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THE EVOLUTION OF A
Storyteller

Ken Saladin’s first step into authoring was a 318-page paper on the
ecology of hydras written for his 10th-grade biology class. With his
“first book,” featuring 53 original India ink drawings and
photomicrographs, a true storyteller was born.

“When I first became a textbook writer, I found myself bringing
the same enjoyment of writing and illustrating to this book that I
first discovered back when I was 15.”

—Ken Saladin

Ken's “first book,” One of Ken’s drawings
Hydra Ecology, 1965 from Hydra Ecology

Ken in 1964

Ken began working on his first
book for McGraw-Hill in 1993, and in
1997 the first edition of The Unity of
Form and Function was published.

In 2009 the story continues with the
fifth edition of Ken’s best-selling A&P
textbook.

Saladin

The first edition (1997)

The story continues (2009)
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A Good Story

Anatomy & Physiology: The Unity of Form and Function tells a
story made of many layers including the core science, clinical
applications, the history of medicine, and the evolution of the human
body. Saladin combines this humanistic perspective on anatomy and
physiology with vibrant photos and art to convey the beauty and
excitement of the subject to
beginning students.

To help students manage the
tremendous amount of information
in this introductory course, the
narrative is broken into short
segments, each framed by learning
objectives and self-testing review
questions. This presentation
strategy works as a whole to create
a more efficient and effective way
for students to learn A&P.

“This book is a great marriage
of form and function. It pro-
vides students with interesting,
accurate information, introduc-
es them to clinical situations,
and cleverly distinguishes
between the important and the
unnecessary.”

—Amy Nunnally
Front Range Community College

New in the Fifth Edition

Storytelling Writing Style vii-ix
Appropriate Level
Interactive Material
Interesting Reading

Artwork
That Encourages Learning x-xi

Sets the Standard
Conducive to Learning

Pedagogical Learning Tools xii-Xiii
Engaging Chapter Layouts

Tiered Assessments Based on Key
Learning Objectives

Innovative Chapter Sequencing xiv

New! Revision of Chapter 20 This chapter on blood vessels

It’s not unusual to hear text-
book cynics say that new edi-
tions are just the same material
bound in new covers, but that
certainly isn’t true of this one.
Just listing my fifth-edition
changes came to 113 pages
and 50,000 words.

—Ken Saladin

New! Science Updates in the Fifth Edition!

e mechanism of osmosis ¢ osteocalcin, a new bone hormone
e gene regulation e athletic use of creatine
¢ cancer genes e Alzheimer disease

e epidermal keratinization

® tissue engineering

e stem-cell controversy

e evolution of skin color

e sunscreens and skin cancer
e genetics of malignant melanoma ¢ advances in contraception

e appetite-regulating hormones
e advances in diabetes mellitus
e platelet production

e ovarian folliculogenesis

Vi

now takes a regional approach. Instead of describing all the systemic
arteries from head to toe and then starting over at the head to describe all
systemic veins, the author now addresses each body region and describes
its arterial inflow and venous outflow back-to-back. For example, Saladin
treats the arteries and veins of the head and neck, then arteries and veins
of the thorax, then arteries and veins of the upper limb, and so on. This is
a more structurally and functionally integrated approach that is more
conducive to memory. Students will also see more clearly that the arteries
and veins of a given region often have parallel names (subclavian artery
and subclavian vein, for example).

“In comparing the 5th
[edition] to the 4th, it is
clear that effort is put into
every paragraph to ensure
consistency, clarity, and
accuracy. We love the 4th,
but Chapter 6 in the 5th is
even better.”

—Judith Megaw
Indian River State College
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STORYTELLING
Writing Style

Appropriate Level

e Plain language for A&P students early in their curricula

e Careful word selection and paragraph structure

e Appropriate for all audiences (international
readers, English as a second language, and
nontraditional students)

¢ Avoidance of "dumbed down" content

Interactive Material

e Review activities integrated in the chapter

e Self-teaching prompts and simple experiments
liberally seeded through the narrative

e Learning aids such as pronunciation guides and
insights into the origins and root meanings of
medical terms

Temporal Bones

If you palpate your skull just above and anