gut. Thus, there is a region
a few micrometers in width and adjacent to the surface of the microvilli brush
border where mixing and churning do not take place. Physiologists call this
region the unstirred layer.

Carbohydrate Digestion and Absorption

Most dietary carbohydrates are consumed in the form of sucrose (from sugar),
lactose (from milk), and starches (from plant sources). There are many other car-
bohydrates in the diet but they are consumed to a much lesser extent. Cellulose,
or plant sugar, is also present but there are no enzymes secreted by the human
digestive tract to process it. The first enzyme that any ingested carbohydrate is
likely to meet is a-amylase—alpha amylase, previously known as ptyalin—a sali-
vary amylase or carbohydrate-digesting enzyme. It is secreted by the salivary
glands in response to dietary carbohydrate, therefore it begins to digest carbohy-
drate in the mouth and stomach. This enzyme remains active in the stomach only
until the contents are thoroughly mixed with gastric acid, which inactivates the
enzyme. There is then no further digestion of carbohydrates until the chyme
reaches the duodenum. Pancreatic a-amylase is much more active than salivary
a-amylase, and within a few minutes after arriving in the duodenum, dietary car-
bohydrate is mostly reduced by this enzyme to small glucose-containing polymers
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such as maltose, maltotriose, a-1,4 linked maltooligosaccharides, and o-limit dex-
trins (five to nine glucose units long).

Glucose is a monosaccharide, and most ingested carbohydrates must be in
the form of a monosaccharide before they can be absorbed by the small intes-
tine. A polymer of glucose is a molecule composed of many glucose monomers.
Some dietary glucose polymers consist of thousands or even millions of glucose
monomers. Other dietary carbohydrates are ingested as simple sugars. For
example, sucrose or table sugar is a disaccharide composed of one molecule of
glucose and one molecule of fructose. Fructose is a monosaccharide found in
many sweet fruits and honey. Lactose, a disaccharide, is composed of one mole-
cule of glucose and one of galactose. It is prevalent in mammalian milk and is
used to manufacture infant milk formula. Maltose is a disaccharide composed
of two glucose monomers and is the fundamental building block of glycogen, a
common animal dietary starch and the principal storage form of glucose in the
liver of mammals.

In addition to the salivary and pancreatic amylases that participate in lumi-
nal digestion, other carbohydrate-digesting enzymes are bound to the mem-
branes of mucosal cells and participate in membrane or brush-border digestion.
Thus, further digestion of disaccharides and oligosaccharides to monosaccha-
rides takes place at the brush border of the duodenal and jejunal microvilli. The
major brush-border oligosaccharidases are lactase, sucrase, isomaltase (also
called a-dextrinase), and maltase (also called glucoamylase). While these enzyme
proteins are integral parts of the mucosal epithelial cell membranes, their
active sites face the gut lumen, so they are called ectoenzymes. Their active sites
do not reside in the interior of the cell. When lactose meets lactase, lactose is
split into one monomer of glucose and another of galactose. Likewise, sucrose is
split into glucose and fructose. Thus, the final products of carbohydrate diges-
tion are all monosaccharides with glucose constituting more than 8o percent of
the final products of carbohydrate digestion and galactose and fructose less
than 10 percent each.

Protein Digestion and Absorption

Less than 20 percent of the protein content of an ingested meal is digested in
the stomach. The rest takes place in the duodenum and upper jejunum. The
parietal cells of the stomach wall secrete hydrochloric acid at a pH well below 1.
By the time this mixes with the contents of a meal and other secretory products
of the stomach, gastric pH is elevated to 2 or 3. Chief cells of the stomach wall
secrete a protease called pepsinogen. This is inactive until converted by gastric
acid to pepsin, a powerful proteolytic enzyme. The pH optimum of pepsin is less
than 5, so the gastric juices provide a nice environment for initiation of the
digestion of dietary protein. If the pH of stomach acids rises above about 5, con-
version of pepsinogen to pepsin, hence the proteolytic actions of pepsin, is
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halted. The gastric products of protein digestion are amino acids and small pep-
tides, for example, proteoses, peptones, and polypeptides. One of the proteins
that is abundant in meats is collagen. It constitutes an important part of the
tough connective tissue that binds other protein elements in meat. It must be
broken down in order for the proteolytic enzymes of the pancreas to be effec-
tive. Pepsin is one of the few naturally occurring proteases known to do this.
People who lack pepsin in the stomach have a more difficult time digesting
meat products.

Immediately upon entering the small intestine, whole proteins and the
products of gastric digestion of proteins are attacked by pancreatic proteases.
Most important among these are trypsin, chymotrypsin, carboxypeptidases (also
called carboxypolypeptidase), and elastase (known also as proelastase). These
pancreatic enzymes are all stored and secreted in the form of inactive enzymes.
This prevents the autolysis of storage vesicles and other cellular components of
the pancreas. Once inside the duodenum and jejunum and in the presence of
digested proteins, these inactive proteases come in contact with brush-border
proteases that activate them. In addition, the brush-border enzymes split par-
tially digested polypeptides into di- and tripeptides and individual amino acids,
all of which can be easily absorbed by the enterocytes of the mucosal brush bor-
der. Again, there are two sets of enzymes involved in the digestion of proteins
and protein products; luminal and membrane-bound proteins.

Fat Digestion and Absorption

Of the ingested energy substrates found in food, fats or lipids are the most com-
plex for the digestive tract to process. Most dietary lipids that humans consume
are eaten in the form of triglycerides. A triglyceride is composed of one mole-
cule of glycerol and three molecules of fatty acids attached to it: either short,
medium, or long chain fatty acids. These create challenges to the GI tract from
the moment they are ingested. Because of their low density and aqueous insol-
ubility, ingested fats and triglycerides settle at the top of the chyme and are usu-
ally the last dietary products to be emptied from the stomach.

Lipids are released into the duodenum in the form of fat globules, some
large enough to be visible to the unaided eye. Because of their density and water
insolubility, the individual fat products inside these globules are not accessible
to the lipolytic enzymes. Fat globules must be emulsified to make them avail-
able to lipases for further digestion. Emulsification is a complex chemical
process involving bile acids, geometry, and the solubilities of fat products in
water and lipid. Bile acids are produced by the liver and stored in the gallblad-
der. Basically, bile acids interpose themselves into the fat globules thereby
breaking the globules into smaller fragments. The constituents of these smaller
fragments, including cholesterol, free fatty acids, triglycerides, phospholipids,
and cholesteryl esters, are assembled with the bile acids into elements called
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micelles. The micelles act as transport vehicles to deliver the individual fat
products to the unstirred layer. The contents of the micelles of the stirred
chyme are in equilibrium with the concentrations of free fatty acids, cholesterol,
and phospholipids in the unstirred layer at the brush border. As brush-border
lipid products are absorbed and their unstirred layer concentrations decrease,
micelles release additional products to maintain the equilibrium.

During the processes of emulsification and micellar transport, bile acids are
continuously released into the duodenum. Many of these are absorbed by the
brush borders and recirculated to the liver, gallbladder, and upper GI tract to
continue participating in the processes of emulsification and fat transport. This
recycling process is called the enterohepatic recirculation of bile. The same bile
acid can be recirculated several times during the digestion of a single fatty meal.

Once the products of emulsification and lipid digestion are inside the
mucosal epithelial cells, lipid digestion continues before absorption takes place.
In the enterocytes, free cholesterol, free fatty acids, phospholipids, cholesteryl
esters, and mono-, di-, and triglycerides are reassembled into a globular product
called a chylomicron. These are too large to be released into the systemic venous
circulation via the mesenteric capillaries. Therefore, they are absorbed by
lacteals—tiny lymphatic vessels that project into each microvillus—delivered
to the general lymphatic circulatory system, and subsequently drained into the
venous side of the systemic circulatory system in the large blood vessels of
the neck. Chylomicrons are then broken down and absorbed by the liver and
other tissues of the body. Chylomicrons and their by-products are subdivided
into six classes according to their metabolism and functions in the body. These
classes are (1) chylomicrons, (2) chylomicron remnants and the lipoproteins,
(3) high-density lipoproteins (HDL, or good cholesterol), (4) intermediate-density
lipoproteins (IDL), (5) low-density lipoproteins (LDL, or bad cholesterol), and
(6) very-low-density lipoproteins (VLDL).

Health of the Oral Cavity and Vocalization

As mentioned above, the GI tract begins with the oral and nasal passages and
ends at the anus. Arguably, it is one of the most important ports of entry into
the human body. The foods we eat, the water we drink, the air we breathe, and
the pathogens these carry, can all gain access to our internal milieu through the
mouth and nose.

About three lectures before the end of spring semester in 2003, I began to
lose my voice. I assumed this was a simple case of laryngitis. I basically whis-
pered through those last three lectures and then forgot the ordeal. When the
semester ended, I called my doctor and made an appointment. We surmised sea-
sonal allergies and postnasal drip as probable causes of my weakened voice, but
the antihistamines and decongestants he prescribed had little or no effect.
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Neither did proton pump inhibitors (to check possible gastric reflux) have a
beneficial effect; moreover, they caused periodic heart palpitations, so my doctor
referred me to an ear, nose, and throat specialist (ENT) and to a gastroenterolo-
gist. Other than determining that my vocal cords had no visible tumors and that
there were no polyps in my nasal passages—by use of otolaryngoscopy by the
ENT—their treatment recommendations were of limited value. We also conside-
red speech therapy, but waiting lists in central New Jersey were one year and
growing. Friends I knew with similar voice problems found Botox injections to
be of little long-term benefit.

I scrutinized the notes I had taken in my treatment and noticed that the
ENT had written in his diagnosis voice abuse. This forced me to acknowledge
that I had a persistent habit of excessive and sometimes rigorous throat clear-
ing, especially after ingesting a meal. My habit extended as far back as I could
remember. I also began paying closer attention to my habits of vocal communi-
cation. I noticed my predisposition to excitement as I spoke of subjects of inter-
est to me. So I tried to control this. I examined my swallowing behavior and
noted its relation to timing of meals, content of meals, and to the associated
otopharyngeal secretions. These secretions seemed to be the most problematic
when I ate dairy products or products with a high sugar content late in the
evenings. I realized that I had probably been abusing my voice and vocal cords
without even knowing it.

By winter 2006 I had made improvement by treating myself, but I was still
experiencing weak vocalization, sore throats, and occasional swollen salivary
glands. In early March my primary care physician prescribed azithromycin, an
active antibiotic. Shortly thereafter, I felt some improvement. After a week or
ten days the soreness and inflammation reappeared, and my doctor prescribed
Levaquin. By early May 2006, the rawness in my throat was gone, my glands were
not swollen, and my voice seemed to be stabilizing and was stronger. I continue
to practice self-prescribed changes in vocal behavior, but the volume and strength
of my voice have not reliably returned to pre-2003 levels. I have concluded that
the changes are due, among other things, to aging, my teaching career, and
longevity of unintentional vocal abuse.

Itell the above story as a backdrop to Barrett’s disease or cancer of the upper
esophagus and throat. This is a disease that in males has been on the rise in
recent years. Nobody knows the cause, but some think it is due to gastric reflux.
Reflux of gastric acid, if untreated and prolonged, can cause damage to most soft
tissues. Moreover, despite a gastric acid pH that is incompatible with most life,
some bacteria are able to colonize the stomach and to even reproduce and
thrive there. During the postabsorptive state, stomach pH ranges from 4 to 6.
When the HCl-secreting glands are maximally stimulated, as with administra-
tion of gastrin or histamine, the pH of gastric contents can be as low as 2. Until
the mid-1980s, conventional medical wisdom held that while many bacteria can
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and do transit the stomach, none could take up permanent residence, repro-
duce, and multiply there. That long-held medical dogma has been abandoned
since the discovery of the gram-negative, rod-shaped bacterium Helicobacter
pylori in the human stomach.

The winners of the 2005 Nobel Prize in physiology, Drs. Barry Marshall and
Robin Warren, discovered Helicobacter pylori in the stomachs of patients in 1984.
Consequently, the attention of many in the fields of bacteriology, pathology,
physiology, and medicine has been redirected to the examination of the pivotal
role of H. pylori in the pathogenesis of gastritis and peptic ulcers. The notion
that a bacterial infection could set the stage for peptic ulcers, gastritis, and even
gastric carcinoma flew in the face of long-standing medical wisdom. Under
physiological conditions, there is a gelatinous mucous-like barrier that lines the
wall of the stomach and other components of the gastrointestinal tract. This
barrier prevents or minimizes the underlying epithelial secretory cells from
damage by gastric acid and other potentially harmful agents. H. pylori, by the
process of acid acclimation, is able to thrive in the stomach by buffering gastric
acid once it crosses the outer wall of the bacterium. If the bacterium resides in
the stomach or in any other upstream or downstream portion of the GI tract, it
can damage or destroy the protective barrier and thus cause gastritis, ulcers,
and even cancer.

Almost four decades ago, a physiologist named Horace Davenport proposed
a mechanism by which gastric acid, having penetrated the mucosal diffusion
barrier, can damage the gastric mucosa. The details of Davenport’s proposal have
been modified in more recent years, but the underlying basis of his proposal has
not changed. Hydrochloric acid, upon contact with the gastric mucosa, damages
endocrine-like mast cells thus causing the release of histamine and other medi-
ators of inflammation such as leukotrienes, oxidants, thromboxanes, endothe-
lins, and platelet activating factor. Collectively these compounds reduce mucosal
blood flow thereby causing ischemia. Tissue ischemia causes death of the tissue.

Health of the GI Tract and Diet

Good dietary practices and a healthy GI system are inseparable. One of the best
things to do for a healthy diet is to follow recently published nutritional guide-
lines. These include eating a variety of foods; making whole grains, particularly
wheat-based products, the foundation of your diet; and eating generous por-
tions of vegetables and fruits of a variety of kinds and colors. To the extent pos-
sible, one should replace all beverages, including soft drinks, alcohol, coffee,
and tea, with tap water. Remember all such beverages are more than 90 percent
water by weight and volume. The remaining 10 percent is mostly weight-
enhancing sugars, electrolytes and ions that are readily available in tap water,
and unidentified chemicals and toxins.
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In addition to controlling your diet, another simple procedure for monitor-
ing GI health is to take note of the frequency of bowel movements and the con-
sistency and composition of the stools. If your diet consists of whole grains,
vegetables, and fruits, supplemented with generous quantities of tap water, you
should probably have bowel movements on a daily basis. Moreover, with this
kind of diet and a well-established daily routine, then your bowel movements
will likely occur at nearly the same time every day. If you have more than one
bowel movement per day, you are quite possibly overeating. Conversely, even if
you practice a healthy diet but lack a daily routine, your inter-stool-interval (ISI) —
thatis, the hours, days, and weeks between bowel movements—will likely be irregu-
lar as well. If you are constipated or have diarrhea on a frequent basis, then you
probably lack both a healthy diet and a healthy lifestyle.

Monitoring transit time is another way of measuring the health of your GI
tract. Transit time in the gut is the amount of time—minutes, days, and hours—
it takes for a meal to pass through the GI tract, or the elapsed time from com-
pletion of a meal to elimination of the residue of that meal. The longer the
transit time, the more unhealthy the GI system is likely to be; the shorter the
transit time, the healthier it is. This is because some of the contents of each
meal get temporarily stored in the colon as bacteria and other pathogens.
The longer these pathogens remain in the colon, the more likely they are to
cause diseases there and elsewhere. A transit time of twenty-four hours or less
is optimum.

One can monitor his own transit time as follows. Without changing your
diet or lifestyle, make a record of your ISI for several days or for a week or two.
Compute the average in hours and minutes. These data will tell you what your
basal ISI is. Let’s assume that your average ISI is forty-eight hours and thirty min-
utes. Imagine that for the next four weeks as a measure to improve your GI
health, you decide to increase your consumption of insoluble fiber from fifteen
grams per day to thirty grams per day. You have chosen to do this, in part, by
eating more wheat-based food products such as raisin bran cereal for breakfast
and whole wheat bread for sandwiches. After about one month on this diet and
having changed nothing else in your lifestyle, you again make a record of your
ISI for several days or a couple weeks. You compute the average, and this time
discover that it is twenty-six hours and fifteen minutes, a substantial reduction
from forty-eight hours and thirty minutes.

If this experiment was conducted in large numbers of people and if similar
results were obtained, statistical analysis could be used to establish whether the
difference between forty-eight hours and thirty minutes and twenty-six hours
and fifteen minutes was statistically significant. If so, the investigators would
conclude that doubling one’s daily consumption of whole-grain food products
causes a significant reduction in ISI. An extension of this conclusion would be
that colonic bacteria reside in the lower GI tract for a shorter period of time and
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therefore are less likely to cause GI-related problems. That is, the health of one’s
GI tract has improved by having more whole wheat in the diet.

In order to successfully complete the experiment described above, one must
use markers to accurately determine how much time a meal spends in the GI
tract. One way of marking the stool is by eating a food product that consistently
and reliably colors the feces. There are commercially available dyes for such
purposes. These are employed by physiologists, nutritionists, and dieticians in
metabolic kitchens. Metabolic kitchens are laboratories where experimental
subjects are monitored by scientists. Such labs are not needed to complete the
simple experiment I have mentioned above. There are plenty of safe food prod-
ucts readily available in the supermarket that do not affect transit time but do
color the stool. These are too numerous to mention, but a short list includes
canned spinach, beets, black licorice, and baked brownies. The first two give the
stool a dark forest green hue. Brownies obviously color the stool brown. If you
are observant, you have noticed other foods that predictably give your stools
one or another color. To mark the stool, simply note the day, time, and color of
the latest bowel movement. Then eat a moderate quantity of black licorice, such
as one hundred grams, and note the time and day. Thereafter, observe the next
few stools and determine when the distinctive color first appears. Then data can
be collected for the experiment just described.



The Reproductive System

—Ele human reproductive system consists of internal and external organs that
help identify one’s phenotype or degree of maleness or femaleness. The repro-
ductive system is a complex organ system that begins to develop and differenti-
ate early after conception. There are both physical and physiological differences
between male and female genders. Males tend to have thick facial hair while
women tend to develop breasts. But they are only subtly different or even the
same at times in human development and maturation. For example, in the first
several weeks postfertilization, the gonads are not yet sexually determined and
can potentially develop as either male or female. There are also aspects of repro-
ductive physiology that are much more complex. Answers to questions such as
why women experience menopause midway through life while men are able to
produce sperm cells to the end of normal life have evaded scientists since the
phenomena were first discovered. While reproduction includes physiological
concepts such as fertilization, implantation, placentation, parturition, and lac-
tation, and the advanced student and clinician should be familiar with them,
only the dynamic physiology of gametogenesis will be discussed here.

Gametogenesis, Genetic, Gonadal, and Phenotypic Sex

Gametes are germ or reproductive cells. The male gamete is the sperm cell and
the female gamete is the egg or ovum. Gametogenesis is the process of differen-
tiation, development, and maturation of the germ cells. The dynamic changes
both in structure and function of the developing and differentiating gametes is
called spermatogenesis in males and oogenesis in females. The mature end
products, in males a spermatozoan and in females a graafian follicle, bear little
resemblance to their primitive progenitor cells called spermatogonia in males
and oogonia in females. Gametogenesis can be divided into the study of male
gametes (spermatogenesis) and female gametes (oogenesis).

128
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Determination and differentiation of the genders can be divided into three
components: the genetic sex (genotype), the gonadal sex (whether the indifferent
embryo develops testes or ovaries), and the phenotypic sex (the physiological/
morphological gender, or phenotype). When a sperm cell penetrates and fertil-
izes an ovum, the new cell is called a zygote. Maleness is determined by the pres-
ence of a Y chromosome from the paternal sperm cell. An X chromosome
contributed by the father will yield two X chromosomes in the zygote or a
genetic female organism. Thus, genetic sex is determined upon fertilization.

For the first several weeks postfertilization, the developing embryo is bipo-
tent, that is, it can become either female or male. Once the mechanisms that
determine which gonadal system will develop have been initiated, the gonadal sex
of the embryo is set. This happens at about five to eight weeks in the genetic male
and several weeks later in the genetic female. During puberty, properly function-
ing gonads will assist in the development of internal reproductive systems includ-
ing auxiliary organs such as the prostate gland in males and the endometrium in
females. The gonads are also critical to the development of external genitalia. The
combination of internal reproductive organs and external genitalia coupled with
body morphology set the phenotype or physiological sex of the individual.

In order for a zygote to be produced, copulation and ovulation must be
coincidental. There is a relatively narrow window of opportunity lasting approx-
imately twenty-four hours during which a viable sperm and egg must meet. Fer-
tilization of the ovum occurs in the fallopian tube or oviduct where the sperm
and egg meet during this window of opportunity. At about this time, commin-
gling of nuclear chromosomes from the sperm and the egg define the end of fer-
tilization and the beginning of embryogenesis (development and differentiation
of the embryo). The fertilization process is complex and is divided into at least
eight stages all of which must appear on time and in sequence for a viable zygote
to be produced.

None of the several million sperm that are released in the male ejaculate
are capable of fertilizing an egg as ejaculated. They must undergo further prepa-
ration inside the fallopian tube and, as they come in contact with the ovum, a
process called capacitation occurs. Under normal conditions, only one of these
cells will actually penetrate the egg even though many will reach it. This is
indeed a case where the race and prize go to the strong. It is survival and success
for the fittest. After the sperm cell penetrates and once the male and female
pronuclei (nuclear chromosomes) fuse in stage eight of the fertilization process,
a new cell called the zygote is transiently formed, the process of fertilization
comes to an end, and embryogenesis begins.

At fertilization, the sperm and egg meet, each contributing 23 chromo-
somes including one sex-determining chromosome and 22 non-sex chromo-
somes, to create the zygote. At this time only the genetic sex is determined. The
female contributes an X chromosome and the male contributes either an X or a
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Y chromosome. If the combination is XY, then the genetic sex is male. If the
combination is XX, then the genetic sex is female. This we call the genotype or
the genetic contribution to sex determination. However, the maleness or female-
ness of a developing fetus is called the phenotype, and this is importantly influ-
enced by events that take place after fertilization. The outcome of this process
used to be called the physiological or morphological sex but more recently has
become known as sexual differentiation.

During the first three days postfertilization and while still inside the fallop-
ian tube, the embryo develops to a solid mass of twelve or more cells called the
morula or conceptus. Strong contractions of the isthmus of the oviduct (the dis-
tal end near the uterus) during these three days prevent the developing embryo
from entering the uterus. This delay helps facilitate further maturation of the
uterine wall in preparation for implantation of the embryo. After the morula
moves through the isthmus and into the uterine cavity, it continues to develop
to become the blastocyst. The blastocyst is a spherical mass of cells with a fluid-
filled inner cavity. Surrounding this cavity is a layer of specialized cells which
develop to become the amniotic fluid, the yolk sac, and the fetal portion of the
placenta. On one side of the cavity is another cell mass that later becomes the
embryo proper. The blastocyst continues to float freely inside the uterus for
another three days before it attaches to the endometrium or inner lining of the
uterine wall. In other words, implantation of the human embryo takes place
approximately six or seven days after ovulation and fertilization.

In the field of reproductive physiology, the biological application of mathe-
matical combinations and permutations finds its niche. The genetic principles
of chromosomal crossover, exchange, and recombination collectively determine
the genotype and the phenotype of the resultant individual. Not only is her gen-
der determined, but also the color of her eyes, the tone of her skin, and whether
or not she will have straight or wavy or blond or brunette hair. As we reflect on
our individual character and personalities, the outcomes of another sperm fer-
tilizing the same ovum (or of the same sperm fertilizing a different ovum) in
place of our conception in the same parents is almost incomprehensible. Adults
fortunate enough to have known the members of their family for three, four, or
even five generations should be able to appreciate the contributions of genetics
and physiology to the phenotypic outcomes of their descendants.

The Sexually Indifferent Embryonic Gonad

From fertilization to about five to eight weeks postfertilization, the developing
embryo contains sexually indifferent gonads. This means the primitive, embry-
onic gonads are indistinguishable, and their genital tracts are not formed.
Between this period of indeterminate status and that of adulthood in either
gender, the processes of sexual differentiation take place. Gene complexes on
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the sex chromosomes determine whether the primary sex organs differentiate
into testes or ovaries. The Y chromosome exerts an important testis-determining
effect on the indifferent gonad.

Experimentation and clinical observation have shown that the Y chromo-
some, with few exceptions, is necessary for development of the male testes.
Thus, it was reasonable to speculate that the gene(s) responsible for organo-
genesis of the testes and ductal system was (were) located on the Y chromo-
some. It turns out that a single gene, the sex-determining region of the short
arm of the Y chromosome (SRY gene), encodes for a testis-determining factor
(TDF). This particular transcription factor belongs to the eighty-amino-acid
high-mobility group (HMG) superfamily of transcription factors (see Suggested
Reading). Together, the SRY gene and its TDF transcription factor determine the
genetic sex in the early weeks after fertilization. Later, at the onset of and dur-
ing puberty, one’s phenotypic gender will be determined. The critical preadult-
hood periods of sexual differentiation and development take place between
approximately five and eleven weeks postfertilization and again during puberty
(about eleven to fifteen years of age) in both genders, on average.

One of the primordial cell lines in the undifferentiated gonad develops into
either Sertoli cells of the male testicular seminiferous tubules or into granulosa
cells of the female ovarian follicles. These cell lines have homologous functions.
They nourish and support developing germ cells, they foster their growth and
morphogenesis, and they guide their movements into the genital ductal sys-
tems. They become the major source of estrogens, the female steroidal hor-
mones such as estradiol, which are found to a lesser extent in males. Interstitial
cells, another primordial cell line in the undifferentiated gonad, give rise to the-
cal cells of the ovary and Leydig cells of the testis. Interstitial cells function pri-
marily by secreting androgens (male steroidal hormones such as testosterone),
which are found to a lesser extent in females. Androgens are biochemical pre-
cursors to the synthesis of estrogens and are used in development of sperm and
masculine characteristics in the male and to a lesser extent in the female.

The primitive bipotential gonads are called the wolffian system in the
genetic male and the mullerian system in the genetic female. The differentia-
tion and subsequent development of one or the other depends entirely on the
presence of the Y chromosome. If the SRY gene is present in the embryo, the
wolffian reproductive system will differentiate and develop. This system secretes
a substance that causes regression of the mullerian ductal system. The substance
is variously called the mullerian-inhibiting factor (MIF), mullerian-inhibiting
substance (MIS), and/or mullerian-inhibiting hormone (MIH). Whether MIF is
under central feedback control is not known, but it is sure elevated concentra-
tions inhibit female tissues and simultaneously stimulate differentiation and
development of male tissues. In the absence of the Y chromosome and by default,
the wolffian system fails to differentiate, no MIS is produced (the mullerian



132 OUR MARVELOUS BODIES

system is not actively inhibited), and, at about eleven weeks postfertilization,
the mullerian system begins to develop.

Spermatogenesis and the Male Reproductive System

The process of spermatogenesis begins in the seminiferous tubules inside the
bilaterally located testes. The word tubule implies a structure with a wall and a
lumen something like a garden hose. A blood vessel, a fallopian tube, the small
intestine, and surgical tubing are other examples. The wall of a seminiferous
tubule is composed of Sertoli cells. The lumen contains secretory products and
mature/maturing sperm cells. The sites of differentiation and development of
male germ cells (primordial germ cells, immature spermatagonia, primary and
secondary spermatocytes, spermatids, and mature sperm cells called spermato-
zoa) are in the walls of the seminiferous tubules and the lumen.

Because of the fragility of developing spermatocytes, they are separated
from the interstitium and other extracellular spaces by a basement membrane
that is impermeable to foreign substances such as toxic drugs, viruses, bacteria,
and other pathogens. This basement membrane is composed of fibrous connec-
tive tissue, charged glycoproteins, and other macromolecules that form a blood-
testis barrier. Its function is similar to that of the so-called blood-brain barrier
of the central nervous system. Outside the wall of the seminiferous tubules are
the interstitial spaces (also called interstices or extracellular space). Here are
found the Leydig cells, the site of production and release of the male sex hor-
mones the androgens (testosterone, dihydrotestosterone, androstenedione).
Under physiological conditions, little protein is found in the interstitium, but
other elements of plasma—water and electrolytes—are in abundance.

At puberty (about thirteen to fourteen years of age in the average male)
and under the direction of the appropriate neuroendocrine signals (GnRH,
gonadotropin-releasing hormone from the hypothalamus; FSH, follicle-stimulating
hormone; and LH, leutinizing hormone from the anterior pituitary gland), sper-
matogonia begin to divide and proliferate mitotically and to differentiate beneath
the basement membrane but between adjacent Sertoli cells in the basal com-
partment of the seminiferous tubules. Spermatogonia are testicular stem cells,
and under physiological conditions there appears to be an endless supply of
them. Between the basement membrane and the lumen of the tubules, the Sertoli
cells are arranged in columns. The sequence of events in spermatogenesis starts
with (1) spermatogonia, or undifferentiated stem cells, which lead to (2) primor-
dial germ cells — (3) primary spermatocytes — (4) secondary spermatocytes —
(5) spermatids — (6) mature, fully differentiated spermatozoa (mature sperm
cells). These events take place between adjacent columns of Sertoli cells in three
distinct locations, the basal compartment, the central (adluminal) compartment,
and the tubular lumen. Separating the basal and central compartments are tight
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junctions between adjacent Sertoli cells. As spermatogonia differentiate and
mature and pass from basal to central compartments, new tight junctions form
behind and between adjacent Sertoli cells. Simultaneously, old tight junctions
break down in front of the developing spermatogonia.

Transformation of primordial germ cells to functional fully developed sper-
matozoa varies among individuals and can take from sixty-five to eighty-five
days. Each stage of spermatogenesis has a specified duration, with primary sper-
matocytes and spermatids being the longest (about twenty-three days) and sec-
ondary spermatocytes being the shortest (about one day). Germ cells must
move forward in space as they develop, that is, from basal to central to luminal
compartments, otherwise progress can be impaired. If the environment is not
favorable to development and differentiation, impaired spermatocytes degener-
ate and are eliminated by the process of programmed cell death (apoptosis).

Oogenesis, Folliculogenesis, and the Female Reproductive System

In the female, oogenesis begins in the fetal ovary. Primordial germ cells migrate
at five to six weeks after fertilization from the yolk sac of the developing embryo
to the genital ridge of the hindgut. By weeks six or seven of intrauterine life, a
total of approximately ten thousand primitive oogonia are present in the fetal
ovaries. To this point in oogenesis, no atresia (a term reserved for use in females
but that refers to apoptosis) has occurred. Because of mitosis, several hundred
thousand oogonia are present by eight weeks of gestation. The number of
female germ cells peaks at an estimated six to ten million by twenty to twenty-
four weeks postfertilization. From about eight weeks of gestation through the
remainder of the reproductive lifetime of the average woman, three concurrent
processes determine the actual number of germ cells in the ovaries: mitosis
(rate of proliferation by cell division), meiosis (nonmitotic development and
division of the maturing oogonia), and atresia (rate of programmed cell death,
about which we know very little). By birth, only one or two million primary
oocytes are present, and at menarche, the first menstrual cycle and onset of
puberty, the number has been reduced by atresia to about 400,000.

During fetal life, the outer surface of the ovary is covered by a layer of cells
called the germinal epithelium. As the female fetus develops, these primordial
stem cells differentiate from this layer of tissue and migrate into the underlying
ovarian cortex. In the latter location, each ovum is enshrouded with a coat of
cells from the stroma of the cortex (the ovarian supportive tissue). The ovum
and this single layer of granulosa cells are now called a primordial follicle. The
ovum is still sexually immature and requires two meiotic divisions before its
nuclear chromatin material will commingle with that of a sperm cell.

Folliculogenesis is another term used to denote continuation of oogenesis
and maturation of the primordial follicle. Primordial follicles begin developing
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in the female ovary at about twelve to sixteen weeks postfertilization. Develop-
ment can be divided into three stages. The first stage develops slowly and paral-
lels the genetic prophase of oocyte development. This stage lasts, under normal
circumstances, no less than thirteen years (the age of onset of puberty in an
average young woman) but can take up to fifty years (near menopause). As the
cell begins to divide meiotically, it induces a layer of spindle-shaped cells from
the ovarian stroma to completely surround it. These are precursors to granulosa
cells. The primordial oocyte, with its shroud of spindle-shaped epithelial cells,
is called the primordial follicle and averages about 25 micrometers in diameter.
At about twenty to thirty weeks of gestation, the next phase of stage one occurs
when the spindle-shaped cells become more cube-shaped to form the initial
layer of granulosa cells. When this happens, the primordial follicle is then called
the primary follicle. As the granulosa cells divide, multiple layers of granulosa
cells surround the oocyte. These cells also secrete mucopolysaccharides, which
form a protective layer around the oocyte called the zona pellucida. Granulosa
cells adjacent to the zona pellicuda send cytoplasmic projections into the zona
thus creating nutrient-supplying conduits to the developing oocyte. Hence, the
cytoplasm of the granulosa cells, like that of the seminiferous tubular Sertoli
cells in males, forms a blood-granulosa barrier through which constituents of
the blood plasma must pass before coming in contact with the developing
female germ cell. Neither the granulosa cells nor the developing oocyte have a
direct blood supply at this stage of development. Therefore, exchange of all
nutrients between the two tissues occurs solely by diffusion.

The multilayered primary follicle continues to enlarge as granulosa cells
proliferate, ultimately reaching a diameter of about 150 micrometers. By this
time, the oocyte has reached its maximal size of about 75 micrometers. A sec-
ondary follicle is developed when granulosa cells begin secreting fluid that
forms small pools between adjacent cells. Formation of this vesicular follicle
marks the end of stage one and the maximum degree of development in the pre-
pubertal ovary.

Stage two of folliculogenesis in contrast to stage one is more rapid and
requires only seventy-five to eighty-five days. It takes place after menarche. Dur-
ing each month’s menstrual cycle, a small number of secondary follicles is
recruited for further development, a process that spans two to three menstrual
cycles. The small pools of follicular fluid accumulate in a single pool called an
antrum. The fluid is known as antral or vesicular fluid, so the follicle at this time
is called an antral or vesicular follicle. Antral fluid is an aqueous medium
containing an array of dissolved solutes, for example, growth factors, proteins,
electrolytes, hormones such as FSH and LH, arginine vasopressin, and the renin-
angiotensin system of chemicals. Granulosa cells continue to proliferate, dis-
placing the oocyte into a marginal (peripheral) position and onto a stalk.
Angiogenesis (the growth of new blood vessels) gives this follicle direct access to
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TABLE 8.1

Some differences between spermotagenesis and oogenesis

1. Onset spermatogenesis occurs at puberty
oogenesis occurs during first
trimester in utero

2. Production of primordial germ spermatogonia, millions per day

cells oogonia, 8-10 million in a lifetime

3. Male reproductive lifetime puberty to senility, arguably 80-90 years
female reproductive lifetime menarche to menopause 30—35 years

4. Maturation during sperm requires oviduct and oocyte
gametogenesis ovum requires ovulation, oviduct, sperm

5. Selection process twice during folliculogenesis in females

does not exist in males

blood-borne molecules, gases, and nutrients. The entire process of stage two
leads to the creation of the mature antral or vesicular follicle.

Stage three is the shortest and fastest of the three stages of folliculogenesis.
About one week after the start of menses, a second selection process occurs.
One of a cohort of about fifteen to thirty secondary follicles that had been
selected to become antral follicles is selected from among its peer follicles to
become the dominant follicle. This process occurs monthly and only in one
ovary. The volume of antral fluid in the dominant follicle is markedly increased,
but intrafollicular pressure remains relatively constant at about 15 to 20 mmHg,.
This follicle achieves dimensions of two centimeters in diameter about two
weeks before ovulation. At the time of ovulation, the follicle merges with the
wall of the ovary, and the two undergo temporary proteolysis to facilitate release
of the follicle. The follicle is gently released into the peritoneal cavity during
ovulation, and the first meiotic division, which was suspended in utero, is com-
pleted. The end products of this period of meiosis are the secondary oocyte
(which has been drawn into the fallopian tube for fertilization) and the first
polar body (the other decomposed daughter cell that will be discarded). In the
fallopian tube, fertilization by a sperm cell induces a second meiotic division in
the oocyte yielding a reduced number of chromosomes (twenty-three, the hap-
loid number) and another discarded tissue, the second polar body. Ovulation
marks the termination of folliculogenesis.

I have summarized some of the fascinating differences between spermato-
genesis and oogenesis in table 8.1. These will serve as a springboard from which
the interested student can seek more information.

In most people, genetic, gonadal, and phenotypic gender are consistent with
male and female designations. However, in some individuals, deviations and
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TABLE 8.2
Examples of disorders in genotypes and phenotypes in humans

Name of disorder Basic problems

True hermaphrodites possess both male and female sex organs;
no Y chromosome, 46 XX
chromosomes

Pseudohermaphrodites one type of gonad with morphology of

both sexes, transfer of SRY gene to
X chromosome

Mixed gonadal dysgenesis possess testis plus streak ovary, no

Y chromosome, 45 XO chromosomes
Pure gonadal dysgenesis streak gonads but no body features of XO
Congenital adrenal hyperplasia abnormal genitalia in genotypic females

due to adrenal dysfunction

Impaired androgen actions enzyme deficiencies, failed responses of
target tissues to androgens

disease states, though uncommon, can interfere with the above processes. This
chapter is not intended to include a taxonomy of reproductive disorders, nor is
the beginning student prepared to learn these. However, for the interested stu-
dent and practitioner, I have included a sample of several conditions in table 8.2.
For more detailed information, see the suggested reading at the end of the book.

Sexually Transmitted Diseases (STDs), Sexual Behavior, and Infertility

Many surveys in the United States suggest that more than three-quarters of
teenagers and young adults are sexually active. Among these populations and
especially on college and university campuses, there is an alarming incidence of
STDs. One study reported by the Albert Einstein College of Medicine found that
among 608 young women between the ages of seventeen and twenty-three, the
cumulative thirty-six-month incidence of vaginal human papilloma virus (HPV)
was 43 percent (see Suggested Reading). During the entire course of the three-
year study, as many as 60 percent of the participants were found to have HPV.
Among sociocultural and socioeconomic factors that seemed to influence the
risk of HPV infection were (1) younger age, (2) increased frequency of sexual
activity, (3) increased number of sex partners, (4) sex partners who were not
attending college, (5) increased frequency of the consumption of alcohol,
(6) minority ethnicity, and (7) engagement in anal sex. The incidence of cervical
cancer in women of child-bearing ages thirty to forty years who have had HPV
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and other STDs in their adolescence and young adulthood is increased relative
to those who were free of these diseases. Having cervical cancer reduces the
likelihood that a woman will be able to conceive normally.

In late 2006 and early 2007, a vaccine against HPV was developed by Merck.
A national debate began to determine whether or not all young women before
reaching the age of puberty should be vaccinated. The governor of Texas made
national news in February 2007 by declaring mandatory vaccination of young
women in that state. His move was even more controversial, in part, because he
apparently bypassed both the Texas state legislature and the public before sign-
ing the mandate.

By any definition of good health, a woman who is infected with vaginal HPV
does not have a healthy reproductive system. Some of the questions any woman
should ask herself at an early age are (1) Do I want to maintain a healthy repro-
ductive system? (2) Would I like to minimize the chances of cervical cancer?
(3) Would I like to increase the chances of giving birth to healthy children? If
the answers to these and related questions are yes, then a choice must be made.
If the young woman chooses to have nonmonogamous sexual relations, then
she runs an increased risk of contracting HPV and other STDs. If she wishes at
all costs to avoid these diseases, then she must choose to not engage in
nonmonogamous sexual activities.

Young men are not freed of the responsibility of asking themselves similarly
challenging questions. Perhaps as a young man, your goal is to marry a woman
who has never had an STD. If that is the case, you might ask yourself, What is my
role in helping to minimize the chances of young women contracting STDs? Am
I willing to reduce their risks by controlling myself and reserving sexual activi-
ties for marriage?

Male fertility, at least in industrialized nations, is on the decline, and no one
knows the cause. There are several ways to quantify male fertility, and the most
reliable measure is the number of mature spermatozoa produced per gram of tes-
ticular tissue per day. In twenty-year-old men, this rate is approximately 6.5 mil-
lion; if the average twenty-year-old has ten grams of testicular tissue in each testis,
then each day he will produce about 130 million spermatozoa (see Suggested Read-
ing). There is a decline in this rate with age so that it drops to about half that num-
ber in older men ages fifty to ninety. Another measure of male reproductive
fertility is the number of sperm cells per milliliter of ejaculate, and there is grow-
ing concern that this number has been on the decline in recent decades as well.
Reproductive biologists who have compared male fertility in the past decade with
data gathered about forty years ago have reported an approximately 30 percent
reduction. Findings are similar in North America and Western Europe.



The Immune System

Our bodies are continuously bombarded by a variety of infectious pathogens
including but not limited to bacteria, fungi, molds, parasites, spores, and
viruses. Many of these circulate in the atmosphere as airborne matter. Their
concentrations and varieties can vary regionally in any country or clime. But
they are also normal inhabitants of the skin, the mouth, the respiratory pas-
sages, the GI tract, the urinary tract, and the lining membranes of the eyes. They
regularly compromise physiological functions of the cells, tissues, and organs,
but when invading deeper body tissues en masse they can and do cause serious
pathological conditions including morbidity and mortality.

Our body’s main defenses against pathogens are circulating white blood
cells (leukocytes, also called WBCs) and residential tissue cells that are derived
from WBCs such as tissue macrophages. These systems work in coordination by
ingesting and destroying foreign materials through phagocytosis and by creat-
ing antibodies and sensitized lymphocytes that can either inactivate or destroy
the invaders.

Cellular Defenses

Immune implies to defend against infection either by specific or nonspecific
mechanisms. The word also has general reference to the immune system or to
an immune response. One can refer to any good medical dictionary or textbook
of immunology and find tables of immunodeficient disorders, diseases, and syn-
dromes. Additionally, the molecular names and structures of the various
immunoglubulins in our blood can be found in such books.

Leukocytes are the body’s mobile units of defense. They are formed in the
bone marrow but also in the lymphatic system. This is one of the needs for
healthy bone marrow and healthy lymphatics. The two leukocyte-forming tissues
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are referred to as myeloid (originating in the marrow) and lymphoid (originating
in the lymphatics). There are five or six classes of WBCs. Some are characterized
by the number of nuclei in the cell, the structure of the nuclei (single-lobed
nuclei versus polylobulated nuclei), and their staining qualities (basic, acidic, or
neutral). Three classes of polymorphonuclear leukocytes have been described:
basophils, eosinophils, and neutrophils. Polymorphonuclear means there are many
nuclei of differing shapes. The prefixes baso-, eosino-, and neutro- refer to the
colors of the granular, cytosolic elements when they are exposed to different
stains. The fourth and fifth classes of WBCs are monocytes and lymphocytes.
A sixth class, the plasma cells, is less common. Quantitatively, neutrophils are the
most abundant. They constitute about 60 percent of all WBCs and are followed,
quantitatively, by lymphocytes (about 30 percent), monocytes (about 5 percent),
and the others.

Because of their prevalence and from this point forward when referring to
granulocytes, I will be considering only neutrophils. Granulocytes are so named
because their cytosol contains secretory granules. Once released from the bone
marrow into the systemic circulation, granulocytes remain in the vascular com-
partment for only a few hours. Thereafter and by the process of diapedesis, granu-
locytes leave the circulation and take up residency in the tissue spaces where they
reside for a few days. In times of serious infection, this life cycle is reduced consid-
erably because the granulocytes move rapidly to the site of infection, perform
their defensive functions, and are themselves destroyed in the process. Monocytes
spend about twice as much time as granulocytes in the circulatory system before
they escape into the interstitial spaces. Once outside the vascular compartment,
monocytes enlarge considerably to become tissue macrophages. Macrophages can
reside in the tissues for weeks or even months unless they are consumed in phago-
cytic activity shortly after leaving the circulation. The system of monocytes and
macrophages has been referred to as the monocyte-macrophage system, the tis-
sue-macrophage system, and the reticuloendothelial system (RES). The last phrase
is more entrenched in the medical literature and therefore is more commonly
used in general.

Lymphocytes originate in the lymph nodes and other tissues of the lym-
phatic system. They are released along with other lymphatic products into the
systemic circulatory system at selected sites such as the subclavian veins of the
neck. After a few hours and when they have performed their phagocytic func-
tions in the blood stream, they leave by diapedesis and enter the tissue spaces.
Subsequently, they reenter the lymphatic system and are again discharged into
the systemic venous system. Thus, lymphocytes get recycled and are therefore
able to perform their defensive actions several times during their life cycles of a
few weeks to several months.

Neutrophils and macrophages are among the main combatants of our
immune systems. Neutrophils are mature cells that are able to attack and
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TABLE 9.1

Cells of the immune system

Cell type Functions Characteristics
Erythrocytes transport respiratory gases anucleate, biconcave,
discoid, hemoglobin
Granulocytes phagocytosis, inflammation  enzymatic granules,
extravascular mobility
Platelets hemostasis (blood clotting)  small, anucleate, adherence,
aggregation
B-lymphocytes  produce antibodies in blood, lymph, lymph
nodes, tissues
T-lymphocytes  tissue immunity in blood, lymph, lymph
nodes, tissues
Monocytes tissue immunity circulate then move into
tissues
Macrophages phagocytosis released as monocytes,
reside in tissues as
macrophages

destroy bacteria and other pathogens once they get into the systemic circulation.
However, macrophages begin their combat careers as circulating monocytes.
They are immature in the monocyte state and are therefore not prepared to
fight infection. Once they enter the tissue spaces, their morphology and physi-
ology begins to change, making them more prepared for combat. In the tissue
spaces, they immediately begin to enlarge, oftentimes reaching dimensions that
are five to ten times their immature size: they reach external diameters of sixty
to eighty micrometers as compared to five to fifteen micrometers as monocytes.
After achieving the stature of combat soldiers, the former monocytes become
extremely potent defenders of the interstitial spaces. Table 9.1 summarizes
some of the cells that are involved in the mammalian immune system.

Chemotaxis, Margination, Diapedesis, and Phagocytosis

When injured and inflamed by pathogens, the body’s tissues and cells know how
to signal for help. Their SOS messages come in the form of multiple chemicals
called chemoattractants that are released by the cells. Chemoattractants are most
concentrated in the immediate area of release, but by principles of diffusion they
can spread to considerable distances from the local site of injury. The process by
which they signal for help from macrophages and circulating neutrophils is
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called chemotaxis. When a tissue becomes inflamed, dozens if not hundreds of
products are released by the injured cells as well as by the offending pathogens.
The released factors, chemical signals, and agents include pathogenic toxins
released by bacteria and viruses, decomposition products of the injured cells
themselves, reaction products of the complement complex (see below), and
other substances. Chemoattractants can diffuse to distances of too micrometers
from the site of injury and inflammation. Since under normal conditions no
cells in the body are more than about 50 micrometers from the nearest capil-
laries, chemotaxis is an extremely effective mechanism for sending messages to
nearby macrophages as well as to circulating neutrophils.

As the chemoattractants reach adjacent capillaries, circulating neutrophils
are drawn from the central axis of the bloodstream to the inside perimeters of the
vessel walls in a process called margination. This enhances the approximation of
neutrophils, capillary endothelium, and chemical signals. Because the velocity of
blood flow is slowest near the capillary wall compared to the central axis, forward
movement of neutrophils is reduced considerably as they approach the wall.
Once the cells come in contact with the vascular endothelium, they begin tum-
bling slowly along the wall until they come to a complete stop. After their forward
movement is arrested, they are able to establish contact with chemoattractants.
Chemoattractants and other products of tissue injury increase permeability of the
capillary wall by increasing the distance between adjacent endothelial cells. This
enables neutrophils, by the process of diapedesis, to move through the gaps and
into the interstitial spaces. The process is analogous to the movements of an
amoeba. Cytoplasmic extrusions are passed into pseudopodia (false footlike pro-
jections) that have much narrower external diameters than the body of the cell.
When the first pseudopodium has slipped through the inter-endothelial gap,
more cytoplasm is extruded into the extravascular component of the neutrophil.
Sometimes using multiple pseudopodia, this mechanism continues until the
entire cell has passed to the interstitial side of the capillary wall.

Upon approaching an object to be phagocytized, the neutrophil or
macrophage first attaches itself to the pathogen. It then distributes pseudopodia
around the entire object, and these meet and fuse on opposite sides. This process
draws the foreign matter, in an encapsulated form, to the interior of the neu-
trophil. The encapsulated object is called a phagocytic vesicle or phagosome.
Neutrophils are generally able to destroy only a few pathogens, five or ten, by this
process. Macrophages, on the other hand, are larger and much more powerful
phagocytes. Individually they are able to destroy up to 100 or more pathogens by
these phagocytic mechanisms. In addition, because of their size macrophages are
able to engulf whole red blood cells and even malarial parasites, whereas neu-
trophils cannot engulf particles much larger than small bacteria. In both cases,
once the immune cells have destroyed several invaders, they wear out and must
be phagocytized themselves.
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When the phagocytic vesicle is inside the macrophage, the wall of the vesi-
cle comes in contact with lysosomes and other cytoplasmic granules. Mem-
branes fuse, and digestive enzymes, bactericidal agents, and strong oxidants are
released from the lysosomes into the phagocytic vesicle. The phagocytic vesicle
now becomes a digestive vesicle. Proteolytic enzymes and lipases are part of this
arsenal and are needed to digest protein and lipid components of the mem-
branes of the pathogens. Oxidizing agents are among the most effective bacteri-
cidal weapons of granulocytes and macrophages. They include superoxide
anion, hydrogen peroxide, hydroxyl radicals, and peroxynitrite. Few pathogens
are able to survive the lethal effects of these chemicals.

Ports of Entry for Pathogens and the
Reticuloendothelial System (RES)

Some of the monocytes that leave circulation and reside in the interstitial spaces
remain mobile and free to move about. Others become attached to the tissues and
remain fixed in this position for months or even years. As already mentioned, the
monocyte-macrophage system is widely distributed throughout the tissues and
organs of the human body. The total combination of monocytes, free-ranging and
fixed macrophages, and specialized endothelial cells in the bone marrow, spleen,
and lymph nodes is called the reticuloendothelial system. One would expect this
system to be most abundantly developed at sites where pathogens are expected to
enter the body. This is not to say that the system is not found elsewhere. Both the
systemic and lymphatic circulatory systems are widely distributed to the cells, tis-
sues, and organs, and infection often spreads through these circulatory systems.
But by identifying ports of entry from the external environment, one can more eas-
ily understand the natural defenses that help protect the internal milieu. Gener-
ally speaking, the skin is a shield against invasion by foreign bodies; under normal
circumstances it is impregnable to them. However, this is not true of the compro-
mised skin, that is, an area with an open sore or laceration.

At a family picnic in Utah one summer, my brother killed a large western
diamondback rattlesnake. One nephew asked if he could have the rattles and my
son wanted to keep the skin to show his friends in New Jersey. I carefully
removed the rattles and skinned the snake. To do this I turned the rattler on its
back, stretched it out, then made a midline incision from tail to head. I used my
forefingers and thumbs to gently separate the skin from the underlying subcu-
taneous tissue and muscle. It took thirty or forty-five minutes to remove and
treat the skin for preservation.

Skinning that snake took place about 5 p.M., I washed my hands thoroughly
but noticed the next morning that my right thumb was swollen, reddened, and
very tender. The inflammation—edema—was on the medial surface adjacent to
my right index finger where the thumb’s soft tissue joins the lateral margin of
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the thumbnail. The cardinal signs of infection—calor (heat), dolar (pain), rubor
(redness), and tumor (inflammation and swelling)—intensified for the next
couple days. I applied topical antibiotic to little effect, and I determined to go to
the emergency room if I saw no improvement by the next day. The following
morning the soreness and inflammation had begun to subside, but it took sev-
eral weeks for my thumb to return to normal. Obviously some pathogens had
been able to penetrate the skin of my thumb or to enter through an unnoticed
wound. Fortunately for me, my immune system was up to the task of destroying
and eliminating the pathogens.

Infections in subcutaneous tissues are generally confined to local regions and
are defeated by local macrophages and neutrophils. If the foreign matter escapes
destruction locally, it usually does not enter the systemic circulatory system
directly. Rather it passes through local lymphatic capillaries and then makes its
way to the systemic circulation. This is because lymph flow is unidirectional. On
their way through the lymph system, pathogens will come in contact with lymph
nodes that are interspersed at regular intervals. These are armed with resident
macrophages and lymphocytes that are ready to do combat with the pathogens.
Swelling of lymph nodes is one way of detecting systemic infection of the body.

Another port of entry is the respiratory system. Pathogens can enter the res-
piratory system piggybacked on particulate matter that we routinely inhale. In
heavily wooded areas of the country with dense human populations such as Boston
to Washington, D.C., the period of mid-April to early June can be especially prob-
lematic for the respiratory and immune systems. During this season, trees, bushes,
and grasses are beginning to bloom. The increasing concentrations of atmospheric
pollen, spores, and molds are vehicles for the transportation of airborne pathogens
to human respiratory systems. For asthmatics and other sufferers of allergies, this
is a challenging time of the year. The respiratory component of the body’s RES
must be particularly healthy. Macrophages are found mainly in the walls of the
alveoli within the respiratory zone of the lungs. However, they are also present in
the conducting zone and the upper respiratory system. As long as the respiratory
immune system is in good health, airborne pathogens are of less concern.

The gastrointestinal system is another favorite port of entry for pathogens.
The food we consume is one of the main carriers of bacteria and other pathogens.
Our mouths and oral cavities always contain multiple strains of well-distributed
bacteria including pneumococcal, spirochetal, and streptococcal colonies.
These pathogens are also present to a lesser degree in the entire respiratory and
gastrointestinal tracts. Sore throats can result from viral infection, bacterial
infection, allergies and postnasal drip, and airborne pollutants such as cigarette
smoke, chemical fumes, and dusts. More than 90 percent of sore throats are
caused by cold and flu viruses, adenoviruses, coxsackie viruses (childhood sum-
mer sore throats), and Epstein-Barr viruses. Only 5 to 10 percent are caused by
bacteria such as streptococcus and gonococcus.
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On occasion people complain of biting their cheeks, lips, and tongues dur-
ing mealtime. Cankers are prone to appear in or near these wounds, especially
when the food has ingredients containing acids, such as walnuts. Any lesion
invites invasion and infection by residential bacteria. When these accidents
happen or when cankers appear, it is a good practice to rinse the mouth and
throat with warm salt water immediately after the meal. One should then brush
and floss and rinse and gargle with hydrogen peroxide (1—3 percent solution).

I have found that the following minimizes my suffering and discomfort from
sore throats, cankers, and accidental biting of my tongue and cheeks. When the
first signs of soreness or injury appear, I avoid eating foods with high fat or sugar
content for several hours before bedtime. This reduces late evening to early
morning secretions of mucus, helping me to breathe more freely and swallow less
frequently during the night. Secondly, I gargle with hydrogen peroxide, then
immediately before bedtime I rinse my mouth and gargle with saltwater as warm
as I can stand it. I make a solution that is two to three times the physiological
salinity of extracellular fluids.” The saltwater gargling reduces inflammation and
relieves soreness, especially for the early minutes and hours of sleep.

By coating the throat with a solution that has higher salinity than that of the
adjacent inflamed cells, the salt solution draws water out of these cells, thus
reducing the inflammation. This is part of the homeostasis of water and elec-
trolyte balance discussed in chapter 1. As the osmolarity of extracellular fluids in
the inflamed tissues increases, water flows osmotically from cells to the intersti-
tium. Excess water is removed by the circulation. During the time of increased
extracellular osmolarity and loss of intracellular water, inflammation decreases.
Any net loss of water or net gain of osmolarity will be compensated as homeosta-
tic mechanisms reequilibrate the inter-compartmental distributions of both.
These practices help to keep my oral cavity and throat in better repair.

As the food and pathogens we ingest get digested and absorbed, they pass
through the liver before reaching the general systemic circulation. They do this
through the hepatic-portal circulatory system. Hepatic-portal blood is so named
because it originates in the gastrointestinal system (and related visceral organs)
and enters the liver as splanchnic venous blood flow. The liver is an effective fil-
tering station. It contains sinusoids that are lined by macrophages called Kupffer
cells. The Kupffer cells are so effective at phagocytizing bacteria that many
pathogens are destroyed within milliseconds of coming in contact with them. In
addition to the immune functions of Kupffer cells, the liver is the site of synthesis
of gamma globulins (the antibodies). Antibodies are also known as immunoglob-
ulins (abbreviated Ig). There are five classes: IgA, IgD, IgE, IgG, and IgM.

The immunoglobulins constitute about 20 percent of the circulating plasma
proteins. The colloidal properties of plasma are commonly characterized by
computing an albumin to globulin ratio (A/G ratio). Globulin refers to the
immunoglobulins. These antibodies are large proteins having molecular weights
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ranging from a low of about 150,000 up to 1 million daltons. They are composed
of light and heavy polypeptide chains each of which has a variable and a constant
element. The variable element is capable of attaching to specific antigens. The
constant element determines other biological properties such as ease of diffu-
sion, specific sites of attachment within the interstitial spaces, and interactions
with the complement system. Quantitatively IgG constitutes about 75 percent of
all circulating immunoglobulins and is therefore the main antibody.

Antibodies act in two ways, directly and indirectly. Directly they attach to
and destroy foreign invaders. Indirectly they activate the body’s complement
system, which has at its disposal multiple mechanisms of attack. The key com-
ponents in this system are a group of proteins designated C1 through C9, B, and D.
After binding to an antigen, a certain portion of an antibody’s constant domain
becomes activated. This allows it to bind to the C1 component of the comple-
ment system. A cascade of enzymatic actions is then mobilized, and cellular
events that include the following take place: (1) opsonization and phagocytosis,
or the uptake of the antigen and antibody complex by activated neutrophils and
macrophages, (2) lysis, that is, the disruption of the invading pathogens’ mem-
branes, (3) agglutination, or changes in the surface properties of the antigens
that cause them to adhere to one another thus minimizing the spread of indi-
viduals, (4) neutralization, or rendering invading viruses and bacteria nonviru-
lent, (5) chemotaxis, or attraction of large numbers of neutrophils and
macrophages to the site of invasion, (6) activation of mast cells that release his-
tamine and other factors to increase capillary permeability and augment local
blood flow, and (7) inflammation and walling off, that is, the prevention of dif-
fusion of toxins to locations beyond the site of invasion.

Immunity, Regenerative Medicine, and Stem Cells

One’s immune responses have a genetic component but are also highly individ-
ualized. The prediction is that by the year 2017, treatment of diseases will be tai-
lored to the individual and not to the masses. This means that two people
suffering from the same ailment could have markedly individualized treatments
beyond the next decade or so. One of the areas of inquiry that leads to such
claims is stem cell research.

Despite major differences in the structure and function of cells circulating
in the blood and in their longevity inside the vascular compartment, all circu-
lating blood cells derive from pluripotent hematopoietic stem cells (heman-
gioblasts, see figure 9.1). Pluripotent refers to the ability of hemangioblasts,
which are the progenitors of blood cells and vascular endothelial cells (those that
make new blood vessels in the process called angiogenesis), to give rise to many
different cell lines. Hematopoiesis means blood forming; angiogenesis means blood
vessel forming. Important physiological characteristics of hematopoiesis and
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FIGURE 9.1 The processes involved in hemangiopoiesis (formation of new blood
cells and new blood vessels from stem cells, hemangioblasts). Note that stem cells
can develop into progenitor cells that become definitive cell types (T-lymphocytes,
monocytes), or can rejoin the pool of undifferentiated hemangioblasts.

angiogenesis, therefore of hemangioblasts, are self-renewal, proliferation, and
differentiation of downstream progeny that lead to production of mature blood
cells and new blood vessels.

Prior to the late 1990s, there was little public awareness of stem cells and
stem cell research. However, by the end of 2006 reports of finding new stem cells
were almost a monthly occurrence. For example, the November 24, 2006, issue of
Science carried a summary report of two independent groups who simultaneously
identified the same stage embryonic mouse stem cells earlier that year. Before
these cells differentiate into either cardiac myocytes or vascular smooth muscle
cells, they progress through an intermediate stage called “triple positive cells.”
This means that at that stage of development, the embryonic cells express three
specific genes as markers of cellular development. Similar cells were found by
both groups in mouse embryos at precisely day eight of in utero development.

In figure 9.1, a daughter cell, one that arose from a hematopoietic stem cell,
has begun to differentiate. Because it can no longer duplicate itself, it is called a
committed progenitor cell. Only a few of the many stages of its differentiation
are illustrated in figure 9.1. In reality, there is a continuum of differentiation
with multiple divisions between each of the adjacent stages. In the differentia-
tion scheme that is illustrated, a few stem cells give rise through successive divi-
sions to increasingly large numbers of daughter cells. Each successive stage has
less opportunity for differentiation and is therefore more restricted in potential
than the preceding stage. The pluripotent hematopoietic stem cell is elusive. No
pure samples have been harvested to date.
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The field holds the promise of regenerative medicine, that administration
of stem cells to damaged tissues can lead to their replacement with healthy
cells. Already, both experimentally induced and naturally occurring heart
attacks (myocardial infarctions, or MI) in both animals and humans have been
treated with stem cells. Replacement of necrotic myocardial tissue with regen-
erated tissue has been reported with varying degrees of success. This work is
progressing, and scientists and clinicians hope that all disease—cancers and
diabetes as well as cardiovascular ones—will be treatable using stem cells. To
this end, several states have announced stem cell research initiatives.

Myocardial infarction is a complex disease state that involves more than
the immune system. Both reversible and irreversible heart damage can be
caused simply by occluding blood flow to the myocardium. If blood flow is
occluded for a few minutes and then restored, myocardial function during the
postocclusion reperfusion state can be compromised and not restored fully for
the next twenty-four to forty-eight hours. The impeded recovery is called
myocardial stunning. If blood flow is deprived for nearly an hour instead of a few
minutes, some of the cardiac muscle cells become apoptotic and others necrotic
(this ischemic damage is discussed further below). When blood supply is dis-
rupted for more than forty-five to sixty minutes and then restored, damage in
addition to that caused by cessation of blood flow is superimposed on the
ischemic damage. This is called reperfusion injury (also discussed below). Thus,
during a heart attack, tissue damage can be caused by the disruption of blood
flow, by the restoration of blood flow, and by a combination of the two.

The immune event that occurs during myocardial ischemia is the activation
of an immunologically important chemical system called complement. Comple-
ment and reactive oxygen species (ROS) activate a downstream cascade involving
release of tumor necrosis factor (TNF-o), which in turn activates cellular cytokines.
Individually and collectively, these tissue factors do damage to subcellular and
cellular organelles and thus to tissues, whole organs, and organ systems. (In all
physiological states, some agents get down-regulated while others are up-regulated.
For example, down-regulating angiogenic growth factors and simultaneously
up-regulating anti-angiogenic factors can lead to reductions in the size of a solid
tumor.) Beyond ischemic injury is the damage caused during reperfusion. Reper-
fusion leads to inflammation, and inflammation involves release of more damag-
ing cytokines and chemokines. Inflammation also disrupts the homeostasis of
important Starling forces in the microcirculation.

Ernest Starling (1866-1927) was a British physiologist whose interests included
the mammalian microcirculation. Starling identified four variables inside and out-
side of capillaries that influence homeostasis of blood volume. The four variables are
capillary hydrostatic pressure and capillary oncotic pressure (also called plasma
oncotic pressure, plasma protein oncotic pressure, protein oncotic pressure, or
colloid osmotic pressure) and their corresponding extravascular counterparts,
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interstitial hydrostatic pressure and interstitial colloid osmotic pressure. These
four variables are the direct determinants of intravascular blood volume and of
extravascular interstitial volume. They are affected by two indirect determinants,
pre- and postcapillary resistance. When the steady state of these variables is dis-
rupted, edema and inflammation occur. Therefore, inflammation is a circulatory
problem, and all stimuli and stressors must operate through the microcirculation
in order to cause inflammation. This includes the activities of cellular and molec-
ular signals and factors that continue to be identified.

Imagine you are outside painting the trim on your shed, working in the gar-
den, or participating in a family picnic. You unsuspectingly disturb a hornet’s
nest and get stung on the wrist. Prior to the accident, microcirculation, Starling
forces, and the turnover of cellular cytokines and immunoglobulins in the skin
and subcutaneous tissues of your wrist were in their physiological steady states.
However, the hornet’s injectate contains proteins and other products—perhaps
plant antigens—that are foreign to the tissues of your body. Within minutes of the
sting and beginning at the site of injection, you note the classic signs of infection
and inflammation: calor, dolar, rubor, and tumor. These symptoms and the sub-
sequent swelling of the entire forearm during the next several hours and days are
consequences of the foreign injectate activating the tissue’s immune system and
disrupting Starling forces and microcirculatory homeostasis.

When tissue injury occurs, regardless of the cause, multiple chemicals and
molecules are released by the injured tissues (table 9.2). These cause marked
changes not only in the injured tissues but in the surrounding uninjured tissues
as well. Many changes that occur subsequent to the initial injury contribute to
inflammation. Inflammation is characterized by local vasodilation, increased
blood flow, increased capillary permeability, and loss of potentially large vol-
umes of fluid from the intra- to the extravascular spaces. Exudation of plasma
proteins including fibrinogen from the vascular to the extravascular spaces also
occurs. Exudation can lead to clotting of interstitial fluid and migration of
monocytes and neutrophils into the tissue spaces. Some of the cellular chemi-
cals that cause the above responses include histamine, bradykinin, serotonin,
prostaglandins, and products of the complement and blood clotting systems.
Several dozen additional factors have been identified by cellular and molecular
biologists. While a comprehensive list is beyond the scope of this book, table 9.2
presents a partial alphabetical list. All such factors are potential targets for
future treatment of tissue damage and inflammation.

Within minutes after inflammation begins, macrophages, already present
in the tissues, begin their phagocytic function. In response to infectious signals
and inflammation, these cells hypertrophy and become mobile. While their
numbers might not be large, this first line of defense is often lifesaving. In the
next hour or so, large numbers of circulating neutrophils begin to concentrate
in the injured area. Products released from the inflamed tissues change the



TABLE 9.2

Some of the factors involved in tissue injury
and inflammatory responses

Acronym Term (phrase)

a-SMAC a-smooth muscle action

bFGF basic fibroblast growth factor

CSIF cytokine synthesis inhibiting factor
DCHF dichlorofluorescein

ICAM-1 intercellular adhesion molecule-1

IL interleukin

1P-10 interferon-v-inducible protein-10
LFA-1 leukocyte function antigen-1

LPS lipopolysaccharide

LTB-4 leukotriene B4

LTC-4 leukotriene C4

MCP-1 monocyte chemoattractant protein-1
M-CSF macrophage-colony stimulating factor
MMP matrix metalloproteinase

NADP nicotineamide-adenine dinucleotide phosphate
NF-k3 nuclear factor-x3

PAF platelet activating factor

PAF-AH platelet activating factor-acetylhydrolase
PDGF platelet-derived growth factor

PSGL-1 P-selectin glycoprotein ligand-1

ROS reactive oxygen species

SCF stem cell factor

sCR1 soluble complement receptor type I
Smemb embryonic smooth muscle myosin
SOD superoxide dismutase

TIMP-1 tissue inhibitor of metalloproteinases-1
TGF-3 transforming growth factor-3

TNF-a tumor necrosis factor-a

TNFR tumor necrosis factor receptor

u-PA urokinase type plasminogen activator
VEGF vascular endothelial growth factor

VLA-5 very late antigen-5
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luminal surface of capillary endothelial cells, causing the neutrophils to adhere
to them as part of the process of margination. Secondly, similar locally released
factors cause the intercellular attachments between adjacent endothelial cells
of capillaries and postcapillary venules to loosen. This causes openings large
enough for neutrophils to pass through by the processes of extravasation and
diapedesis. The third line of defense is the chemical attraction of newly arrived
interstitial neutrophils to the actual site of tissue injury.

Because circulating neutrophils have already reached their maturity within
the vascular compartment, they are immediately able to go to work killing
pathogens and scavenging other foreign products that have invaded the tissue
spaces. While the need exists, the number of circulating neutrophils can
increase from the physiologically normal 3,000 to 5,000 cells per microliter of
whole blood to 15,000 to 25,000 per microliter, a hyperplastic process known as
neutrophilia. Although several dozen factors have been implicated in the con-
trol of the macrophage and neutrophil response to inflammation and injury,
five are believed to play dominant roles (see table 9.2). They are TNF-q, inter-
leukin-1, and colony-stimulating factors such as granulocyte-monocyte colony-
stimulating factor (GM-CSF), monocyte colony-stimulating factor (M-CSF), and
granulocyte colony-stimulating factor (G-CSF). All are produced and released by
activated macrophages in the injured tissues.
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Muscle Function

Muscle Diversification

In chapter 1, I described the relationship between structure and function using
two examples, muscles and kidneys, to illustrate. Structurally, muscle can be
broadly classified as either striated or nonstriated. The two kinds of striated
muscle are skeletal and cardiac. Nonstriated muscle is further characterized as
visceral smooth muscle or vascular smooth muscle. Smooth muscle does not con-
tain well-defined striations and is most commonly found in hollow tubular struc-
tures such as blood vessels, gut walls, and fallopian tubes. As well as the above
distinctions, scientists classify different muscle types according to both physio-
logical function and metabolic pathways for energy production and consumption.

Some skeletal muscles do not need to contract rapidly, but they do need to
resist fatigue and to maintain tension for long periods of time. An example of
this kind of muscle is the soleus of the lower leg. On the other hand, some
muscles need to contract rapidly but at infrequent intervals. Examples of these
kinds of muscle include the extraocular muscles of the eye and the extensor dig-
itorum longus of the wrists and ankles, fingers and toes. Striated muscles are
further characterized according to the rate at which they develop force once
stimulated, the rate at which they shorten to lift a load, the rate at which they
fatigue upon repetitive stimulation, and the rate at which they recover from
fatigue. Muscles are therefore referred to as slow twitch (type I fibers whose rates
of contraction upon stimulation are relatively slow) and fast twitch (type II
fibers, with relatively fast rates of contraction). Fast-twitch fibers are further
classified as type Ila (fatigue resistant or indefatigable) and type IIb (fatigable).

In their cytosol, slow-twitch muscles have a high content of the oxygen-
binding protein myoglobin, they have many capillary networks surrounding
each individual fiber, and they have a stable supply of oxygen. For these and
related reasons (for example, many mitochondria per fiber), they are called

151



152 OUR MARVELOUS BODIES

oxidative fibers: they have little capacity to store glycogen and must rely on a
steady supply of oxygen and metabolic substrate in order to function.

Fast-twitch fibers differ widely among themselves. As already mentioned,
they consist of both fatigue-resistant and fatigue-sensitive muscle fibers. They
have a relatively lower blood supply and mitochondrial content than slow-twitch
fibers because they rely less on oxidative metabolism for contraction. Fast-twitch
fibers are generally much larger than slow-twitch fibers, they have a more exten-
sive sarcoplasmic reticulum (SR) for the rapid release of calcium ions, and they
have a high content of glycolytic enzymes so they are able to release energy for
glycolytic processes rapidly. Because fast-twitch fibers have less myoglobin, they
are lighter in color than slow-twitch fibers. Thus, slow twitch are also called red
muscle fibers and fast twitch are known as white muscle fibers.

Slow- and fast-twitch fibers represent the extremes of a continuum of muscle
fiber types. Each whole muscle (biceps or gastrocnemius, for example) has mul-
tiple types of fibers, but one kind tends to predominate. Differences in muscle
fiber types derive in large part from the expression of various isoforms of the con-
tractile and regulatory proteins that are present in each fiber. For example, myosin
ATPase activity might be directly correlated with the rate of contraction, and there
have been more than a dozen isoforms of myosin heavy chains identified to date.
At least four isoforms of the myosin heavy chain (MHC-I, MHC-Ila, MHC-IIb, and
MHC-IIx/d) are expressed in skeletal muscle. Differences in the rates and strengths
of contraction might also reflect differences in various isoforms of the myosin
light-chain proteins, as well as differences in sarcolemmal and sarcoplasmic retic-
ulum calcium channels, calcium pumps, and calcium-sequestering proteins.

Like the broad diversity among striated skeletal muscle fiber types, there
are similar kinds of differences among cardiac striated and smooth muscle cell
types. Cardiac muscle cells can be broadly classified as contractile versus con-
ductile. Specialized muscle cells of the sinoatrial and atrioventricular nodes as
well as those in the bundles of His, the right and left bundle branches, and
the Purkinje fibers differ in size, conduction velocities, and refractory periods.
The degree of autonomic innervation of each of these specialized regions of the
mammalian conduction system is also markedly different. The right vagus
nerve, for example, predominantly innervates the sinoatrial node while the left
vagus nerve innervates the atrioventricular node and bundles of His. The sym-
pathetic innervation of these same tissues shows similar differential distribu-
tion. Stimulating the right branches of cardiac sympathetic nerves is accompanied
by a marked increase in heart rate with a modest increase in ventricular con-
tractility. Stimulation of the left cardiac nerves causes little change in heart rate
but significant increments in cardiac contractility.

There are even greater differences in the functions of different types of vas-
cular and visceral smooth muscle. For example, the vascular smooth muscle
responses to the same drug in two different arterioles can be different. In the
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same segment of microcirculatory vessels, the arteriole upstream and the
venule downstream might respond differently to the same agent. In addition,
the same arteriole will respond differently to the same agent under differing
physical and chemical conditions. For example, adenosine is a well-known nat-
urally occurring coronary vasodilator. The vascular smooth muscle of coronary
arterioles in the heart will relax considerably more to the same concentration of
adenosine when the perfusate pH is 7.0 (acidic) than when it is 7.4 (neutral).

Excitation-Contraction Coupling in Muscle

Excitation-contraction coupling (E-C coupling, or electromechanical induction) is
the physiological relation between an action potential that depolarizes a muscle
cell membrane and the subsequent development of force and shortening (con-
traction) in that same cell. This phenomenon has been thoroughly investigated in
both cardiac and skeletal striated muscle. It begins with an action potential depo-
larizing the sarcolemma (plasma membrane) of any striated muscle cell (see figure
10.1). The change in voltage of the membrane where it invaginates into the fiber at
the t-tubules causes the opening of voltage-dependent calcium channels. Because
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FIGURE 10.1 Processes involved in striated muscle excitation-contraction coupling.
As an action potential depolarizes the sarcolemma, calcium channels are opened and
extracellular calcium flows into the cell. Note location and positions of calcium
receptors and calcium channels in the t-tubule and sarcoplasmic reticulum.

(From http://edoc.hu-berlin.de/dissertationen/abdelaziz-ahmed-ihab-2004-09-20/
HTML/abdelaziz.html via images.google.com)
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these particular calcium channels are sensitive to the drug dihydropyridine, the
calcium receptor that is associated with the channel is called the dihydropyridine
receptor (DHPR). Voltage-mediated activation of the dihydropyridine receptor
opens the channel and allows extracellular calcium to flow into the cell (excita-
tion). This calcium stimulates release of more calcium from the sarcoplasmic
reticulum (SR) by opening a second set of calcium channels. Calcium receptors
that are associated with this second set of calcium channels are called ryanodine
receptors (RYR). The dihydropyridine receptor is named to reflect a class of cal-
cium channel blockers that act at this site and that are called dihydropyridine cal-
cium antagonists (nifedipine and nisoldipine were early examples of the class).
The process by which the DHPR and RYR calcium channels interact during E-C
coupling is called calcium-induced calcium release. As the SR releases its calcium,
the intracellular concentrations of the ion increase to an extent that is sufficient
to initiate the mechanical processes of contraction (see inset in figure 10.1).

As noted, contraction of striated muscle requires an elevation in myoplasmic
concentrations of calcium. In addition, the process of contraction is regulated by
the thin filament actin. The development of force by the myofilaments increases
as the intracellular concentrations of calcium increase. The curve relating force
development to intracellular concentrations of calcium is sigmoidal (S-shaped).
Between intracellular calcium concentrations from one hundredth to one tenth
micromolar, there is no change in force. As calcium increases above one tenth
micromolar, force begins to increase, reaching a half-maximal response at about
one micromolar. Under physiological conditions, maximal force is reached at an
intracellular calcium concentration of about ten to one hundred micromolar.

Mechanistically, calcium released from the SR binds to the thin filament pro-
tein troponin-C. The calcium/troponin-C complex causes another protein,
tropomysin, to move toward the actin filament. This movement exposes the criti-
cal myosin-binding site on the actin filament, which allows actin (thin filament) to
bind to myosin (thick filament) and form a cross-bridge between the two fila-
ments. There are several calcium-binding sites on troponin-C. Two of these have a
high affinity for calcium ions but also bind magnesium ions at rest. There are addi-
tional troponin subunits as well, troponin-I and troponin-T. The two high-affinity
calcium sites on troponin-C seem to be responsible for regulating interactions
between troponin-I and troponin-T subunits. Binding of myosin to actin causes a
further movement of tropomysin. Although a given tropomysin molecule extends
over several actin filaments, it is hypothesized that the binding of myosin to actin
exposes further binding sites on as many as fourteen actin molecules.

Cycling of Cross-Bridges and Shortening of Sarcomeres

Once activated by intracellular calcium ions, the binding sites on the actin fila-
ment become attached to the heads of the cross-bridges on the myosin filaments.
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After actin and myosin are bound, ATP-dependent conformational changes in
the myosin molecule result in the movement of the actin filaments toward the
center of the sarcomere. This shortens the length of the sarcomere and thereby
contracts the muscle fiber. The mechanism by which myosin produces force
and shortens the sarcomere is hypothesized to involve four basic steps that col-
lectively are called the cross-bridge cycle. In the resting state, myosin is thought
to have partially hydrolyzed ATP (step 1; also called state a). When calcium is
released from the SR, it binds to troponin-C, which exposes an active site allow-
ing energized myosin to bind to actin (step 2, state b). Myosin then undergoes a
conformational change called a ratchet action that draws actin toward the cen-
ter of the sarcomere (step 3, state c). ATP and inorganic phosphate are released,
resulting in the dissociation of myosin from actin (step 4, state d). Acting as an
ATPase, myosin then hydrolyzes ATP using some of the released energy to recock
the myosin head and to return myosin to the resting state.

If intracellular calcium levels are still elevated, myosin will undergo another
cross-bridge cycle producing further contraction of the muscle. Each ratchet
action of the cross bridge is capable of moving the thin filament approximately
ten nanometers. The cycle continues until the sarcoplasmic reticulum calcium
pumps (SERCA) remove cytosolic calcium back into the SR. As the cytosolic cal-
cium levels fall, calcium dissociates from troponin-C and the troponin-
tropomyosin complex moves and blocks the myosin binding sites on the actin
filament. If the supply of ATP is exhausted, as occurs with death, the cycle stops
at step 3 with the formation of permanent actin-myosin complexes. In this state,
the muscle becomes rigid and is in a state called “rigor mortis.”

When a muscle contracts, work is performed and energy is expended. Con-
siderable quantities of ATP are reduced to ADP during the contraction process,
and the greater the amount of work, the greater the demand for ATP cleavage,
known as the Fenn effect. Following is the sequence of events thought to be
responsible for the Fenn effect. (1) Before contraction begins, myosin heads
bind ATP, which confers ATPase activity on them. The by-products of ATP
hydrolysis, ADP and inorganic phosphate, remain attached to the myosin head.
In this state, the myosin head is perpendicular to the actin filament but is not
bound to it. (2) As the troponin-tropomyosin complex moves and exposes
the myosin-binding site on actin, the myosin head binds to it. (3) In a power-
generating movement, the myosin head rotates from the perpendicular posi-
tion toward the arm of the cross bridge thereby drawing the thin filament over
the thick filament. (4) As the filaments move over each other, the previously
bound ADP and inorganic phosphate are released, and a new molecule of ATP
binds to the vacated site on the myosin head. Binding of ATP causes detachment
of the myosin head from the actin filament (see figure 10.2). (5) Detachment of
myosin from actin cleaves the new molecule of ATP and (6) the cycle is ready to
be repeated.
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FIGURE 10.2 Cross bridges in striated skeletal and cardiac muscle. The cross bridges
are part of the thick filament myosin molecule that attach to tropomysin binding
sites on thin filaments.

(From http://www.tiem.utk.edu/~gross/bioed/webmodules/musclefig.gif via
images.google.com)

Muscle Levers, Hypertrophy, and Atrophy

Striated muscles (particularly skeletal muscles) operate by applying tension to
their points of insertion into bones. The bones form different types of lever sys-
tems. The larger the cross-sectional area of a muscle, the greater the maximum
force of contraction. Someone whose weight training has produced biceps with
cross sections of six square inches should be able to bench press about 300
pounds. One whose biceps are only half that size will be able to press only about
150 pounds. When the forearm is at right angles to the upper arm, the tendon
attachment of the biceps is a couple inches anterior to the fulcrum at the elbow,
and the total length of the forearm lever is about fourteen inches. Because of the
physics and mathematics, the lifting power of the arm under these conditions
would be about one-seventh of 300, or approximately 43 pounds.

The total mass of a muscle can increase under a variety of conditions. The
condition that most readers are familiar with is weight training. When the mass
of a muscle increases, it is called muscle hypertrophy. When the mass of a
muscle decreases, it is called muscle dystrophy or muscle atrophy. Virtually all
muscle hypertrophy is the result of an increase in the number of actin and
myosin filaments in each muscle fiber. This results in an overall enlargement in
the size of the individual muscle. Muscles hypertrophy more rapidly when they
are loaded (are bearing weight) prior to contraction. The simplest evidence of
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this concept is to try it. Measure the diameter of your biceps either in the tightly
flexed (uplifted forearm at right angles to the biceps) or loosely relaxed position
(forearm extended relative to the relaxed biceps). Find a room and some weights
and begin bench pressing a reasonable amount of weight for six to ten weeks.
Repeat this activity three or four times per week doing three sets of ten to twelve
repetitions per set. After six to ten weeks, repeat the measurements on your flexed
and relaxed biceps and note the difference.

The specific mechanisms by which forceful contractions (for example, bench
pressing) lead to muscle hypertrophy are not known despite the years and money
that have been spent on the investigation. Some evidence suggests changes in
motor nerves and neuromuscular junctions (synapses) that favor muscle growth.
Other evidence focuses solely on the muscle cell. We do know that the rate of
synthesis of muscle contractile proteins is much greater during the develop-
ment of hypertrophy. This leads to greater numbers of both actin and myosin
filaments in muscle fibers, sometimes increasing by greater than 50 percent. It
makes little sense to think that muscle hypertrophy could occur without a cor-
responding increase in the enzymatic and biochemical processes needed to pro-
vide energy to the growing muscle mass. This is especially true of the glycolytic
enzymes and biochemical pathways.

Another type of muscle hypertrophy occurs when muscles are stretched to
greater than normal length. This causes new sarcomeres to be added to the ends
of the fibers where they attach to the tendons. When muscle is shortened to less
than its resting length for extended periods, sarcomeres at the ends can actually
disappear. These processes of lengthening and shortening in skeletal muscle are
called muscle remodeling. They occur to ensure proper length for the physio-
logical function of muscle.

The heart can also hypertrophy. Elite athletes and others who are persistent
at training and conditioning often develop exercise-induced cardiac hypertro-
phy. This is good for the competitive athlete: enlargement of the heart means
greater contractile power, which translates to improved cardiac output (blood
flow). Having an increased cardiac output is one means of providing a greater
supply of oxygen to exercising muscles and other tissues. But there is another
kind of cardiac hypertrophy that is undesirable and a hallmark of ill health and
impending death. This is cardiac hypertrophy secondary to congestive heart
failure. In this case, the thickness of the ventricular walls does not increase but
can actually decrease. The increased size of the heart reflects engorgement of
the ventricular chambers with a greater than normal volume of blood. Because the
ventricular muscle lacks strength of contraction, the chambers progressively
overfill, cardiac output is reduced, and the homeostasis of both the systemic
and pulmonary circulatory systems is compromised. When severe and terminal,
cardiac hypertrophy due to congestive heart failure can only be corrected by car-
diac transplantation.
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Muscle Diseases and Conditions

Malignant hyperthermia is a serious disease that affects one in several thousand
Americans per year. Along with central core disease and Brody disease, it is one
of several genetic disorders that cause disturbances in calcium homeostasis in
striated skeletal muscle. Affected persons are at potential risk when they are
exposed to any of the volatile surgical anesthetics such as halothane and isoflu-
rane. Administration of muscle relaxants such as succinylcholine can also
induce and/or exaggerate malignant hyperthermia. Succinylcholine is a short-
acting acetylcholine receptor antagonist that acts by briefly opening the ion
channel associated with the receptor and then closing it. This results in a burst
of muscle activity, including transient whole-body clonic contractions followed
by muscle paralysis.

In surgery, malignant hyperthermia is accompanied by rapid breathing,
rapid heart rate, low oxygen and high carbon dioxide contents in the circulating
blood, and rising body temperatures (hyperthermia). The condition is also
accompanied by marked swings in blood pressure, muscle rigidity, and sweat-
ing. The patient’s temperature can rise as rapidly as one degree centigrade each
several seconds. While the onset of the disease usually occurs during anesthe-
sia, it can be initiated up to several hours after an operation. If left untreated,
the patient can develop respiratory and lactic acidosis and muscle breakdown.
The damaged muscle tissue releases excess potassium, and a profound circulat-
ing hyperkalemia ensues (elevated potassium in the blood). This is dangerous
because hyperkalemia causes disturbances in the generation and conduction of
cardiac action potentials. Under healthy physiological conditions, the concen-
tration of potassium in the plasma is about four millimoles per liter of blood.
Potassium concentrations of six to eight millimoles per liter can cause ventric-
ular arrhythmias. When plasma levels reach twelve to sixteen millimoles, they
can induce sustained ventricular tachycardia, ventricular fibrillation, and sud-
den cardiac death. In an experimental laboratory setting, circulating concentra-
tions of potassium are often elevated to test the safety and efficacy of new
anti-arrhythmic medications.

The major features of malignant hyperthermia—hyperthermia, muscle rigid-
ity, and increased metabolism—encouraged early investigators to conclude that
the disease represented aphysiological regulation of muscle contraction. Further
support for this hypothesis came from studies using biopsy of muscle samples
from susceptible and nonsusceptible humans and animals. Muscle samples
from susceptible individuals contracted with greater vigor when exposed to the
volatile anesthetics than did muscle samples from nonsusceptible subjects.
Moreover, calcium-induced calcium release in the sarcoplasmic reticulum of
susceptible patients was enhanced when compared with unaffected subjects
(similar results have been obtained in experimental animals). Administration
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of caffeine, which causes the SR calcium channels to open, produces greater
muscle contraction in affected than in unaffected people. Taken together, these
observations suggest that malignant hyperthermia results from an aphysiologi-
cal response of the calcium-release channel in the sarcoplasmic reticulum.
More work is needed to confirm these hypotheses.

Brody disease is characterized by painless muscle cramping and impaired
muscle contraction during exercise. While climbing stairs rapidly, for example,
muscle might cramp up and stiffen and be temporarily out of commission. This
particular muscle abnormality is seen in the arms, legs, and eyelids and seems
to be temperature dependent (it is intensified by cold weather). Brody disease
can be either a recessive or a dominant trait and might involve mutations in
several genes, but it is a rare malady occurring only in about one in 10 million
births. Mechanistically, it appears that Brody disease results from a reduction in
the activity of calcium pumps located in fast-twitch muscle.

Central core disease is a rare autosomal dominant trait that results in gen-
eral muscular weakness from both disintegration of contractile filaments and
loss of mitochondria in the central core of large muscles. The condition is also
thought to result from mutations in the ryanodine receptor. As a result, release
and uptake of calcium from the SR is impaired. This places greater responsibil-
ity on mitochondria to sequester calcium, leading to calcium overload and sub-
sequent loss of mitochondrial function.

In my laboratory, when we compare cardiac mitochondria from injured
hearts (using electron microscopy and biochemistry), we find general preserva-
tion of both structure and function when experimental animals were pretreated
with acetaminophen versus those pretreated with placebo (acetaminophen sol-
vent). Mitochondria have both an outer and inner system of membranes with
ion channels traversing both membranes. One of the more important channels
is called the mitochondrial permeability transition pore (MPTP). It regulates the
transfer of protons such as hydrogen ions into and out of the mitochondrion.
Scientists hypothesize that calcium overload, hypoxia and reoxygenation, and
ischemia and reperfusion injury disrupt function of the MPTP. We hypothesize that
acetaminophen protects the MPTP from such damage (see Suggested Reading).

Writer’s cramp is a phrase I was first exposed to as a graduate student. It is a
condition of the writing hand and arm brought about by excess use of flexor
muscles and simultaneous disuse of corresponding extensor muscles. I experi-
enced this phenomenon as a graduate student and more recently while writing
this book. When writing my doctoral dissertation in 1975, I lived in my labora-
tory for the two months it took to finish my dissertation. There were no personal
computers then. All my writing was done longhand. Because I had a deadline to
meet, I did few things during those weeks except eat, sleep, and write. Except for
meals, I wrote steadily for twelve to fourteen hours per day. I slept on a cot in the
lab at the end of my workday.
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One night I must have turned too vigorously in my sleeping bag, and I fell
off the cot. As I tumbled to the floor, I extended my right arm to brace for the
fall. As I extended the arm, a bolt of lightning-like heat and pain shot from my
wrist to the shoulder. I fully awoke with a cry of anguish. After several minutes
the pain subsided, and I began experimenting with the arm. I discovered that I
could not extend it fully from a 90 to 180 degree angle. At about 125 to 135
degrees the pain reappeared, and I could not bear to extend the arm further.

It took the better part of six months to regain full use of the extensor muscles
in my right arm. I later calculated that for 700 to 850 hours in that two-month
period, my right arm remained flexed between 90 and 135 degrees. My extensor
muscles were progressively atrophying without my being aware of it.

Experimenting with Muscle

As mentioned earlier in this chapter, the strength of contraction in striated
muscle is directly proportional to the strength of a stimulus. I teach college stu-
dents this principle each year in an experimental physiology laboratory. The
gastrocnemius muscle (large calf muscle) is removed from the hind limbs of
euthanized bullfrogs. The muscles are mounted in an apparatus that allows the
students to stimulate them electrically while simultaneously recording contrac-
tile responses. The equipment and responses are attached to a modern data
acquisition system (computers, transducers, A-D converters, amplifiers, and
monitors). As the magnitude of the electrical stimulus is doubled, tripled, and
quadrupled, the strength of contractions increases correspondingly. Successive
contractions become stronger because more and more motor units (motor
nerves plus the muscle fibers they innervate) are recruited as the voltage in the
stimulator is increased. When the contractile responses no longer increase, a
plateau is reached.

During one course, we divided the muscles into two groups, those treated
with standard physiological salt solution (the control group) and others placed
in standard physiological salt solution containing acetaminophen (the experi-
mental group). We obtained data from thirty to thirty-five control and thirty to
thirty-five acetaminophen-treated muscles. The plateau for maximal contractile
strength at a given voltage was more than double in the acetaminophen-treated
muscles than in the control group. This was an unexpected but interesting
experimental finding. It revealed that by mechanisms we have not yet explored
acetaminophen enhanced the function of striated skeletal muscle. Of course,
these experiments were conducted by students in a teaching setting using
amphibians. We did not argue that the findings were relevant to mammals.

Less than one year later, we were discussing these results with colleagues
from a nearby medical school. They were muscle biologists trained in physiology
and using modern molecular techniques to study skeletal muscle function in
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mice. The mouse is a commonly used experimental animal today because it is easy
to produce mutations in genes and the proteins they express. My colleagues
invited us to collaborate with them to see if such acetaminophen-mediated effects
could be replicated in a scientific setting in mammals. These investigators were
expert in isolating, removing, and instrumenting both fast- (EDL) and slow-twitch
(soleus) mouse muscle fibers. We tested the following hypothesis: acetamino-
phen will reduce fatigue and improve recovery in both fast and slow twitch
murine (mouse) muscle fibers.

To test our hypothesis, my colleagues isolated and suspended soleus and
EDL muscle fibers on an apparatus where the muscles could be maintained in
conditions that were as near physiological as possible. The muscles were sub-
merged in physiological salt solutions that replicated blood plasma. This solu-
tion was gently oxygenated and the pH, partial pressures of oxygen and carbon
dioxide, and temperature were regulated. Two sets of muscles were tested: those
submerged in a regular physiological salt solution, and those placed in a similar
solution containing acetaminophen. Once muscles were in a resting steady
state (judged by baseline resting tension), they were stimulated to exhaustion.
This means a repetitive series of electrical stimuli were administered until con-
tractile strength reached a maximum and then progressively dwindled to near
zero. In these pilot experiments, we made four observations about the aceta-
minophen-treated muscles: (1) they reached a greater maximal contractile
strength during stimulation (just like the bullfrogs’ gastrocnemius muscle), (2)
they fatigued less rapidly, (3) their contractile strength upon fatiguing was con-
siderably greater than that of the untreated muscles, and (4) they recovered
more rapidly from fatigue.

Although my colleagues have accepted positions in another institution, we
have agreed to continue this investigation. Based on the results in mice, we
believe acetaminophen might affect calcium release and/or the contractile
machinery itself (function of contractile proteins such as troponin, tropomysin,
and others). Time and experimentation will tell.
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Integrated Physiological Responses

At the turn of the twenty-first century, all things physiology were about inte-
gration. This means understanding mechanisms from molecular to whole ani-
mal levels. Such knowledge allows science to be quickly transferred from the
laboratory bench to the hospital bed (translational physiology). Regulation of
circulating blood volume is one such topic.

Hypovolemic Hypotension

Hemorrhagic shock such as occurs in combat or in automobile accidents reduces
the circulating volume of blood and causes hypovolemic hypotension. This has
far-reaching consequences for the body and survival. It also exemplifies how
multiple organs and systems respond in a coordinated fashion when the physi-
ological homeostasis of the cardiovascular system is upset. In the experimental
physiology laboratory, hemorrhagic shock and hypovolemic hypotension have
been among the time-tested classic experiments used to teach advanced students
about the integration of organ systems physiology.

Imagine an adult whose organ systems are in the physiological steady state
under resting conditions. Assume his heart rate, cardiac output, and mean sys-
temic arterial blood pressure are 75 beats per minute, 5 liters per minute, and
1oommHg. All is well because his cardiovascular system is in a state of homeo-
stasis. Now consider the same person after an emergency crisis brought on by
the precipitous loss of 30 to 40 percent of his circulating blood volume. There
are two phases of response to the crisis. The first could be characterized in the
early seconds to minutes after the onset of hypovolemia. The second, a consid-
erably different picture, would take place hours to days later and only if the
victim was still alive.
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Among other changes, the physiological responses to the early stages of
hypovolemic shock involve cardiovascular reflexes that make emergency adjust-
ments to the crisis. The second phase involves delayed, more long-term adapta-
tions by the kidneys, the adrenal glands, and higher brain structures such as the
hypothalamus. During these two periods, this person’s body will have gone from
a state of physiological harmony—one where vitals signs are at steady state and
equilibrium, gradients and feedback control are in balance, and homeostasis is
maintained—to a near-death state of disharmony and commotion.

Baroreceptor Reflexes and Cardiac Output

In the above example, hypovolemia occurs after blood volume has declined from
approximately five to about three liters. Correspondingly, blood pressure will
plummet, from 100 mmHg to perhaps as low as 40 or 50 mmHg. This will cause
havoc for blood perfusion of most organs and tissues. That is, the homeostasis
of oxygen and nutrient supply and demand will be upset, and the survival of
organs—the victim’s life—put in jeopardy.

The volume of blood in the vascular compartment is one of the physical
determinants of blood pressure. When blood volume declines so does blood
pressure, and when blood volume increases blood pressure follows. A reduction
in blood volume coupled with hypotension are sensory signals that activate
several cardiovascular reflexes. One of the most important of these is the
baroreceptor reflex. The sensory receptors of this five-component reflex arc are
located, bilaterally, in the carotid sinuses near the bifurcation of the common
carotid arteries into their internal and external carotid branches. Carotid sinus
baroreceptors—also called pressure receptors, pressoreceptors, or mechanore-
ceptors—are designed to detect both mean systemic arterial blood pressure and
beat-to-beat pulsatile blood pressure. Deviations in either or both of these from
their physiological values either activate or inactivate the receptors.

In our subject, as mean and pulsatile blood pressures decline, stretch or
deformation of the walls of the carotid sinuses is reduced. This results in a
reduced frequency of afferent sensory signals being transmitted to the brain stem
each second. The action potentials are conducted via the sinus or Hering nerves
to the pons and the medulla oblongata. These two brain stem structures and
adjacent tissues constitute the location of many of the body’s important regula-
tory control centers, such as the cardiovascular, respiratory, thermoregulatory,
and satiety centers.

The cardiovascular control centers of the medulla subserve both cardiac
and vascular functions. When activated, one set of neurons within the cardiac
center stimulates an increase in heart rate and is called the cardioacceleratory
center. Other neurons cause a decrease in heart rate when stimulated and are
referred to as the cardioinhibitory center. Similar classifications apply to the
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vasomotor centers that are divided into vasopressor (which constricts blood
vessels) and vasodepressor (dilates vessels) regions.

The efferent motor action potentials coming out of the cardiovascular con-
trol centers to the heart and vasculature are carried by both sympathetic and
parasympathetic branches of the autonomic nervous system. Under normoten-
sive conditions, both sets of autonomic nerves discharge tonically, at a rate that
depends on the individual. This means that under normotensive conditions,
the autonomic nervous system contributes to the basal resting heart rate, blood
pressure, and other cardiovascular variables that influence heart rate and blood
pressure.

As pressure in the carotid sinuses falls, the frequency of action potentials
traveling to the control centers is reduced. Subsequently, tonic discharge of motor
neurons originating in the cardioinhibitory center is inhibited while neurons of
the cardioacceleratory center are stimulated. The net effect of these changes is an
acceleration of heart rate. Thus, our subject’s heart rate, which was 75 beats per
minute in the basal state, might now increase to 125 or even 150 beats per minute
in the acute stage of hypotension. Other sympathetic nerves innervating the
heart are activated to cause concomitant increments in cardiac contractility.
Tachycardia is part of the more extensive reflex response that is designed to help
blood pressure in the sinus and elsewhere return to normal. The reflex includes
changes in peripheral resistance, venous blood volume, and cardiac output.

The physiological state of one’s baroreceptor reflex can be tested using a
variety of clinical/experimental techniques. For example, the clinician can place
an inflatable collar around the subject’s neck and inflate the collar to a pressure
that will occlude blood flow through the carotid arteries. This is analogous to an
inflatable cuff being used to occlude blood flow to the forearm when measuring
blood pressure. When the neck collar is inflated and carotid blood flow is
reduced, pressure in the carotid sinus will fall. The baroreceptors will detect this
hypotensive signal and will cause a reflex increase in heart rate that the clinician
can monitor.

Cardiac output is determined directly by the product of heart rate and
stroke volume. There are other indirect determinants of cardiac output, includ-
ing arterial blood pressure and cardiac contractility, but the net effect of an
increase in heart rate and an accompanying increase in cardiac contractility or
stroke volume is an increase in cardiac output. Under resting conditions and
when our subject had a circulating blood volume of 5 liters, his cardiac output
was about 5 liters per minute. That cardiac output was produced by a heart rate
of 75 beats per minute and a stroke volume of about 65 to 70 milliliters per car-
diac cycle. During the acute stage of hemorrhage, a reduction in blood volume
will cause a corresponding decrease in cardiac output. However, as described
above, the reduction in cardiac output will be opposed, reflexively, by an increase
in heart rate and cardiac contractility whose combined effects are to minimize
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any decrement in cardiac output. Thus, the cardiovascular control system was
designed to maintain homeostasis of cardiac output and therefore organ perfu-
sion. As a rule, cardiac output in such a victim of hypovolemia will be sustained
near baseline levels or it might be modestly decreased. Rarely, however, will car-
diac output increase above basal levels under these conditions.

Vasomotor Responses and Blood Pressure

Concurrent with the acute changes in heart rate, cardiac contractility, and cardiac
output is a coordinated and efficient vasomotor response. The same sensory
afferent signals that led to changes in heart rate and cardiac contractility will acti-
vate vascular responses. The vascular responses originate in the vasopressor and
vasodepressor centers of the brain stem’s medulla. Prior to hemorrhage, physio-
logical comparators in these control centers were accustomed to evaluating affer-
ent inputs reflecting systemic mean arterial pressure of 100 mmHg and pulsatile
pressure of about 40 mmHg. During the hypotensive crisis, the comparator expe-
riences a mean arterial pressure of no more than 60 mmHg and a pulsatile pres-
sure much lower than 40 mmHg. These two sets of values—normotensive verses
hypotensive—get compared, and adjustments are made by relaying efferent action
potentials to the systemic vasculature, causing them to constrict.

Any vasodilator response in the presence of reduced blood volume would
only complicate matters by causing a further decline in systemic arterial blood
pressure. Thus, as the vasopressor centers are stimulated, the vasodepressor
centers are simultaneously inhibited. The consequences of increased vasopres-
sor action potentials include arterial, venous, and arteriolar vasoconstriction.
Increased arterial vasoconstriction will prevent a further decline in systemic
arterial blood pressure. In conjunction with the maintenance of cardiac output
(relative to its nadir during hypovolemia), arterial vasoconstriction will begin to
reverse hypotension thus helping to restore blood pressure to its pre-hemorrhage,
baseline levels.

Centrally mediated vasoconstriction of large veins effectively shifts the dis-
tribution of circulating blood volume from the venous to the arterial side of the
circulatory system. Large veins act like blood reservoirs. Under normal cardio-
vascular conditions, about 60 percent, or 3 of 5 liters, of total blood volume are
found in the veins. When the veins constrict, their compliance decreases and
they cannot accommodate such a large volume of blood. The excess volume
must be shifted to some other segment of the vascular system, and the fortunate
recipients under conditions of hemorrhage are the arteries. This physiological
transfusion of a large fraction of blood to the arterial vasculature elevates arte-
rial blood pressure and helps sustain life.

A final component of the systemic vascular response to acute carotid sinus
hypotension is the change in capillary Starling forces. These microcirculatory
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adjustments are brought about by corresponding alterations in upstream and
downstream hemodynamics. The relevant up- and downstream sites are the
precapillary arterioles and postcapillary venules. Homeostasis between hydro-
static and oncotic pressures inside and outside the capillary, the segment of
vasculature interposed between arterioles and venules, ultimately determines
net water loss or gain by the entire vascular compartment. The coordinated
vasomotor output of the brain stem control centers during hypovolemic hypoten-
sion leads to arteriolar vasoconstriction and simultaneous venular vasodilation.
The net effect of such changes is a reduction in capillary blood volume and, cor-
respondingly, a drop in capillary hydrostatic pressure. This causes a decrease in
loss of water from the capillaries or the preservation of circulating blood vol-
ume. Net loss of water from the capillaries, seen only under pathophysiological
conditions such as inflammation and edemogenesis, promotes a proportional
reduction in arterial blood pressure. Prevention of water loss negates this action.

The effectiveness of the baroreceptor control system to maintain cardio-
vascular homeostasis is determined by the gain of the negative feedback. In our
example, the negative feedback to the brain stem control centers was a reduc-
tion in blood pressure inside the carotid sinus baroreceptors. To understand the
concept of physiological gain, imagine that a large volume of blood is transferred
into a person whose carotid sinus receptor control system is not functioning
properly and whose arterial blood pressure rises from 100 to 175 mmHg. Now
imagine that the same volume of blood is transfused into the same person when
his baroreceptor control system is working and pressure rises by only 25 mmHg.
In the latter condition, his feedback control system has caused a correction
of —50 mmHg, that is, an adjustment from 175 to 125 mmHg. There still remains
a correction of about 25 mmHg, called the error, which means that the control
system, even though functioning, is not operating at 100 percent effectiveness.
The gain of this person’s functional control system is gain = correction/error.
In this example, the correction is —50 mmHg and the persistent error is 25 mmHg,
so the gain is —50 divided by +25, or —2. This means that a disturbance that
decreases or increases this person’s blood pressure does so only by one-third as
much as would happen if the baroreceptor system was not working.*

Renal Response and the Renin-Angiotensin System

In addition to the carotid sinus baroreceptors, there is a renal baroreceptor sys-
tem strategically located at the junction of the renal afferent and efferent arte-
rioles where they come in close proximity to the distal tubules of the nephron.
As mentioned earlier, this structure is called the juxtaglomerular apparatus or
JGA. Specialized vascular smooth muscle cells found in the walls of the renal
afferent arterioles of the JGA are designed to detect renal arterial blood pressure
and changes in it. Any decrease in renal pressure such as would occur with
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hemorrhagic hypotension causes these specialized cells to release renin. Renin
is a proteolytic enzyme that, when released into the systemic circulation, comes
in contact with a macromolecule called angiotensinogen. Angiotensinogen is
produced by the liver and is a physiological component of the plasma. When
renin and angiotensinogen meet, renin clips off a small chain of ten amino acids
called angiotensin I or AL. Angiotensin I is a physiologically inert decapeptide.

After its formation and while it circulates in the plasma, Al comes in con-
tact with an enzyme found in the lungs called angiotensin-converting enzyme or
ACE. Angiotensin-converting enzyme is an integral component of the vascular
endothelial cells that line the pulmonary vasculature. This enzyme binds to Al
and removes two more amino acids, leaving an octapeptide called angiotensin II
or AIl. Angiotensin II is anything but physiologically inert; that is, AIl has multiple
physiological actions. Some of its most important target tissues include arteriolar
vascular smooth muscle cells, the adrenal cortex, and the hypothalamus.

After the renin-angiotensin system, as it is called, is activated subsequent
to hypovolemia, All binds to its receptors on vascular smooth muscle cells, caus-
ing the cells to contract. This leads to vasoconstriction. During a hypotensive
crisis, All-mediated vasoconstriction helps prevent further decrements in sys-
temic arterial blood pressure as well as restore a normotensive state. All is one
of the most active naturally occurring physiological vasoconstrictors identified to
date. The field of research on this topic is broad and over the past few decades has
lead to an entirely new branch of pharmacology and medicine: the development
and use of ACE inhibitors to help control hypertension.

In addition to its vasoconstrictor effects on vascular smooth muscle, AIl
stimulates production and release of aldosterone by the adrenal cortex. Aldos-
terone is a mineralocorticoid or steroid hormone that helps regulate the bal-
ance of body water and salts. One of its main actions is on the tubules of the
nephron where it promotes increased reabsorption and therefore decreased
excretion of sodium ions. When sodium ions are reabsorbed, water molecules
follow passively. Thus, the renin-angiotensin system, acting through the release
of aldosterone, minimizes loss of body water by renal excretion and thereby con-
serves body water and circulating blood volume. During a hypotensive crisis,
this translates into a salutary effect on systemic arterial blood pressure.

Finally, AIl has been shown to promote production and release of arginine
vasopressin (AVP) or antidiuretic hormone (ADH) by the hypothalamus and pos-
terior pituitary gland. Arginine vasopressin is not only another potent vasocon-
strictor, it also increases the numbers and activities of aquaporin channels in
renal tubular epithelial cells. By its vasoconstrictor properties, seen mainly at
the arterioles, AVP increases blood pressure. Its renal tubular properties maxi-
mize reabsorption of water thereby minimizing water diuresis or renal loss of
water by excretion. This also helps to expand the circulating blood volume thus
restoring blood pressure to normotensive levels.
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Blood Flow and Its Distribution and Redistribution
during Hypotension

The loss of circulating blood volume creates a crisis for the body much in the
same way that a loss of revenue creates a crisis for government. The loss could
be evenly distributed across all parts, or some parts could be affected dispro-
portionately to others. In the cardiovascular steady state when blood volume is
constant, all things cardiovascular are in homeostasis. Specifically each major
organ system such as the heart, brain, kidneys, liver, and gut get a share of the
5 liters per minute of blood flow that is proportional to their metabolic needs
and oxygen demands. We call this relationship tissue oxygen supply and
demand, and the two are in a state of physiological harmony when cardiovascular
homeostasis prevails.

The distribution of blood flow to the various organs and tissues of the body
is different during a hemorrhagic crisis. The mammalian cardiovascular system
was designed to redistribute blood flow away from less vital and toward more
vital tissues during hypovolemic crises. Specifically, the heart, brain, liver, and
adrenal glands are more critical to survival than are kidneys, skin, skeletal
muscle, and gut. In the physiological normotensive state, the kidneys and gut,
for example, receive a combined 50 percent of the blood flow. The brain and
heart combined receive less than 20 percent. At the peak of a hypovolemic cri-
sis, it is not unusual for the kidneys and gut to receive less than 10 percent of the
available cardiac output while the heart and brain receive more than 20 percent.
In terms of the actual volume of blood flow these vital organs receive each
minute (ml/min), this still might not be enough to maintain CNS and cardiac
function when large volumes of blood are lost. After the crisis and only when cir-
culating blood volume is completely restored will the pre-hemorrhagic allocation
of blood flow be restored to all the organs.

Long-Term Responses to Hypotension

Each of the cardiac and vascular events described above is initiated within seconds
or minutes after the onset of hemorrhage. Other mechanisms take longer to insti-
tute. These play a more important physiological role after hours, days, and even
during a lifetime. Preeminent among them is the protracted homeostatic regula-
tion of body water and body sodium.

Including the vascular compartment, sodium ion (Na*) is the most abun-
dant cation in the extracellular fluids. It is responsible for about half of the
osmolarity there. Extracellular osmolarity determines intracellular water volume,
and sodium largely determines extracellular osmolarity. Therefore, extracellular
sodium importantly determines intracellular water, the largest of all the water
compartments of the body. The ability of water to move from the intracellular
spaces and into the vascular compartment means that intracellular water is a
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vital resource in times of hypotensive crises. Sodium’s ability to influence this
can hardly be overstated.

The long-term physiological regulation of blood pressure is more impor-
tantly determined by sodium balance than by any other contributing entity.
Therefore, the student must understand salt and water balance in order to fully
appreciate the cardiovascular system and the kidney’s contributions to its regu-
lation. If the student’s daily consumption of salt in all forms exceeds his daily
excretion of salt, he is said to be in a state of positive sodium balance. Con-
versely, if one’s daily excretion of salt exceeds her daily consumption of salt, she
is in a state of negative salt balance. Over the long-term, both conditions are
unhealthy and can have a devastating influence on blood pressure and its regu-
lation. The more salt there is in the vascular compartment, the more water
there will be. The more water, the higher the blood pressure.

Interesting and clinically applicable physiological experiments have been
done in this arena for nearly half a century. For example, if one places an animal
on a diet that includes excess salt, after several days the animal’s weight will
increase (due to consumption and retention of excess water). Osmoreceptors in
the hypothalamus as well as thirst sensors in the mouth encourage the animal
to drink more water to compensate for the increased load of salt in the body. If the
animal is sustained on the high salt diet within several days to a few weeks, sys-
temic arterial blood pressure will begin to rise. The animal becomes hypertensive.
The experimentally induced hypertension can be corrected by reducing the
amount of salt in the animal’s diet. Return of blood pressure to a normotensive
state also takes several days to a few weeks.

Similar experiments with similar results have been done in humans. Unfor-
tunately, essential hypertension, or elevated blood pressure of an unknown
etiology, constitutes the vast majority of all cases of high blood pressure in devel-
oped nations: we do not know the cause. The outcome of any treatment, there-
fore, is uncertain. One of the best ways to control arterial blood pressure is
through one’s lifestyle. Having a healthy diet that is low in salt and fats, avoiding
habits such as smoking and chewing tobacco, and being dynamically active on a
regular basis are proven measures that yield health, vitality, and longevity. Obe-
sity and excess weight are more highly correlated with hypertension, elevated
circulating lipids, and diabetes than any other physiological parameter. The
reader should take this to heart (pun intended) and begin practicing it yesterday.

Remember that physiology is the basis of medicine, historically and today. By
understanding physiology and medicine’s dependence on it one should live a qual-
itatively healthier and more productive life. As the student’s knowledge of physi-
ology increases, so should her ability to give good advice to future patients and
clients. Those who are wise will listen to this advice and will adjust their lifestyles
accordingly. Here is to our marvelous bodies and to the physiological knowledge
that will help the student, her patients, and clients take better care of them.
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For the Record

lt has been said that records are made to be broken. Of course this has general
reference to sports and athletics. Still, it can apply to physiology, to your own
health records, and to the records you teach your patients and clients to keep.

Physiology, like all sciences, is a science of record keeping. Some of the
records are known as data. Above all else that they do, physiologists are first and
foremost writers. Through the centuries, they have collected their records
in different forms such as handwritten on paper, ink-drawn polygraphs,
heat-inscribed tracings, and electronic files. Physiologists call the primary source
of their records original data. After several weeks of experimentation, the physi-
ologist’s original data begin to accumulate. Before they can publish their obser-
vations, physiologists have to extract selected pieces of information from each
original record. That information is reduced, subjected to rigorous statistical
analysis, then transformed into figures, tables, images, and a textual manu-
script. The manuscript is submitted to a scientific journal where it gets reviewed
by peers, rejected by editors, resubmitted by authors, and finally published and
made available to the interested public. Records and the reports they lead to are
an indispensable component of physiology and life. The student should learn
this early and practice it continuously.

When my young family and I were struggling on an assistant professor’s
salary, an older friend and colleague gave us a used car. As helpful as the second
car was, my friend gave me another gift that was almost as important. It was a
file folder filled with all the original service and maintenance records for that
car. These records became indispensable to me when I assumed responsibility
for this car. The folder and my friend’s act taught me to keep records on all my
future cars.

Imagine that as a health care provider you agree to take on a new patient.
Suppose that this patient, during his first office visit, hands you a file folder

170



FOR THE RECORD 171

containing all his past medical records. Having this information to supplement
what the patient describes as his current health would be immeasurably impor-
tant to you as his new health care provider.

Forwarding medical records to specialists in advance of appointments with
them can save time and improve their diagnostic abilities. I was once referred to
an orthopedist to evaluate a shoulder injury. First in the process was an
MRI, and I asked the technician to make a copy of all my images so I could mail
them to the orthopedist. Then he was able to review my records before he
saw me.

I believe one of the wisest lessons a patient or a patient’s health care
provider can practice is to learn how and when to keep and to evaluate medical
records. To teach this is one of your jobs as a practitioner. I also believe that
records kept in the clinic should be made available to the patient for keeping at
home. Such a trained patient will be motivated to refer to these periodically. He
will thereby become a better patient because he is more educated and more
health conscious.

In 1976 my family and I joined one of the first health maintenance organiza-

tions (HMOs) in central New Jersey. After a couple of changes in ownership, we
were notified that the physical facilities would be moving to a new location. I
was concerned about my medical records, so I made an appointment to photo-
copy them. When I reviewed them, I discovered records of pregnancy and mater-
nity. Obviously they were not mine. Someone else’s records had been misfiled
in my folder. I wondered how many of my records had been mistakenly filed
in the folders of other patients. I also began wondering if data for my blood
chemistry and blood pressure had been mistakenly recorded onto someone
else’s chart and vice versa. Nowadays physicians see patients at the clip of
three to five per hour. Nurses and others are interposed between patients, and
prescriptions and notes are often written in haste. Whatever the circumstances
for the medical personnel, however, no one should be more interested in the
accuracy of records than the patient. Her physician or other health care
provider should be the next most interested party. The above experience con-
vinced me of the need to keep my own medical records, which I have done ever
since.

Records can be kept in multiple forms. I encourage the student to find a
form that fits her style and to begin using it immediately. Tabular formats have
proven most useful for me. I try to record dates; names of doctors, nurses, or
technicians who collect the data; and physiological variables such as body
temperature, weight, and heart rate. Then on a spread sheet I arrange that infor-
mation into rows and columns so I can apply simple statistical formulas at will.
Table 12.1 is one such example I have developed for collecting my own raw
clinical data. It can be adapted to the student’s needs or for the clinician’s
purposes.
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TABLE 12.1

Sample chart for recording heart rate and blood pressure over time

Systolic Blood  Diastolic Blood

Physician  Clinic/ Heart Rate ~ Pressure Pressure
Date (nurse, PA)  Laboratory  (cpm) (mmHg) (mmHg)
n
mean
s.e.m.

Blood Pressure and Your Health

From the student’s earliest experience as an athlete, scout, or summer camper,
he knows that a physical or medical examination includes, among other things,
measurements of one’s blood pressure, heart rate, and body temperature. Data
for these variables are always recorded on a chart. The wise student will ask for
a copy of the chart. The concerned practitioner will volunteer to give a copy of
the data to the patient. If copies are not available, the patient should ask the
nurse/doctor to record the values on a piece of paper and to give them to her.
For me as a physiologist, there are two good reasons for doing this. First I desire
the numbers for my personal records. Secondly, when it comes to my
blood pressure, I have minimal confidence in the accuracy of individual meas-
urements made in haste in physician’s offices, but I do believe in statistical
averages.

On occasion a nurse will place the inflatable cuff on my right arm and tell
me my blood pressure is, for example, 130 over 85. I will ask her to place the cuff
on my left arm and take the measurements. Not often but occasionally the two
sets of values are different. The two sets of values should not be different, and
if there is a difference, it is caused by human error. Either the nurse did not lis-
ten through the stethoscope with equal care, or she did not apply equal preci-
sion when noting the systolic and diastolic pressures on her mercury
manometer. There are few if any other correct possibilities for explaining why
blood pressures in the left versus right arms of the same person on the same
occasion would differ. Thus, when that particular nurse measured my blood
pressure I did not leave the clinic believing the exact values she had recorded.
However, I added her values to those taken by other nurses to compute a statis-
tical mean and standard error of the mean for that set of numbers. The out-
come, I believe, is more representative of my actual systolic and diastolic blood
pressures.



FOR THE RECORD 173

[(e]
o
1

@
o
1

—@— Systolic
—O— Mean
—w— Diastolic

70 T T T T T
1987-89 1990-92 1994-96 1998-00 2001-03 2004-06
Years

FIGURE 12.1 Author’s blood pressure (y-axis) plotted over time (x-axis, years). Data
are means (symbols) plus or minus one standard error of the mean (vertical bars
attached to symbols) for systolic (closed circles), mean (open circles), and diastolic
(closed triangles) pressures collected between 1987 and 2006. Each mean represents
several measurements.

It is next to impossible for a nurse or anyone to record a patient’s blood
pressure that is accurate to the nearest 1 mmHg using indirect techniques. Use
of an inflatable cuff and stethoscope is an indirect technique. Obtaining accu-
rate blood pressure values such as 124 over 81 or 172 over 94 is unlikely. Thus,
I always round the numbers in increments/decrements of five. In this example,
I'would round to 125 over 80 or 170 over 95. The averages of these numbers mon-
itored over several months to several years will be more representative of the
actual blood pressure. The only way blood pressure can be measured accurately
is by use of direct techniques. This means implanting a catheter in an artery or
vein and attaching it to sensitive electronic equipment designed to measure
pressures. Of course, this is an invasive technique and cannot be done routinely
in clinical settings. Even when pressures are measured directly, it is best to
round them to the nearest 5 mmHg.

Figure 12.1is a sample of my arterial blood pressure recorded at different clin-
ics during a period of about thirty years. I recorded the numbers and averaged
them statistically. The open and filled symbols represent means for several differ-
ent measurements during the two-year periods of time shown on the x-axis. The
vertical bars associated with each of the symbols are called the standard errors of
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the mean (s.e.m.) and reflect the dispersion of the data or physiological vari-
ability. Two or three things are worth noting in this figure. First, my data mirror
normal values for the population of American males of my age collected over
time. That is, there is nothing outstanding here that would cause concern for
my physician or me. Secondly, my systolic blood pressure (top line, closed
circles) averaged about 125 or 130 mmHg during that period of time and was
below the 140 mmHg that defines systolic hypertension or elevated blood pres-
sure during systole. Similarly, my diastolic blood pressure was about 80 or
85 mmHg on the average. This is also below the danger value of 9o mmHg used
by the American Heart Association and other organizations to define diastolic
hypertension or elevated blood pressure during diastole. Still, my systolic blood
pressure in the past several years reveals a trend towards the 140 mmHg that
defines hypertension. This is cause for me to be concerned about those things
that influence systolic blood pressure. I have not begun smoking, so that cannot
be a cause. Perhaps I have not been as vigilant in watching my diet and exercise
program as I should have been.

Keeping tabs on arterial blood pressure is an important exercise in the care
and maintenance of one’s health. Elevated arterial blood pressure is one of the
hallmarks of cardiovascular disease in western societies. I have already explained
the physiological determinants of diastolic and systolic arterial blood pressure
and why elevated levels are dangerous (see chapter 5). From that discussion,
readers will be able to understand how what they eat and do over an extended
period of time affects blood pressure and health.

Blood Lipids and Physical Activity

Another important record to keep is one’s circulating concentrations of fats or
blood lipids. In the mid 1980s through the early 1990s, there was a coordinated
effort by the federal government and other public and private health agencies to
increase public awareness of diet, blood lipids, and health called the National
Cholesterol Education Program. This came about the time the Nobel Prize in
physiology was awarded to Michael Brown and Joseph Goldstein for their work
on cholesterol and its metabolism (1985). Today public health and nutritional
messages focus on the dangers of trans fats. For example, in December 2006,
New York City banned use of trans fats in food preparation in all restaurants
there. Soon after, other cities began to follow suit.

During the earlier cholesterol campaign, I began monitoring my own blood
lipids on a regular basis. Every time I went for a physical examination, I asked
my doctor to include blood lipid screens. Specifically, the lipids I am most con-
cerned with are triglycerides (TRG), low-density lipoproteins (LDL), high-density
lipoproteins (HDL), and total cholesterol. The LDLs and HDLs are often referred
to as “bad” and “good” cholesterols, respectively. Total cholesterol comes from
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the summation of LDL, HDL, and a couple other classes of circulating lipo-
proteins, most notably the intermediate-density lipoproteins (IDL) and the
very-low-density lipoproteins (VLDL). From a dietary basis, TRGs are the most
important because they are the dietary source of the bulk of fat in our circula-
tory systems.

In the bloodstream, fats are frequently bound to other molecules such as
proteins; they are not free in the circulation. When a lipid is bound to a protein
and transported in this fashion, it is called a lipoprotein. Lipoproteins are
important because the lipid portions get released in the tissues including the
walls of blood vessels. In the walls of blood vessels, they accumulate as fat and
mineral deposits, eventually becoming atherosclerotic plaques. Such plaques
tend to narrow the intraluminal diameter of blood vessels. As the inside diame-
ter of the vessel narrows, blood flow is impeded and the prospects of blood clot-
ting increase. Blood clots, also known as emboli, thrombi, or thrombo-emboli, as
well as fragments of atherosclerotic plaques can dislodge from vessel walls and
flow downstream where they become entrapped by any blood vessels that have
an inside diameter narrower than the diameter of the clot or plaque fragment.
This is usually though not always the cause of myocardial infarction and sudden
coronary death as well as cerebral ischemia, infarction, and stroke.

Figure 12.2 illustrates my blood lipid levels monitored during a twenty-five-year
period. In each case the open and closed symbols represent the averages for several
separate clinical measurements of that particular variable. The vertical lines
passing through the symbols represent the s.e.m. This record contains informa-
tion only for total cholesterol (total-C), HDL (HDL-C), and LDL (LDL-C). Remem-
ber that total cholesterol is the sum of LDL, HDL and to a lesser degree IDL and
VLDL. (My triglycerides are not shown in this figure but I have records for them
just the same.) As in figure 12.1, there are several things to be gleaned from these
data. First, note the curve illustrating my total cholesterol. The highest mean
value is about 150 mg/dl and the lowest is about 130 mg/dl.! To put these data in
context, the average value for total cholesterol among graduating high school
seniors in the United States is about 150 mg/dl. Many of these students are phys-
ically active during their high school years. They play football, basketball, soc-
cer, softball, baseball, lacrosse, and a variety of other sports. In addition, many
have parents who help regulate or otherwise monitor the daily diets of their
children. Granted, a growing number of American teenagers and their parents
do not fit this mold of activity, diet, and childcare. Still, my circulating concen-
trations of total cholesterol are equal to those of fit graduating high school stu-
dents. My numbers are equal to theirs, in part, because I have led an active
lifestyle over the course of fifty years.

Sadly, many of these youth, including students in the health sciences, trans-
form into sedate college juniors and seniors. They leave the care of their par-
ents, their diets get neglected (the freshman fifteen), physicians’ examinations
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FIGURE 12.2 Author’s circulating blood (plasma) lipids (y-axis) plotted over time
(x-axis, years). Data are means (symbols) plus or minus one standard error of the
mean (vertical bars attached to symbols) for total cholesterol (closed circles), low-
density lipoprotein cholesterol (bad cholesterol, open circles), and high-density
lipoprotein cholesterol (good cholesterol, closed triangles) collected between 1987
and 2006. Each mean represents several measurements.

are not scheduled, and they replace a physically active behavior with a seden-
tary, late-night, party-centered lifestyle. Within a relatively few years, their cir-
culating concentrations of cholesterol have risen significantly above 150 mg/dl.
This is a major health concern for at least two medical reasons. First, circulating
concentrations of blood cholesterol are most closely correlated with body weight.
That is, the heavier one is, the higher his cholesterol levels. The freshman fifteen
refers to the average number of pounds of weight American teenagers put on
during their first year in college. If that rate continued, students would gain in
excess of fifty pounds during their four years of college. Secondly, high levels of
cholesterol put one at risk of early death from cardiovascular disease. To help
guide Americans in practices of good health, the American Heart Association
and other agencies have established guidelines for cholesterol and other lipids
in the blood. A range of 200 to 239 mg/dl is defined as borderline high risk, and
values greater than 240 mg/dl are considered high risk. Barring genetic predis-
positions that prevent an individual from influencing her circulating concen-
trations of lipids, the best rule of thumb is to keep total cholesterol, LDL
cholesterol, and triglycerides as low as possible. This can be done mainly
through eating a healthy variety of foods on a daily basis and by establishing reg-
ular programs of daily physical activity.
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From figure 12.2, note that my plasma HDL levels are about 50—60 mg/dl and
my LDL levels are about 70-8omg/dl. While not shown here, there have been
times during those twenty-five years when my HDL levels were higher than my
LDL levels. This happens mainly when I am involved in intense regular exercise.
Another general rule of thumb is to keep the HDL levels as high as possible and
the LDL levels as low as possible. Diet and exercise are again important although
individual results will vary from person to person and from time to time even in
the same person.

From the late 1980s to the early 1990s, my HDL concentrations rose while
my LDL levels dropped until the two met. This is unusual but good and there is
a reasonable explanation for the phenomenon. During that time, I had a gradu-
ate student who was determined and competitive. A new recreation facility had
just been built at Rutgers University. My student and I decided to take advantage
of these facilities and began playing racquetball together. We agreed to have
physical examinations by our physicians including complete blood screens, to play
intense competitive racquetball for some weeks, and then to have follow-up
physical examinations. What was planned as a one-semester activity turned
into several years of healthy competition. My student and I met on the courts
three times weekly and played vigorously for nearly an hour. Neither one of us
cared much about the etiquette of racquetball. We were more concerned with
movement and physical activity on the court. The net result for blood lipids
were noticeable elevations in our HDL cholesterol concentrations and reduc-
tions in total cholesterol, LDL cholesterol, and triglycerides.

Before and since that time I have engaged in dynamic physical activities
including running, cycling, and swimming, and have checked the effects with
physicians’ examinations and blood screens before and after each period of thirty
to ninety days. None were as markedly effective for me and my circulating lipids
as the racquetball that I played with my competitive graduate student and
friend. I recall that period with great fondness. I suppose that if friends could
exercise together, long-standing lipid-lowering health benefits could result.
I have not tested this idea further but would be happy to hear from any reader
who has.

Finally, I apologize if I have sounded either boastful or condescending. If
your blood lipids are not in line with good health, take heart. Without prescrip-
tion medication you can do something about this. Prepare another table (see
table 12.2) and then go for a physical examination including a full blood lipid
screen. Ask for a copy of the results. Then begin a self-determined, inexpensive
program of weight loss, diet control, dynamic activity, and persistence. After
eight to twelve weeks (and when you have shed eight to ten pounds), go for a
second physical examination and blood lipid screen. Compare the two sets of
results. Most likely you will see positive improvements. These will motivate you
to even higher levels of achievement.
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TABLE 12.2

Sample chart for recording blood lipids over time

Physician Clinic/ Total
Date (nurse, PA)  Laboratory  Triglycerides Cholesterol HDL-C LDL-C

mean

s.e.m.

Blood Cells and Good Health

From the late 1990s, stem cell research has captured the interests of science,
medicine, and the public. Stem cells can be collected from several sources
including umbilical cord blood, bone marrow, embryos, and adults. Stem cells
are often referred to as unipotent or pluri- or multipotent. Unipotent means
that a particular line of stem cells is destined to become a single differentiated
cell type, for example, a nerve cell, muscle cell, or endocrine cell. Pluripotent
means that a particular line of stem cells can become any of several cell types
including those just mentioned. If the stem cells are destined to become circu-
lating blood cells, they are referred to as hematopoietic stem cells. Such pri-
mordial (ancestral) hematopoietic stem cells can differentiate into red blood
cells (erythrocytes), white blood cells (leukocytes), or blood platelets (cell frag-
ments). Their differentiation depends in part on chemicals that direct growth
and development such as growth factors. Nerve growth factors (NGF) contribute
to the undifferentiated cell becoming a neuron while angiogenic growth factors
(AGF) direct differentiation of stem cells into blood vessels. All of this depends
critically on the health and well-being of the organs and tissues from which the
ancestral stem cells arise.

The concentrations of blood cells in circulation at any point in time are
importantly influenced, among other things, by diet, exercise, and lifestyle. For
example, we know of communicable diseases that compromise the immune sys-
tem such as HIV. Compromised immune systems mean poorer health in gen-
eral. The immune system, in part, is comprised of circulating white blood cells
such as lymphocytes, neutrophils, and macrophages. Diet and exercise habits
have an effect on immune system health as well although all the mechanisms
are not known. At one point in my adult life, I was exercising three or four times
per week and donating blood at least quarterly. Then I decided to increase my
daily consumption of insoluble fiber via a hot breakfast cereal. After a routine
physical examination, my physician reported that my circulating leukocyte
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FIGURE 12.3 Author’s profile of circulating white blood cells (X 1073 per microliter of
whole blood, closed triangles), platelets (x 1073 per microliter of whole blood, closed
circles), and hematocrit (percent, open circles) (y-axis) plotted over time (x-axis,
years). Data are means (symbols) plus or minus one standard error of the mean (ver-
tical bars attached to symbols). Each mean represents several measurements.

levels were on the low side of normal, a condition he called leukopenia.
I explained to him what I was doing with regular exercise, high fiber diet, and
blood donations, and he suggested additional blood screens and laboratory tests
and that I see an oncologist, which I did. Over the course of several months, she
did additional tests trying to isolate the cause of my leukopenia. Tests included
examinations of my liver, spleen, and bone marrow. She could find no clues to
explain the decline in circulating white blood cells.

I told her about my high fiber diet, regular exercise, and quarterly blood
donations. She shrugged off the notion of contributions from my diet and exer-
cise but suggested that I discontinue donating blood so frequently. Soon there-
after T also modified my diet to reduce my daily consumption of fiber. During the
oncologist’s evaluations, I learned that high dietary fiber can interfere with
digestion and absorption of iron and other minerals that are important to
hematopoiesis. I modified my lifestyle and have continued to monitor my white
blood cells, but they have never returned to their preexperimental values.
Figure 12.3 illustrates some of my data before, during, and after that period of
time. The average adult concentration of leukocytes is about 5,000 cells per cubic
microliter (or 5,000 WBC/ul3). Neither my family physician nor the oncologist
were able to tell me what had caused my leukopenia. As a physiologist, I reasoned
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that the combination of donating blood, consuming excess fiber, and engaging in
moderate to heavy exercise had, by mechanisms that I cannot explain, compro-
mised the white cell-producing capacity of my hematopoietic tissue. Alterna-
tively, my combined diet, exercise, and blood donations might have permanently
accelerated the rates of destruction of my white blood cells. If the rate of degrada-
tion of a product exceeds its rate of synthesis, then the circulating concentrations
of that product will be reduced.

One of the reasons monitoring white blood cells is important is that they con-
stitute an important component of the body’s immune system. Reductions in cir-
culating and noncirculating white blood cells potentially mean a compromise in
the immune system’s capacity to fight disease. With my physician’s help, I have
continued to keep records of my blood chemistry. If my white cell count declines
below the range of 2.8—3.0, I will ask for referrals to see other oncologists. Medi-
cine is a dynamic art, and it continues to change as physiology and other medical
sciences advance. Doubtless, for diagnosing and treating paroxysmal leukopenia
(an unexplained decline in the circulating concentrations of white blood cells),
there are procedures and medications available today that were not available ten
or twenty years ago. Moreover, as stem cell research moves forward, new discov-
eries for treating leukopenia will be made. At the time of this writing (December
2006), Jon Corzine, the governor of New Jersey, had just signed legislation creat-
ing the Stem Cell Research Initiative of New Jersey. Hundreds of millions of dollars
will be spent to build and staff the Stem Cell Research Institute of New Jersey, a
joint effort between Rutgers University and the University of Medicine and Den-
tistry of New Jersey, Robert Wood Johnson Medical School.

Blood Sugar, Diabetes, and Metabolic Syndrome

While watching a softball game one spring, I noticed a young boy about six or
seven years old. While playing catch with his mother, he made several runs to a
nearby restroom. Later, in a conversation with the mother, I commented about
her energetic little boy. She said something to the effect that all he does is eat,
drink, and urinate. I asked her if she had ever heard the phrase the trilogy of dia-
betes. She said no. There are three well-defined symptoms of undiagnosed, there-
fore untreated, diabetes. From the Greek they are called polyphagia, polydypsia, and
polyuria. The prefix poly means “many or multiple.” Phagia, dypsia, and uria, loosely
translated, mean “hunger,” “thirst,” and “urination.” In other words, the symptoms
of undiagnosed diabetes, which are familiar to any health care professional who
has spent reasonable time studying physiology, are excess hunger, excess thirst,
and excess urination. The boy’s mother said she would arrange for a physical
examination for her son and thanked me for the information.

When my sons were young, I was a scoutmaster. Over a couple of years
camping, hiking and working with these young men, I noticed a boy about age
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twelve who exhibited the trilogy of diabetes. He was also extremely slim and had
a pale, sickly skin tone. I mentioned my observations to his mother and father
and described the symptoms of diabetes to them. Several weeks later they told
me that they had taken their son for a physical and blood work. The doctor had
recommended a glucose tolerance test. Subsequently this boy was diagnosed
with Type I insulin-dependent diabetes mellitus (IDDM) and was placed on a
special diet and regimen of insulin injections.

A glucose tolerance test is one of the definitive measures physicians use for
detecting diabetes. The patient is brought to the clinic in a fasting or semi-fasting
state and water is given at will but food is withheld for one or two consecutive
meals. This means that patient has not eaten for sixteen to twenty-four hours
prior to the test. She is asked to drink a flavored liquid containing a high con-
centration of sugar. Urine and/or blood samples are collected every thirty min-
utes over the course of two to three hours. On a graph, the blood or urine
concentrations of sugar are plotted as a function of time. In a nondiabetic per-
son, blood sugar concentrations rise rapidly to a known level and then decline
almost as rapidly. In a diabetic individual, blood sugar levels rise considerably
above the level for nondiabetics but decline only slowly. Thus, the shapes of the
two curves for diabetic and nondiabetic are characteristically distinguishable.
This is the basis of the diagnosis of diabetes. Anyone you know, young or old,
who displays the trilogy of diabetes and has not been screened should be.

Diabetes is the most common serious metabolic disease in humans. One
variant is Type I diabetes or insulin-dependent diabetes mellitus, which results
from an immune-mediated selective destruction of the pancreatic beta cells
(those that produce and secrete insulin). It is also called early-onset or child-
hood diabetes. In the absence of insulin and in the presence of another pancre-
atic hormone, glucagon, circulating concentrations of glucose and ketone bodies
accumulate. In excreting these, the kidneys cause an osmotic diuresis. The patho-
physiological consequences that follow can lead to acidosis, dehydration, and
death from diabetic ketoacidosis; treatment is to supply insulin by injection.
Type Il diabetes, or non-insulin-dependent diabetes mellitus (NIDDM), is more
complex. The beta cells still produce insulin but are not as responsive to elevated
concentrations of glucose as are the beta cells of normal subjects. Moreover, even
in the presence of insulin, the metabolism of glucose is compromised. These
patients have developed insulin resistance.

The story of the discovery of insulin by Frederick Banting and Charles Best
and colleagues is among the great collaborations between experimental physi-
ology and the practice of human medicine. The University of Toronto in Canada
became the site of perhaps the most celebrated example of a discovery made in
a physiological laboratory that had immediate therapeutic implications. Insulin
was discovered, isolated, purified and made ready for clinical use in the brief
period of a couple years (1921-1922) by the research team of Frederick Banting, a
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professor of physiology, Charles Best, his graduate student in physiology, John
James Macleod, a professor of biochemistry, and James Collip, his graduate stu-
dent in biochemistry. In 1923 Banting and Macleod became the first North
Americans to win the Nobel Prize in physiology or medicine. They shared their
fractions of the prize with Charles Best and James Collip. I recommend reading
the physiological and biochemical experimental components of this story to any
student or clinician interested in the relation between physiology and medi-
cine. It is one of the most striking examples of translational physiology that I can
think of.

A detailed discussion of the physiology and endocrinology of diabetes is
beyond the scope of this book. However, a few points should be made. In nor-
mal persons, insulin counterbalances the actions of glucagon by promoting the
uptake of circulating glucose by the tissues. In most of us, increased glucose in
the blood, such as after ingestion of a meal or during a glucose tolerance test, is
accompanied by increased secretion of pancreatic insulin. This does not hap-
pen in Type I diabetes where, in the absence of insulin, glucagon can cause suf-
ficient release of glucose to elevate plasma concentrations five- to tenfold. In
the presence of excess blood sugar and excess blood ketone bodies, the kidneys
must work extra hard to process these metabolites. That causes excretion of
osmotically active chemicals and excess loss of water. Ketone bodies are strong
organic acids, so their excess can lead to severe metabolic acidosis, the accu-
mulation of excess hydrogen ions (reduced pH) in both the intra- and extracel-
lular spaces. Metabolic acidosis coupled with severe dehydration is a formula
for disaster including potential coma and death. These can and do occur if the
diabetic is not treated with insulin.

One of the modern scourges of industrialized societies is the obesity epi-
demic. The increased prevalence of obesity among children is directly associ-
ated with an increase in Type I diabetes. An association between metabolic
disorders and cardiovascular disease has been known since the late 1940s. In
the 1980s, the association became clearer and the term metabolic syndrome was
coined to designate a cluster of metabolic factors that put an individual at
increased risk of early death from cardiovascular-related disease. The root
causes of metabolic syndrome as well as the basic definition depend on who is
defining the disorder. For example, the National Cholesterol Education Program
defines the syndrome more conservatively than does the World Health Organi-
zation. They do agree, however, on a few defining characteristics. One is a
plasma triglyceride concentration that is greater than or equal to 150 mg/dL
Another is a waist circumference of 35 to 40 inches (lower numbers for women
and higher numbers for men). HDL concentrations of 35 to 40 mg/dl or lower is
a third indicator of metabolic syndrome. The World Health Organization is more
liberal in regard to blood pressure, as they define the syndrome as 140/90 mmHg
or above. The National Cholesterol Education Program’s blood pressure values
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of 130/85 are too conservative in my view and are discordant with most other pro-
fessional guidelines, such as those recommended by the American Heart Associa-
tion, the National Institutes of Health, and the World Health Organization.

The physiological range for glucose either in whole blood or plasma should
be about 80-100 mg/dl. Anytime the student or patient has a physical examina-
tion and blood work and glucose concentrations are appreciably outside this
range, you should seek an explanation. You do this by first analyzing any
changes in eating habits or daily routines of physical activity that might have
occurred hours or days before withdrawal of the blood sample. As a practitioner,
you should take adequate time with your patient to discuss the data. Between
the patient and the clinician and any specialists who might be involved, all par-
ties should come to a satisfactory conclusion about the probable causes of the
elevated or depressed blood sugar. Moreover, both the student and the practi-
tioner should be aware that technical mistakes can be made in the laboratory.
As either a patient or one treating a patient, it is acceptable to ask for a reanaly-
sis of blood glucose. If the source of the problem was identified and corrected
between the times of the first and second blood samples, then the second test
results should reveal blood glucose levels once again in the range of 80—100 mg/dl.
Over the course of several decades and as the student or patient accumulates
her medical records, she should note that circulating concentrations of blood
sugar have remained relatively stable at these levels.
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absorptive state. the period during which a meal is being ingested, digested,
and absorbed.

acrosome. the head of a mature sperm cell

actin. a muscle protein of relatively low molecular weight; a main constituent
of the myofibrillar thin filament

activators. cells, tissues, and organs that are innervated by efferent motor neurons

adenylyl cylase. an enzyme that converts adenosine triphosphate (ATP) to cyclic
adenosine monophosphate (CAMP)

adrenocorticoids. steroid hormones produced by the adrenal glands
afferent arterioles. small renal arteries that give rise to glomerular capillaries

agglutination. changes in the surface properties of antigens that cause them to
adhere to one another

airborne pathogens. disease-causing agents transported in the air by any
means including on pollen, spores, and molds

akinesia. difficulty initiating movement

aldosterone. an important salt-regulating hormone produced by the adrenal
cortex

alveolar ventilation. abbreviated VA, difference between minute ventilation
and dead space ventilation

androgens. male gonadal steroid hormones

anemia. reduced number of red blood cells in the circulation

angiogenesis. the process of forming new blood vessels

angiotensin I. AT, a decapeptide clipped off of angiotensinogen by renin that is

physiologically inert
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angiotensin II. All; an octapeptide created when pulmonary angiotensin-
converting enzyme (ACE) removes two amino acids from Al

angiotensinogen. also called renin substrate; a circulating macromolecule pro-
duced by the liver that serves as substrate for renin

anterior. in the upright individual, the front of the body

antidiuretic hormone. ADH, a hypothalamic/pituitary hormone that mini-
mizes renal excretion of water

aortic bodies. peripheral chemoreceptors located on or near the aorta
aquaporins. proteins that make water channels in cell membranes
arginine vasopressin. AVP, vasopressin; an acronym for ADH

atresia. loss of female oogonia during embryogenesis

autocrine. a hormone released by cell A that acts on cell A

autoregulation. also called pressure-flow autoregulation; the ability of an
organ to maintain a relative constant flow despite changes in pressure

baroreceptor reflex. a cardiovascular reflex that begins at the carotid sinus
mechanoreceptors

biconcave disk. the shape of the red blood cell with concavity on both sides of
the cell

bilateral. on both sides, such as the kidneys are bilateral organs

bipotential gonads. early in embryogenesis, gonads that have the potential to
become either male or female

blastocyst. a spherical mass of cells with fluid-filled cavity that continues to
develop inside the uterus

Bowman’s capsule. a renal capsular structure containing glomerular capillaries

Bowman’s space. the site of formation of ultrafiltrate; space between glomeru-
lar capillaries and the interior of Bowman’s capsule

bradycardia. slow heart rate, fifty beats per minute or less

calorie. a basic unit of heat (the amount of heat needed to raise the tempera-
ture of water one degree centigrade)

capacitation. influence of the ovum (egg) on the sperm cell that enables it (the
sperm) to fertilize the egg

cardioaccelerator. an agent or action that increases heart rate
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cardioaccelerator center. neurons in the brain stem that cause heart rate to
increase

cardioinhibitor center. neurons in the brain stem that cause heart rate to
decrease

cardioinhibitory. an agent or action that inhibits cardiac function

carotid baroreceptor. a neuronal structure that detects changes in blood pres-
sure (mechanoreceptor, pressoreceptor, or pressure receptor)

carotid bifurcation. division of the main carotid artery, left or right, into inter-
nal and external branches

carotid bodies. peripheral chemoreceptors located on or near the bifurcation
of both common carotid arteries

central pattern generator. neurons in the respiratory control centers whose
cyclic discharge drives the inspiratory and expiratory cycles

chemoattractants. chemicals released by injured cells or tissues that act as sig-
nals for other chemical/cellular/metabolic processes

chemoreceptors. in respiratory physiology, sensory receptors—both central
and peripheral—that detect changes in PO,, PCO,, and H* content of body
fluids

chemotaxis. process by which one chemical or molecule signals another to
draw near

chronotropic response. a change in heart rate caused by an action or agent;
can be either positive or negative

chylomicron. reconstituted triglycerides and other fat products inside mucosal
epithelial cells

CICR. calcium-induced calcium release; interaction of dihydropyridine and
ryanodine receptors that leads to calcium release

colloid oncotic pressure. the ability of a protein-containing aqueous fluid to
attract water and cause pressure

comparator. the component of a physiological control system that compares
two sets of values such as actual blood pressure and physiological values for
blood pressure

conducting zone. trachea, bronchi, and nonrespiratory bronchioles

conduction. movement of an action potential down an axon (neuron)
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controllers. neurons, usually found in discrete locations of the brain stem (and
other higher brain centers) that exert regulatory control

cross bridge. an extension of the myosin thick filament that binds to the actin
thin filament

dead space. volume of air in the conducting zone; the portion of tidal volume
that does not exchange with blood because it fails to reach the respiratory
zone

dead space ventilation. air that ventilates the conducting zone but not the res-
piratory zone

depolarization. departure, in the positive direction, from a negative resting
membrane potential

diapedesis. movement of neutrophils from the vascular lumen to the intersti-
tial spaces

dihydropyridine receptors. receptors associated with sarcolemmal calcium
channels

dorsal respiratory group. neurons that are part of the medullary respiratory
control centers

dromotropic response. a change in atrioventricular conduction velocity
caused by an agent or an action; can be positive or negative

E-C coupling. excitation-contraction events in the heart that link membrane
depolarization to contractile activity

edema. the swelling of tissues caused by accumulation of extracellular
water

effectors. another term for activators

efferent arterioles. small renal arteries immediately downstream to glomerular
capillaries

electrolyte balance. maintenance of the constancy of sodium, potassium, cal-
cium, and other electrolytes in body water compartments

embryogenesis. growth, development, and differentiation of the maturing
embryo

emulsification. the role played by bile acids in breaking down and digesting
ingested fats

endocardium. innermost cell layer of the heart; cells that are in contact with
ventricular blood
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endocrine. a hormone released by a gland then transported by the circulation
to a remote site of action

endothelium. cells that constitute the interface between circulating blood and
the vessel wall

energy balance. calories consumed are equal to calories expended (burned)
enteric system. gastrointestinal tract or system

epicardium. outermost cell layer of the heart; cells that are in contact with the
pericardium

equilibrium. physiological steady state, such as when the rate of inflow equals
the rate of outflow

error signal. difference between physiological value and the adjustment made
to compensate for a deviation

erythropoiesis. process of forming and releasing new red blood cells
estrogens. female gonadal steroid hormones
exercise proteinuria. protein in the urine that accompanies strenuous exercise

exocrine. a hormone or other product released from a cell into a duct or tubule
as a means of reaching its site of action

expiration. the process of exhaling a tidal volume of air

external respiration. exchange of respiratory gases between air and blood, and
blood and tissues

extravascular. outside the blood vessel lumen

fast-twitch fibers. muscle fibers with low blood flow and mitochondrial con-
tent but that are larger and have more extensive SR than slow-twitch fibers

feedback. physiological information relayed by one component of a control sys-
tem to another

Fenn effect. in muscle, the relationship between the amount of work done and
the supply of ATP to support it

filtration barrier. components of walls of glomeruli that impede or prevent
ultrafiltration

filtration fraction. the portion of renal plasma flow (RPF) that gets filtered by
the kidneys each minute

folliculogenesis. development and maturation of a primordial follicle
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forced expiratory volume. FEVI, the volume of air a patient can forcefully expel
from the lungs in one second; a measure of pulmonary function

frontal. in the upright individual, a section that divides the anterior from the
posterior

gameteogenesis. growth and development of the male and female gametes
(germ cells)

genetic gender. the gender that is determined when the male and female
pronuclei meet during fertilization

genotype. the genetic compliment of a zygote

glial cells. cells in the central and peripheral nervous systems that support
neurons

glomerular capillaries. renal capillaries that filter blood plasma and are
located inside Bowman’s capsule

glomerular filtration rate. the simultaneous rate of formation of ultrafiltrate
in both kidneys

glomerulus. the component of a nephron that contains the glomerular capillaries

gradient. physiological differences in a variable, such as between arterial and
venous blood pressure

growth factors. proteins and peptides that promote proliferation and differen-
tiation of cells and tissues

half life. the time it takes an initial concentration of a hormone to be reduced
to half its original concentration

hemangioblasts. primitive stem cells that give rise to blood- and vessel-forming
cells

hematocrit. red blood cell fraction of a centrifuged sample of whole blood

hematopoiesis. the process of forming blood cells, particularly red blood cells
(see also erythropoiesis)

hemodynamics. physiological variables that influence blood flow, such as pres-
sure, resistance, vascular geometry, and viscosity

hemorrhagic shock. state of shock caused by loss of blood volume
homeostasis. physiological balance in a cell, tissue, organ, or whole animal

hyperalimentation. intravenous infusion of energy substrates in a patient that
is unable to consume food orally
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hyperplasia. increased number of cells in a tissue

hypertension. elevation in blood pressure

hypertrophy. increase in size of a cell/tissue

hypophysectomy. removal of the pituitary gland and/or a tumor thereof
hypotension. reduction in blood pressure

hypovolemic hypotension. reduced blood pressure secondary to an abrupt
loss of blood volume

inferior. in the upright individual, a landmark that is towards the feet

inotropic response. a change in contractility of the heart caused by an action
or an agent; can be positive or negative

inspiration. the process of inhaling a tidal volume of air

interatrial septum. a wall separating the two atrial chambers in mammalian
hearts

internal respiration. use of oxygen by cells and subcellular organelles
internodes. space (distance) between two adjacent nodes in a myelinated axon

interstitial. outside cells and blood vessels, the spaces between the cells and
tissues

interventricular septum. a wall separating the two ventricular chambers in
mammalian hearts

intra-alveolar. inside the alveoli; used interchangeably with intrapulmonary

intrapleural space. potential space between the visceral and parietal pleural
membranes

intrapulmonary. inside the lungs; used interchangeably with intra-alveolar
intravascular. inside the blood vessel lumen
ischemia. reduced tissue blood flow whether transient or chronic

JGA. juxtaglomerular apparatus; morphologic proximity of key renal structures
to each other

lacteals. end lymphatic capillaries that absorb chylomicrons and other fats
products

lateral. in the upright individual, the side of the body or moving away from the
center line (midline)
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luminal digestion. breakdown of food particles inside the lumen of the gut

lymphocytes. immune cells produced in the lymph nodes, released into the cir-
culation and tissues, then recycled to the lymphatic system

lymphoid. originating in the lymphatics

malignant hyperthermia. a condition induced by volatile anesthetics in a sur-
gical setting that affects muscle tone and is potentially life-threatening

margination. movement of cells from central axis of flow to vessel wall in
preparation to enter tissue spaces

mastication. the oral processes of chewing, crushing, incising, and ripping food

medial. in the upright individual, the center line of the body such as through
the sternum and navel

membrane digestion. also called brush-border digestion; digestion of food
stuffs by enzymes that are imbedded in cell membranes

menarch. first female menstrual cycle, marks the onset of puberty
menopause. end of the menstrual portion of the female reproductive life cycle
menses. monthly menstrual cycles in females

microcirculation. smallest of the blood vessels including, among others, arte-
rioles, capillaries, and venules

midmyocardium. region of the heart muscle midway between the epicardium
and endocardium

MIF. mullerian-inhibiting factor, an agent secreted by embryonic male gonads
that prevents female gonads from developing

minute ventilation. VE, the total volume of air moved in and out of the lungs
via both conducting and respiratory zones each minute

morphology. the basic shape or structure of a thing (cell, organ, animal)

morula. also known as conceptus; development of the zygote to a mass of twelve
or more cells during the first three days postfertilization

motor unit. a motor nerve and all the muscle fibers it innervates
myelin. lipid-like insulating material that circumscribes axons
myeloid. originating in the bone marrow

myocardial infarction. a heart attack; reduced flow of blood to heart wall lead-
ing to damage and death
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myocardium. muscle cells that compose the wall of the ventricles and atria
myocyte. a muscle cell

myosin. a muscle protein of relatively high molecular weight; the main compo-
nent of myofibrillar thick filaments

nephron. functional structure of the kidneys consisting of vascular and tubular
elements

neuroendocrine axis. organs involved in neuroendocrine regulation or physiol-
ogy including the CNS, hypothalamus, pituitary, adrenal gland, and target tissues

neutrophilia. an increased number of circulating white blood cells secondary
to infection and inflammation

neutrophils. mature white blood cells that can attack and destroy whole bacte-
ria and other pathogens

nonstriated muscles. muscle fibers typically lacking striations; examples
include vascular and visceral smooth muscle

obligatory water loss. the minimum amount of urinary water necessary to
dilute and excrete unwanted solutes during states of dehydration

osmoreceptors. sensory neurons that detect osmolality (osmolarity), or con-
centrations of solutes, of body water

osmosis. the influence of charged ions on the movement of water
oxyhemoglobin. hemoglobin with oxygen molecules bound to it
PaCO,. partial pressure of carbon dioxide in arterial blood

PACO,. partial pressure of carbon dioxide in alveolar air

PaO,. partial pressure of oxygen in arterial blood

PAO,. partial pressure of oxygen in alveolar air

paracrine. a hormone released by cell P that acts on an adjacent cell Q

partial pressure. a fraction of a total pressure, for example, the partial pressure
of oxygen is only a fraction of total barometric pressure

PCO,_ partial pressure of carbon dioxide in an unspecified location

pericardium. membranous, connective-tissue-like sac in which the heart is
contained

perimenopausal. the period surrounding menopause (lasting several months to
several years depending on the individual)
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peritoneum. epithelial tissue lining of abdominal cavity
phagocytosis. ability of one cell to engulf and destroy another

phagosome. an encapsulated pathogen once it has been engulfed by a neu-
trophil or macrophage

phenotype. the degree of maleness or femaleness of a developing human

platelets. anucleated, disk-like blood cells designed to prevent the loss of blood
from damaged vessels

pneumothorax. puncture of the thoracic cavity, loss of subatmospheric
intrapleural pressure with possible collapse of lungs (uninflatable until
repaired)

PO,. partial pressure of oxygen in an unspecified location
polycythemia. excess red blood cells in the circulation

postabsorptive state. the time after which most of a meal is digested and
absorbed (about four or five hours after a typical meal in a healthy person)

postcapillary resistance. the resistance to blood flow in small blood vessels
just downstream to the capillaries

posterior. in the upright individual, the back of the body

precapillary resistance. the resistance to blood flow in small blood vessels just
upstream to the capillaries

primordial germ cells. gonadal undifferentiated cells that give rise to male ser-
toli and female granulosa cells

proteinuria. protein in the urine (an aphysiological finding under most
conditions)

pulsatile blood pressure. changes, throughout the cardiac cycle, in arterial
blood pressure

PVO,. partial pressure of oxygen in mixed venous blood (inside the right
atrium, right ventricle, or pulmonary artery)

RAAA system. renin, angiotensin, aldosterone, antidiuretic hormone regula-
tory system; helps govern body water, electrolytes, and blood pressure

reactive hyperemia. excess blood flow that occurs upon release of a mechani-
cally occluded blood vessel

reactive oxygen species. chemicals such as superoxide anion, hydroxyl radical,
and peroxynitrite that damage biologically important processes or structures
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receptors. docking stations made of proteins that are integral to all cell
membranes

recruitment. an increasing number of motor units functioning as stimulus
strength increases

reduced hemoglobin. HbH, hemoglobin carrying excess acid, such as that leav-
ing the systemic capillaries en route to the lungs

reflex arc. an anatomical structure of five components needed to convert a sen-
sory signal into a motor action

refractory period. the period of time following initial depolarization during
which a second stimulus will not cause an action potential

regenerative medicine. the predicted future cure of disease and ailments
based on the use of stem cells

renal baroreceptors. pressure sensors in the renal afferent arteriole that are
part of the juxtaglomerular apparatus

renal capsule. a rigid connective tissue sheath encasing each kidney

renal hilus. the point of entry or exit of renal blood vessels, nerves, and ureters
in each kidney

renal pelvis. inner area of kidney that gives rise to the ureters

renal portal. renoportal; the arrangement of two sets of renal capillaries
(glomerular and peritubular) in series with each other

renin. a proteolytic enzyme that is released by the renal JGA when renal arterial
perfusion pressure declines

reperfusion. restoration of tissue blood flow following a period of ischemia

repolarization. return from the depolarized state to a resting (negative) mem-
brane potential

RES system. reticuloendothelial system; enlarged extravascular monocytes and
macrophages that are important parts of the immune system

respiratory zone. respiratory bronchioles, alveolar ducts, alveolar sacs, and
alveoli

ryanodine receptor. intracellular calcium receptors associated with release of
calcium from the SR

saggital. in the upright individual, a section that divides the body in two using
the midline
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sarcolemma. the cell membrane of a myocyte, particularly striated muscle cells
sarcomere. the basic functional and structural unit of striated muscle cells

sarcoplasmic reticulum. SR; an intracellular system of tubules in myocytes
that store and release calcium

set points. genetically (physiologically) determined value for a variable

slow-twitch fibers. small fibers with an extensive capillary network (high blood
flow) and a high content of cytosolic myoglobin

spermatogenesis. growth and development of the maturing sperm cells
spermatogonium. a developing sperm cell
spirometry. method used to test the functional capacity of the respiratory system

SRY gene. sex-determining region of the Y chromosome; helps determine
maleness

Starling forces. hemodynamic variables that influence the formation of
ultrafiltrate

STDs. sexually transmitted diseases
steady state. a physiologic state when a variable is constant

striated muscles. muscle fibers with characteristic alternating light and dark
bands (striations); examples are cardiac and skeletal muscle

superior. in the upright individual, a landmark that is towards the head
synapse. space between a pre- and postsynaptic membrane
tachycardia. fast heart rate, one hundred beats per minute or greater

TDF. testis-determining factor; a transcription element encoded by the SRY
gene

thrombocytes. another term for platelets
tidal volume. volume of air inhaled or exhaled during a single respiratory cycle

tissue macrophages. circulating monocytes and macrophages that have trans-
formed and taken up residence in the interstitial spaces

trans-alveolar. across the wall of an alveolus; the wall of the alveolus separates
the intra-alveolar and intrapleural spaces

translational physiology. experimental findings that are quickly transferable
to a clinical setting
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transmission. movement of an action potential across a synapse by chemical or
electrical means

transport maximum. T, the point at which all protein carriers in an epithelial
cell are occupied by ligand

transverse. in the upright individual, a section that divides the body into supe-
rior and inferior halves, such as at the pelvic girdle

tropomysin. a thin filament protein that regulates cross-bridge formation
between myosin and actin

troponin-C. a thin filament calcium-binding protein

t-tubules. indentations (invaginations) of the sarcolemma that plunge deep
into the myocyte but still represent extracellular space

ultrafiltrate. aqueous (water-like) solvent and solutes that leave glomerular
capillaries and enter Bowman’s space

vasodepressor center. neurons in the brain stem that cause blood pressure to
decrease

vasomotor. having to do with the regulation of internal radius of a blood vessel
(motor tone)

vasopressor center. neurons in the brain stem that cause blood pressure to
increase

ventilation. movements of lungs and thorax that cause respiratory airflow

ventral respiratory group. neurons that are part of the medullary respiratory
control centers but are located inferiorally relative to the superior dorsal
neurons

vital signs. heart rate, blood pressure, respiratory rate, body temperature

walling off. the prevention of diffusion of toxins to locations beyond the site of
invasion

writer’s cramp. pain and tissue dystrophy that accompany excess use of flexor
muscles and simultaneous disuse of extensors in the arm and hand
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absorption: of simple sugars, 119; surface
area and, 120

absorptive state, 114

ACE. See angiotensin-converting enzyme

acetaminophen (Tylenol): in heart tissue,
32; for high-altitude headache, 31-32;
MPTP protected by, 159; muscle
experiments with, 160-161

acetylcholine (ACh), 24, 26, 27

acid/base homeostasis, 87

acidosis, 11; clinically significant, 90, 9ot;
metabolic, 91t, 182; and osmotic diuresis,
108; respiratory, 91, 91t

acromegaly, 44, 45

actin: cross-bridge with myosin of, 154; and
muscle hypertrophy, 156

actin-myosin complexes, formation of
permanent, 155

action potentials, 22; and cardiovascular
control centers, 164; depolarizations and
repolarizations, 24

activators, in control systems, 14

adenohyophysis, 41

adenosine, 39, 153

adenosine diphosphate (ADP), in muscle
contraction, 155

adenosine triphosphate (ATP): in muscle
contraction, 155; regulation of, 7

adenylate cyclase, 27

ADH. See antidiuretic hormone

adrenal cortex, 47

adrenal glands: and growth, 47—48;
regulation of, 41

adrenal hormones, 47—48

adrenal medulla, 47

adrenocorticoids, 47

adrenocorticotropic hormone (ACTH), 42

agglutination, 145

Agre, Peter, 95

air-exchange system, composition of, 78

akinesia, of Parkinson’s disease, 28

Alan test, of collateral perfusion, 74-75

albumin to globulin ratio (A/G ratio), 144

aldosterone, 39, 47

alkalosis: clinically significant, 90, 90t;
metabolic, 91t; respiratory, 91, 91t

allergies, seasonality of, 93, 143

alpha amylase, 120

altitude, and partial pressure of oxygen, 86

Alton Giant, 44

alveolar ventilation, estimating, 84

alveoli, 78; cells of, 80; function of, 2t; and
minute ventilation, 84; structures of, 79t;
and tidal volume, 83

American Heart Association, 176, 183

American Physiological Society, 1

amino acid hormones, 39—40, 39t

amino acids, 122

anatomy: defined, 2; and physiology, 2

androgen actions, impaired, 136¢

androgens, 40, 41, 131, 132; functions of, 38t;
before puberty, 48

androstenedione, 47

anemias, 55

anesthesia, and menstrual cycles, 44

angiogenesis, 134-135, 145

angiogenic growth factors (AGFs), 178

angiotensin-converting enzyme (ACE),
37-38, 167

angiotensin I (AI), 167

angiotensin II (All), 167

angiotensinogen, 167

ANP. See atrial natriuretic peptide

ANS. See autonomic nervous system

antibodies: immune functions of, 144, 145; in
immune system, 138

antidiuretic hormone (ADH), 95; function of,
41; in hypotensive crisis, 167; and
overhydration, 105; in renal physiology,
103

antral fluid, 134, 135

antrum, stomach, 118

aorta, 63

aortic bodies, 87

apical membrane, 106

apneustic center, 88—89, 88t

aquaporins, 94-95

arginine vasopressin (AVP), 41, 95, 167. See
also antidiuretic hormone

arterial blood, pH of, 89

arterial blood pressure: and general health,
174; renal, 100

arteries, 62; distributing, 64, 65t; properties
of, 62—63; resistance in, 65

arterioles, 65, 65t

asthma, 82
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atherosclerosis, 14, 75

athletes, bradycardia in conditioned, 69

atmospheric pressure, 82

atrial natriuretic peptide (ANP), 37, 38t

atrioventricular (AV) node, 59

auditory cortex, primary, 32

Auerbach’s plexus, 22, 112

autocrines, 35; and hormones, 40; and target
cells, 36, 36f

autonomic innervation, of muscle, 152

autonomic nervous system (ANS), 19, 20;
activators of, 22; divisions of, 21, 21f; effect
on heart of, 59; functions of, 20t;
neurotransmitters in, 26, 27;
thoracolumbar, 20

autoregulation, pressure-flow, 100-102, 101f

AVP. See arginine vasopressin

axons, 18; myelinated vs. nonmyelinated, 19.
See also neurons

back pain, 29-30

Bainbridge reflex, 53

Banting, Frederick, 181

barometric pressure, 82, 86

baroreceptor reflex, 53, 68; and cardiac
output, 163—-165; in hypotensive crisis, 166

Barrett’s disease, 124

basement membrane, of glomerular
filtration barrier, 97

basolateral membrane, 106

basophils, 54, 139

Belloni, ducts of, 102

bench pressing, and muscle function, 157

Best, Charles, 181, 182

bicarbonate ions, 36

bile, enterohepatic recirculation of, 123

bile acids, 119, 122

biogenic amines, 39

blastocyst, 130

blood: acidity of, 84; health of, 54—55, 56;
osmolality of, 95; purpose of, 54; volume
of, 56-57

blood clots, 175

blood flow: cerebral, 32, 33f; 34; of coronary
reactive hyperemia, 73, 73f; during
hypotension, 168; measurements of,
72—73; renal, 96

blood loss: blood flow in, 64; and
hypotension, 162; physiology of, 57

blood pressure: carotid, 68; direct vs.
indirect measurement of, 173; and
equilibrium, 8; homeostasis of, 67—68;
inside capillaries, 66; and justaglomerular
apparatus, 102; and kidney function, 6;
long-term regulation of, 169; measuring
arterial, 75; and physiological gradients,
10; recording, 172—174, 172t, 173f;
regulation of, 14-15; and renal physiology,
100, 101

blood sink, 67

blood sugar. See glucose

blood-testis barrier, 132

blood vessels, types of, 62—-63

blood volume: estimating, 57; homeostasis
of, 147; regulation of, 57

B-lymphocytes, functions of, 140t

body temperature, 7

body weight, maintenance of, 7

bowel movements, 109, 114; and
composition of meal, 115; with
healthy diet, 126; and ISI, 126-127

bowel regularity, and behavioral changes,
110

Bowman’s capsule, 5f, 6, 96; pressure inside
of, 99; and renal plasma flow, 97;
ultrafiltrate in, 98, 102

Boyle’s law, 81-82

brachiocephalic arteries, 64, 74

bradycardia, 69

brain, health of, 34

brain stem, 14, 19

Broca’s area, 32

Brody disease, 158, 159

bronchi: bifurcation of, 78;
structures of, 79, 79t

bronchioles: bifurcation of, 78; functions of,
78; structures of, 78, 79t

bronchitis, chronic, 82

Brown, Michael, 174

buffy coat, 55, 55f

bundle of His, 59

calcium, 24, 56; and excitation-contraction
coupling in muscle, 153f, 154; intracellular,
26

calcium/troponin-C complex, 154

calories, and homeostasis, 7, 8

cankers, 144

Cannon, Walter B., 7

capacitation, 129

capillaries, 62, 65-66, 65t; glomerular, 6;
lymphatic, 66; properties of, 63;
pulmonary, 80, 83; in respiratory gas
exchange, 85t

capillary colloid osmotic pressure, 66

capillary hydrostatic pressure, 66, 99,
147-148

capillary oncotic pressure, 147-148

carbohydrates, digestion and absorption of,
117, 120—121

carbon dioxide: hydration of, 91; partial
pressure of, 11, 89; and physiological
gradients, 11; in respiration, 76

carbonic acid, production of, 91

carboxypeptidases, 122

cardia, of stomach, 118

cardiac cycle, phases of, 61-62, 61t

cardiac muscle, 3, 152

cardiac output, 64, 96; determination of,
164; in hypotensive crisis, 165; in
hypovolemia, 165

cardioacceleratory center, 163

cardiotonic centers, 13-14

cardiovascular disease, 62

cardiovascular reflexes, in hypotensive
crisis, 163
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cardiovascular system: components of, 53;
control system for, 13; health of, 68—69,
73—74; regulation of blood pressure in,
14-15

carotid baroreceptor, location of, 14-15

carotid bodies, 87

cell body, 18

cells, and homeostasis, 7

central core disease, 158, 159

central nervous system (CNS), 19;
components of, 14; functions of, 20t

cerebral blood flow: increasing, 34; regional,
32,33/, 34

cerebral hemispheres: regions of, 25f;
specialization of, 34

cervical cancer, incidence of, 136-137

chemoattractants, 140, 141

chemoreceptors: central, 87; peripheral, 87

chemotaxis, 141, 145

cholecystokinin (CCK), 119

cholesterol: screening for, 71; total, 174-175,
176f. See also lipids, blood; lipoproteins

cholesterol campaign, 174

chromosomes, sex-determining, 129

chronic obstructive pulmonary disease
(COPD), 82

chronobiology, 44

chylomicrons: classification of, 123; in
digestion and absorption, 120

chyme, 113, 114

chymotrypsin, 122

circulatory collapse, 66

circulatory systems, function of, 2t

clinical data, 171, 172t, 178t

clotting, 54, 57

collagen, 122

Collip, James, 182

colloid oncotic pressure, 99

colon, digestion in, 119

colony-stimulating factors, 150

comatosis, 11

comparators, 14, 15

complement system, 145

compliance: of blood vessels, 64; of veins, 67

conceptus, 130

conduction, 18; in biological tissues, 24;
physiology of, 23; saltatory, 19

congenital adrenal hyperplasia, 136t

congestive heart failure, 8, 157

constipation, 115

contraction, muscle, 152

control systems: analysis, 13—15, 13f; negative
feedback in, 15

COPD. See chronic obstructive pulmonary
disease

coronary arteries, 60—61, 64

coronary circulation, 60

cortisol, 47

cranial nerves, 20

cross-bridge cycle, 155, 156/

cyclic adenosine monophosphate (CAMP),
27

cytoplasm, pH of, 9ot

dairy products, GI reflexes stimulated by, 115

Davenport, Horace, 125

dead space volume, 84

defecation, in renal health, 104

defecation reflexes, 114

dehydration, 94; in diurnal cycle, 104-105;
osmotic, 108; and ultrafiltrate, 102

dementia, of Huntington’s disease, 29

dendrites, 18

dental caries, 117

deoxycorticosterone, 47

deoxyribonucleic acid (DNA), 42

depolarization: and calcium channels, 25; in
neuron communication, 24

diabetes: and blood pressure, 169; and renal
physiology, 105-108; trilogy of, 180; Type I,
108, 181, 182; Type I, 108

diabetes mellitus, 181, 108

diapedesis, process of, 139, 141

diastole, 61, 61t. See also blood pressure

diet: average Western, 105; and blood cells
in circulation, 178; and blood pressure,
169; and cardiovascular health, 69—72;
changes in, 110; fad, 69; and GI tract,
125-127; and glucose levels, 183; healthy,
125-127

dietary fiber, and cholesterol, 71

digestion: and behavioral changes, 110;
brush-border, 119-120; function of, 119;
luminal, 119; surface area and, 120

digestive enzymes, 36

digestive tract: functions of, 109; secretions
of, 115. See also gastrointestinal tract

dihydropyridine calcium antagonists, 154

dihydropyridine receptor (DHPR), 154

disaccharides, digestion of, 121

discomfort, nerve-related, 31. See also
headache, high-altitude

diuresis: osmotic, 108; water, 103

DNA. See deoxyribonucleic acid

dopamine, 28, 39

dorsal respiratory group (DRG), of
respiratory control centers, 88, 88t

duodenocolic reflex, 114

duodenum, protein digestion in, 121

dwarfism, signs and symptoms of, 46

dysgenesis, gonadal, 136¢

ectoenzymes, 121

edema, causes of, 148

edemogenesis, capillary water loss in, 166

elastase, 122

electrolytes: in health measurement, 56; and
water balance, 11. See also specific
electrolytes

emboli, 175

embryogenesis, 129

emotions, and limbic system, 32

emphysema, 82

emulsification, 122—123

end-expiratory phase, of respiratory cycle,
80, 82

endocardium, 58
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endocrine glands, 118

endocrine hormones, 35

endocrines, 36, 36f, 40

endocrine system, and nervous system, 47

endocrinology, advances in, 35-39

endoplasmic reticula, 40

endothelium, vascular, 66

energy, and heart rate, 68

energy balance: defined, 70;
homeostasis of, 7

enteric nervous system (ENS), 19, 112;
functions of, 20t; nerve plexuses in, 22

enteric system, 109. See also gastrointestinal
system

enterogastric reflex, 114

environmental stimuli, 12

enzymes: in carbohydrate digestion, 120-121;
and protein digestion, 122

eosinophils, 54, 139

epicardium, 58

epiglottis, function of, 2t

epinephrine, 39

epiphyseal cartilage, 43

epiphyses, and height, 44—45

epithelial cells: of GI tract, 112, 115; of
stomach, 118

equilibrium, concept of, 8, 16t

erythrocytes, 55/, 56, 84—85, 152;
characteristics of, 54; functions of, 140t

erythropoiesis, 55

erythropoietin: functions of, 38¢; release of,
37

esophageal secretions, 117

estrogens, 40, 41; functions of, 38t; before
puberty, 48

evaporation, in renal health, 104

excitation-contraction coupling (E-C
coupling): end result of, 25; in heart, 60;
in muscle, 153154, 153f

excretion, and plasma glucose, 107-108, 107f

exercise: and blood cells in circulation, 178;
and cardiovascular health, 69—72

exocrine glands, 35, 118-119

experimental techniques: for cerebral blood
flow, 34; with muscle, 160-161

expiratory phase, of respiratory cycle, 80

external anal sphincter (EAS), 111t, 112

extremities, 20

exudation, of plasma proteins, 148

fad diets, 69

fast-twitch muscles, classification of, 151, 152

fats: absorption of, 123; digestion of, 119,
122-123

feedback: and ANP, 37; concept of, 16t;
negative, 15, 89; positive, 15; in respiratory
control, 87

feedforward, 16, 16t

femaleness, determination of, 130

femoral arteries, 64

Fenn effect, 155

fertility, decline in male, 137

fertilization process, 129

fetus, female, 133

FEV. See forced expiratory volume

fiber intake, 71

fibrin, in platelet plug, 57

fibrinogen, 54; in platelet plug, 57; and renal
physiology, 97

“fight or flight” hormones, 47

filaments, of striated muscle, 3—4

filtration, and plasma glucose, 107, 107f

filtration fraction, 97

follicle-stimulating hormone (FSH), 42

folliculogenesis, 133-135

food poisoning, 109-110

foods, GI reflexes stimulated by
contaminated, 115

forced expiratory volume (FEV), 83

fructose, digestion of, 121

functions: concept of, 16t; mechanisms of, 1;
and structure, 1-6, 2t

GABA-secreting neurons, 29

galactose, digestion of, 121

Galen of Pergamon, 86—87

gametogenesis, physiology of, 128

gamma globulins, immune functions of, 144

ganglion, 22

gas exchange, in respiratory system, 77, 85t

gas laws, 81

gastric inhibitory peptide (GIP), 119

gastric reflux, 124

gastric secretions, 118

gastrin, 118

gastrocolic reflex, 114-115

gastroileal reflex, 109, 114

gastrointestinal (GI) system, 109;
carbohydrate digestion in, 120-121;
components of, 110112, 111f; esophageal
secretions in, 117; fat digestion in, 122-123;
gastric secretions in, 118; mechanics of,
113—114; pancreatic secretions in, 118-119;
as port of entry for pathogens, 143;
protein digestion in, 121-122; reflex
functions of, 114-115; salivary secretions
of, 116

gastrointestinal tract (GIT): anatomy of,
u1f; glandular secretions in, 116, 117t;
health of, 125-127; secretions of,
115-119

genders: determination and differentiation
of, 129; differences between, 128

genitalia, external, 129

genotype, 129, 130

germ cells, 133

GFR. See glomerular filtration rate

GH. See growth hormone

GHRH. See growth hormone releasing
hormone

gigantism, 44, 46

glands, 35; endocrine, 38—39, 38t; hormones
of, 38t

glial cells, 18

globulin, 144

glomerular filtration apparatus, 5f;, 6

glomerular filtration barrier: layers of, 97;
structure of, 98
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glomerular filtration rate (GFR): control of,
99-102; determination of, 6; and kidney
function, 96; and renal arterial blood
pressure, 101f

glucagon, 35; and carbohydrate metabolism,
119; and glucose metabolism, 108

glucocorticoids: functions of, 47; and
growth, 48

glucose: digestion of, 121; molecular weight
of, 97; physiological range for, 183; in
plasma, 105-106; reabsorption of, 106

glucose tolerance test, 181

glucose transport family of proteins
(GLUTSs), 106, 107

glutamate, 39

glycine, 29

glycogen, 28

goblet cell, 115-116

goiter, toxic diffuse, 50

Goldstein, Joseph, 174

gonadotropin-releasing factor (GnRF), 41

gonads, 41; development of, 128; sexually
indifferent embryonic, 130

graafian follicle, 128

gradients: concept of, 16¢; physiological, 9—11

granulocyte colony-stimulating factor
(G-CSF), 150

granulocyte-monocyte colony-stimulating
factor (GM-CSF), 150

granulocytes: characteristics of, 139;
functions of, 140t

granulosa cells, 131, 134

Grave’s disease, 50

growth: adrenal gland and, 47-48; and
thyroid gland, 48—49

growth factors, 48, 48t

growth hormone (GH), 40; in dairy cows, 48;
diurnal secretion of, 44; effects of, 42

growth hormone releasing hormone
(GHRH), functions of, 38t

Harris, Stuart, 31

Hashimoto’s thyroiditis, 50

headache, high-altitude, 31

health, physiology of human, 16¢

health maintenance organizations (HMOs),
171

heart: anatomy of, 58; chambers of, 53, 63f;
conduction system of, 58, 59; endocrine
properties of, 37; and equilibrium, 8;
hormones produced by, 38t; hypertrophy
of, 157; location of, 58

heart attack: anatomy of, 58; tissue damage
of, 147

heart failure, 14

heart rate, 44, 58; activities affecting, 68t;
changes in, 68, 68t; determination of, 59,
69; resting, 61; at steady state, 9

height: actions of GH on, 41; estimating, 43

Helicobacter pylori, 125

hemangioblasts, 145, 146f

hematocrit: determination of, 54, 55f; range
for, 55

hematopoiesis, 145, 146f

hemodynamics, microcirculatory, 66

hemoglobin (Hb): function of, 56; and gas
exchange, 84-85, 85t

hemorrhage: acute stage of, 164; blood flow
in, 64; veins during, 67. See also blood loss

hemorrhagic shock, and hypovolemic
hypotension, 162

Henle, loop of, 96

hepatic-portal circulatory system, 144

hermaphrodites, true, 136t

high-density lipoproteins (HDL), 174, 176f

histamine, 39

homeostasis, 7, 57; of blood volume, 147;
concept of, 7, 16t; and equilibrium, 8; and
hemodynamic variables, 53; and negative
feedback, 15; oxygen, 55—56; and thyroid
gland, 51

hormone replacement, in hypothyroidism,
50

hormones: adrenal, 47—48; binding to
proteins of, 40—41; classification of, 38—39,
39t, 40; “fight or flight,” 47; half-life of, 40;
importance of, 25; peptide, 39—40, 39t;
physiological functions of, 38t; release of,
36, 36f; steroid, 39—40, 39¢, 43; structure
of, 39; synthesis of, 40

hormone transport systems, 40

human papilloma virus (HPV), vaginal:
incidence of, 136; and reproductive
health, 137; vaccine against, 137

hunger, sensations of, 109

Huntington’s disease, 28—29

hydration, 94; in diurnal cycle, 104-105; and
ultrafiltrate, 102

hydrochloric acid, 125

hydrogen peroxide, 142

hydrolysis: intracellular, 120; luminal, 120

hydrostatic pressure, in renal physiology, 100

hydroxyl radicals, 142

hyperalimentation, 110

hypercapnia, physiology of, 80

hyperemia: active, 72; defined, 73; reactive,
72-73, 73f

hyperexplexia, 29

hyperkalemia, 158

hyperplasia, 5

hypertension: ACE inhibitors for, 38;
consequences of, 14; experimentally
induced, 169

hyperthyroidism, symptoms of, 50, 51, 51t

hypertrophy, 5; cardiac, 157; of muscle,
156-157

hypophysectomy, 45

hypotension: blood flow during, 168;
hypovolemic, 162-163; long-term
responses to, 168; systemic
arterial, 47

hypotensive crisis: and baroreceptor reflex,
163-164; blood flow during, 168;
vasomotor responses in, 165-166

hypothalamic-pituitary axis, 42

hypothalamus, 41; hormones produced
by, 38t; physiological variables
controlled by, 32
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hypothyroidism, 49; central, 50—51; primary,
50; symptoms of, 51-52, 51t

hypoxia, 55; high altitude, 91; in mountain
sickness, 31; physiology of, 78-80; and
release of erythropoietin, 37

ibuprofen, for high-altitude headache, 31

ileocecal sphincter (IS), 111t, 112

iliac arteries, 64

immune system: cellular defenses in,
138—-140; chemotaxis in, 140—14I, 141;
compromised, 178; phagocytosis in,
141-142; and RES, 142—145; and stem cell
research, 145-147

immunoglobulins, 138; characteristics of,
144—145; immune functions of, 144

immunology: role of lungs in, 77; scope of,
138

implantation, of human embryo, 130

infection: cardinal signs of, 143; classic signs
of, 148; systemic, 143. See also pathogens,
ports of entry for

inflammation, 145; capillary water loss in,
166; causes of, 148; classic signs of, 148;
and immune response, 148, 149t

inhibiting factors, 41

inspiratory phase, of respiratory cycle, 80

insulin, 35, 119; discovered for clinical use,
181; and glucose metabolism, 108; impact
of discovery of, 1; in normal persons, 182

insulin-dependent diabetes mellitus
(IDDM), 108, 181

insulin-like growth factors (IGF-I, IGF-II), 40,
42, 43

integrated physiological responses:
baroreceptor reflexes in, 163—165; and
cardiac output, 164—165; in hypovolemic
hypotension, 162-163; renal response,
166-167; vasomotor responses, 165-166

intercalated disks, 58

interleukin (IL), 149t, 150

intermediate-density lipoproteins (IDLs), 175

internal anal sphincter (IAS), 111t, 112

interstitial cells, 131

interstitial colloid osmotic pressure, 66, 148

interstitial hydrostatic pressure, 66, 148

interstitial space, 10

inter-stool-interval (ISI), calculating, 126-127

intestine, anatomy of, 111¢, 112

intrapleural pressure, 82

intrapleural space, 81

intrapulmonary pressure, 81-82

iodine deficiency, 49

ions, 24. See also electrolytes

isomaltase, digestion of, 121

jejunum, protein digestion in, 121
juxtaglomerular apparatus (JGA): function
of, 166—167; location of, 166; in pressure-
flow autoregulation, 101-102
juxtamedullary region, 96

ketone bodies, 108, 182
kidneys: anatomy of, 95-96; diurnal nature
of, 105; endocrine functions of, 37—38;

functional morphology of, 95—-96;
functions of, 2t, 5-6, 94; and glomerular
filtration rate, 96—99; hormones
produced by, 38t; location of, 95; and
urine formation, 103

knee-jerk reflex, 11—12

Kupffer cells, immune functions of, 144

lactase, digestion of, 121

lactose, digestion of, 121

language, processing of, 34

larynx, structures of, 79t

law of specific energies, 19

L-deprenyl, 28

L-dopa, 28

left ventricle, 61

LES. See lower esophageal sphincter

leukocytes, 54; formation of, 138-139;
polymorphonuclear, 139

leukopenia, 179-180

leutinizing hormone (LH), 42

Leydig cells, 132

life sciences, physiology in, 1

lifestyle: and blood cells in circulation, 178;
and blood lipids, 176, 177; and blood
pressure, 169; in diabetes and kidney
dysfunction, 108; and GH functions, 43;
and lung care, 92; and total cholesterol,
175

limbic system, 32

lipases, 119

lipids, blood: and blood pressure, 169;
digestion of, 122—123; guidelines for, 176;
and physical activity, 174-177, 176f;
recording, 178t; screening for, 71

lipoproteins, 174, 175, 176f

low-density lipoproteins (LDL), 174

lower esophageal sphincter (LES),
110, TITt

Lumsden, Thomas, 87

lungs: and acid-base balance, 89-91;
function of, 77; inflation of, 88; and
lifestyle, 92; surface area of, 78

lymphatic circulatory system, 66—67

lymph nodes, swelling of, 143

lymphocytes, 138, 139; B-lymphocytes, 140t;
T-lymphocytes, 140t

lysis, 145

macrophages: in alveoli, 80; formation of,
139; functions of, 140t; in immune
response, 148, 150; maturation of, 140;
phagocytic mechanisms of, 141

maleness, determination of, 129, 130

malignant hyperthermia, 158-159

maltase, digestion of, 121

maltose, digestion of, 121

margination, in immune response, 141

Marshall, Barry, 125

mast cells, activation of, 145

mastication, 113

mechanisms of function, 1

mechanoreceptors, knee-jerk, 12

medical records, 171, 172t, 178t. See also record
keeping
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medulla, respiratory control center in,
87-88

Meissner’s plexus, 22, 112

menstrual cycle, 134

mental activity, and nervous system, 32, 33f,
34

mental retardation, and hypothyroidism, 49

messenger systems, in mammalian nervous
systems, 27

metabolic acidosis, 91t, 182

metabolic alkalosis, 91t

metabolic kitchens, 127

metabolic mechanisms, in pressure-flow
autoregulation, 102

metabolic syndrome, 182

micelles, 123

microvilli, of GI tract, 111f, 112

middle cerebral artery (MCA), 64

migraine headaches, 31

migrating motor complexes (MMC), 114

mineralocorticoids: functions of, 47;
production of, 39

minute alveolar ventilation (V,), 84

minute ventilation (Vg), 76, 84

mitochondrial permeability transition pore
(MPTP), 159

MMC. See migrating motor complexes

molecular biology, 60, 70

molecular weight, of hormones, 40

monoamine oxidase (MAO), 28

monocyte colony-stimulating factor
(M-CSF), 150

monocyte-macrophage system, 139, 142

monocytes, 139, 140t

monosaccharides, digestion of, 121

morphology, 2

morula, 130

motilin, 114

motivation, and limbic system, 32

motor disorders, of Parkinson’s
disease, 28

motor function, 23

motor nerves, 12

motor units, 4-5

mountain climbers, hematocrits of, 5556

mountain sickness, 31

Mount Everest, American Medical Research
Expedition to, 86

MPTP. See mitochondrial permeability
transition pore

mucosa, gastric, 118

mucous cell, 115116

mucus: functions of, 116, 116t; of GI tract, 116,
117

mullerian-inhibiting factor (MIF), 131

mullerian system, 131

muscles: activation of, 45, 4f; atrophy of,
156, 160; classification of, 151-153; and
cross-bridge cycle, 155, 156f; diseases of,
158; excitation-contraction coupling in,
153—154, 153f; experimenting with, 160-161;
function of, 2t; hypertrophy of, 156-157;
remodeling, 157; striated, 2—-3, 2t;
structure of, 151. See also striated muscle

muscularis mucosa, of GI tract, 111f, 112

myelin, 18

myocardial infarction, 58, 175

myocardial ischemia/reperfusion injury, 32

myocardial stunning, 147

myocardium, 58

myogenic mechanisms, in pressure-flow
autoregulation, 102

myoglobin, 151

myosin: actin binding to, 154; and muscle
hypertrophy, 156

myosin ATPase activity, 152

myxedema, 50

National Cholesterol Education Program,
174, 182

natriuresis, 37

negative feedback systems, in respiratory
control, 87, 89

nephrology, 5

nephron: function of, 2t, 5-6, 5f; structure
of, 96

nerve growth factors (NGFs), 178

nerves, myelinated, 19

nervous systems, 19; care for, 32;
communicating with each other, 22; and
endocrine system, 47; functions of, 20t;
and mental activity, 32, 33f, 34; potential
injury to, 30

neuroendocrine axis, 50

neuroendocrinology, 36

neurohumoral, use of term, 37

neurohyophysis, 41

neurons: components of, 18; conduction of,
18, 19; kinds of, 19; postganglionic, 21;
preganglionic, 21; thermosensitive, 19;
transmission of, 18, 19

neurophysiology, 22

neurotransmission: chemical, 25—-26; process
of, 24

neurotransmitters: location of, 19; primary,
26, 27t

neutralization, 145

neutrophilia, 150

neutrophils: characteristics of, 54; in
immune response, 139-140, 148, 150

nicotine, bronchospasm caused by, 78

nitrogen: and alveolar inflation/deflation,
83; in respiration, 76—77

Nobel Prize, 1

nociceptor reflex, 13

nodules, thyroid, 49

non-insulin-dependent diabetes mellitus
(NIDDM), 108

nonsteroiodal anti-inflammatory drugs
(NSAIDs), for high-altitude headache, 31

norepinephrine (NE), 26; in ANS, 27; in
transmission process, 19

obesity, 30; and blood pressure, 169;
epidemic, 182

obligatory water loss, 103

oogenesis, 128; compared with
spermatogenesis, 135, I35t; process, 133

oogonia, 128

opsonization, 145
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oral cavity: health of, 123—-125; as port of
entry for pathogens, 143144

oral disease, 117

osmolarity: extracellular, 168; in renal
physiology, 102-103

0smosis, 10

osmotic gradient, 10

otolaryngoscopy, 124

ovaries, hormones produced by, 38t

overeating, 71

overhydration, 95

oxidants, 32

oxidative fibers, 152

oxidizing agents, 142

oxygen: and heart rate, 68; partial pressure
of, 11, 86, 89; in respiration, 76

oxyhemoglobin (HbO,), 85

oxytocin, functions of, 38t, 39, 41

pacemaker, 59

pain: and nervous system, 29. See also
discomfort, nerve-related

pain receptors, 13

pancreas, 35, 41; fluid pH of, 90ot; secretions
of, 118-119

panhypopituitarism, signs and symptoms of,
46

paracrines, 35, 36, 36/, 40

parasympathetic nervous system (PSNS), 19;
activators of, 21, 21f; functions of, 20t; and
heart rate, 62; neurotransmitters in, 26,
27

Parkinson’s disease, 28

pathogens, ports of entry for, 142-145

pepsin, 121, 122

pepsinogens, 118, 121

peptide hormones, 39—40, 39¢, 122

pericardium, 58

peripheral nervous system (PNS), 19, 20

peristalsis, generation of, 113

peroxynitrite, 142

perspiration, in renal health, 104

pH, 77; of arterial blood, 89; of cytoplasm,
got; maintenance of, 87; neutral blood, 84

phagocytosis, 138, 141-142

phagosome, 141

phenotype, 129, 130

phlebitis, 11

phosphorylase, 28

physical activity, and glucose levels, 183. See
also exercise

physiological approach, 1

physiological communication, 23

physiology: defined, 1, 2; principles of, 16-17;
record keeping in, 170; rhythm of, 44

pituitary, posterior, hormones produced by,
38t

pituitary disease, signs and symptoms of, 45,
46

pituitary gland: location of, 41; tumor of, 44

plasma, 54, 55f; colloidal properties of, 144;
composition of, 97; pH of, 90t; renal
plasma flow, 96—97; use of term, 54

plasma cells, 139

plasma proteins, 97; exudation of, 148; and
GFR, 100

platelet plug, 57

platelets: characteristics of, 54; functions of,
140t; in hematocrit, 551

pleura, physiology of, 81

pneumotaxic center, 88, 88t

pneumothorax, 82

PNS. See peripheral nervous system

polycythemias, 55

polydypsia, 180

polypeptides, 40

polyphagia, 180

polyuria, 180

postabsorptive state, 114

postsynaptic receptor, 19

potassium: and arrhythmias, 158;
extracellular, 56; in neuron
communication, 24

pregnenolone, 47

pressure-flow autoregulation, 100-102, 101f

presynaptic junction, 19

primordial follicle, 133, 134

prohormones, 40

prolactin (PRO), 40

proteases, pancreatic, 122

protein kinase A (PKA), 27—28

proteins: digestion and absorption of,
121-122; glucose transport family of, 106,
107; hormones from, 39, 40; of striated
muscle, 3

proteinuria, exercise-induced, 98

proximal tubule, glucose reabsorption in,
106

pseudohermaphrodites, 136t

pseudopodia, 97

PSNS. See parasympathetic nervous system

ptyalin, 116—117

puberty: in male, 132; and sexual
differentiation, 131

pulmonary artery, 63

pulmonary circulatory system, 53-54, 63f

pulmonary function tests, 82—-83

Purkinje fibers, 59

pyloric sphincter (PS), 110, 111, 112, 114

range of motion, restoration of, 30

rat experiments, 43

Raynaud’s disease, 75

RBF. See renal blood flow

RBP. See renal blood pressure

reabsorption, and plasma glucose, 107,
107f

reactive oxygen species (ROS), 147

receptors: in mammalian nervous systems,
27; of postsynaptic membrane, 24

record keeping, 170; for blood cholesterol,
174-177, 176f, 178t; for blood pressure,
172-174, 172t, 173f

red blood cells (RBCs), 54, 55/, 140t; and
gas exchange, 84—85; morphology
of, 56

red muscle fibers, 152

reflex arcs, components of, 12, 12f
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reflexes: concept of, 16t; physiological, 11-13;
swallowing, 26

regenerative medicine, 28, 147

rehydration, cyclical cycle of, 94-95

releasing factors, 41

renal acidosis, 90

renal alkalosis, 90

renal arterial hypotension, 38

renal arteries, 64

renal blood flow (RBF), 96

renal blood pressure (RBP), 100, 101

renal capsule, 95

renal health: and lifestyle, 108; and water
consumption patterns, 103—105

renal hilus, 95

renal pelvis, 95

renal plasma flow (RPF), 96—97; regulation
of, 99-102; and renal arterial blood
pressure, 101f

renal-portal system, 98

renin, physiology of, 37

renin-angiotensin system, 47, 166-167

reperfusion injury, 147

repolarizations, 24

reproductive disorders, 136, 136t

reproductive system: female, 133—136;
folliculogenesis in, 133-134;
gametogenesis in, 128—-129; male, 132-133;
oogenesis in, 133; and sexual
differentiation, 130-131; spermatogenesis
in, 132—133; and STDs, 136—137

RES. See reticuloendothelial system

respiration: external, 76, 83; internal, 76, 83;
peripheral regulation of, 89

respiratory acidosis, 91, 91t

respiratory alkalosis, 91, 91t

respiratory control centers, central, 88t

respiratory cycle, 76, 80

respiratory muscles, 76

respiratory rhythm, 44

respiratory system: central control
mechanisms in, 77; components of,
77—80; feedback control of, 77; and gas
exchange, 83; negative feedback control
in, 87; physiology of, 76; as port of entry
for pathogens, 143; structures of, 79t

reticuloendothelial system (RES), 139, 142

ribonucleic acid (RNA), 42

rigidity: of Parkinson’s disease, 28; of startle
disease, 29

“rigor mortis,” 155

RNA. See ribonucleic acid

RPF. See renal plasma flow

salivary secretions, 116

salt, and water retention, 169

sarcolemma, 3

sarcomere, 3—4, 3f; and cross-bridge cycle,
155; and muscle hypertrophy, 157

sarcoplasmic reticulum (SR), 152

sarcoplasmic reticulum calcium pumps
(SERCA), 155

satiety center, in brain stem, 109

secretin, 119

secretory organs, of GI tract, 115-116

seminiferous tubules, structure of, 132

sensory nerves, 12; severed, 30

sensory perception, physiology of, 23

sensory receptors, 12

serotonin, 19

serous fluid, 116

Sertoli cells, 131, 132, 133

serum, use of term, 54

sex steroids, functions of, 47

sexual differentiation, 130-131

sexually transmitted diseases (STDs),
136—137

SGLTs. See sodium glucose cotransporters

shock, hemorrhagic, 162

signal-transduction pathways, 60

sinoatrial (SA) node, 59

size, actions of GH on, 41

skeletal muscle, 3; activation of, 4;
lengthening and shortening in, 157

skin, compromised, as port of entry for
pathogens, 142-143

sleep, water conservation during, 94

sliding-filament theory, 4, 4f

slow-twitch muscles, classification of,
151152

small intestine: anatomy of, 111t, 112;
digestion in, 119; proteins in, 122

smoking, and blood pressure, 169

smooth muscle: characteristics of, 151;
functions of, 152—153

SNS. See sympathetic nervous system

sodium, 24

sodium glucose cotransporters (SGLTs), 106,
107

sodium ion (Na*), long-term regulation of,
168-169

soma, 18

somatostatin, 118

spatial orientation, 23

spermatogenesis, 128; compared with
oogenesis, 135, 135t; process of,
132-133

spermatogonia, 128

spermatozoa, 128, 133

sphincters, of GI tract, 110, 111t

spinal cord, 19; injury to, 29—-30

spirometry, 83

SRY gene, 131

Starling, Ernest, 147

Starling forces, 66; in hypotensive crisis,
165—166; in microcirculation, 147; and
renal physiology, 99-100

startle disease, 29

STDs. See sexually transmitted
diseases

steady state, 8, 9, 16¢

stem cell research, 145, 178, 180; and
regenerative medicine, 147

stem cells: pluripotent hematopoietic, 146;
in regenerative medicine, 28

steroid hormones, 39—40, 39t, 40, 43

stomach: pH of, 9ot; secretions of, 118

stress, 11
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striated muscle, 2—3, 2t, 3f; 151; and ACh, 24;
cardiac, 58; contraction of, 154;
depolarization of, 153—154, 153f; sarcomere
of, 34, 3f

structure-activity relationship, 39

structures: concept of, 16¢; and function, 1-6,
2t

subatmospheric intrapleural pressure, 82

subclavian arteries, 64

submucosa, of GI tract, I11f; 112

submucosal plexus, 22

substantia nigra, 28

succinylcholine, 158

sucrase, digestion of, 120, 121

sucrose, digestion of, 121

sugar. See glucose

superoxide anion, 142

swallowing, 113

swallowing reflex, 26

swelling, 11

sympathetic nervous system (SNS), 19;
activators of, 21, 21f; functions of, 20t; and
heart rate, 62; neurotransmitters in, 26,
27

synapse: defined, 19; and neurotransmitters,
26—27

synaptic cleft, release of ACh into, 24

syncope, 62

systemic circulatory system, 53—54, 63f

systole, 61, 61t

tachycardia, 69

tap water: in diet, 125; pH of, 9ot

temperature. See body temperature

testes, hormones produced by, 38t

testis-determining factor (TDF), 131

thermoreceptors, 12

thoracic cavity, 76

thrombi, 175

thrombin, in platelet plug, 57

thrombinogen, in platelet plug, 57

thyroglobulins, 52

thyroid gland, 41; diagnosing disorders of,
51-52; disorders of, 49—50; hormones
produced by, 38t

thyroid hormones: functions of, 48—49;
metabolism of, 49

thyroid-stimulating hormone (TSH), 42

thyroptropin-releasing factor (TRF), 39—40

thyrotoxicosis, 50

thyroxine (T,), 48—49, 50; functions of, 38t;
half-life of, 40—41

tidal volume, 76, 83

tissue, defined, 54

tissue injury, factors involved in, 148, 149t

tissue perfusion, Alan test of, 74-75

T-lymphocytes, functions of, 140t

tobacco use: and blood pressure, 169; and
respiratory system, 82

total cholesterol, 174-175, 176f

trachea: bifurcation of, 78; structures of, 78,
79t

trans fats, 174

transit time, in GI tract, 126

translational physiology, 1

transmission, 18; chemical, 19; physiology of,
23; across synaptic junctions, 24

triglycerides (TRGs), 120, 174; digestion of,
122; screening for, 71

triiodothyronine (T,), 40; functions of, 38t;
synthesis and storage of, 49, 50

troponin-C, 154

troponin-tropomyosin complex, 155

trypsin, 122

tubular reabsorption, 6, 99

tumor necrosis factor (TNF-alpha), 147, 149t,
150

tyrosine, 39

UES. See upper esophageal sphincter

ulnar artery, 74

ultrafiltrate, 6, 97; in Bowman’s capsule, 98;
glucose in, 106; reabsorption of, 98, 102

underexercising, 71

unstirred layer, 120

upper esophageal sphincter (UES), 110, 111t,
13

urination, in renal health, 104

urine, 6; color of, 104; diabetes and sugar in,
105-108; formation of, 103; osmolarity of,
105

urine excretion, 98—99

V. See minute alveolar ventilation

varicose veins, 11

vasoactive intestinal peptide (VIP), 119

vasoconstriction, 63

vasodepressor region, 14

vasodilation, 63

vasomotor centers, 13

vasomotor responses, in hypotensive crisis,
165166

vasopressin, 41

vasopressor region, 14

Vi. See minute ventilation

veins, 62; compliance of, 67; properties of,
63

venous blood, pH of, 89

ventilation, pulmonary, 80-83

ventilation/perfusion ratio, 79

ventral respiratory group (VRG), of
respiratory control centers, 88, 88t

ventricles, function of, 53

venules, 66, 67

vision, physiology of, 23

vital signs, recording, 172—-174, 172t, 173f

vocalization, health of oral cavity and,
123-125

Wadlow, Robert, 44, 45

Warren, Robin, 125

water: bottled vs. tap, 69—70; distribution in
body of, 10. See also tap water

water balance: and blood pressure, 169;
principle of, 70

water consumption: average adult, 115;
patterns, 104

water diuresis, 103



INDEX 219

water loss: during hypovolemic hypotension, = World Health Organization, 182, 183
166; obligatory, 103 writer’s cramp, 159-160

weight-bearing exercise, 42

weight training, 5; and muscle function, 156 X chromosome, 129

Wernicke’s area, 32

white blood cells (WBCs), 54, 55/, 138; Y chromosome, 129, 131
circulating, 179f; monitoring, 180; types
of, 139 Z-lines, 3f, 4, 4f

white muscle fibers, 152 zygote, formation of, 129

wolffian system, 131
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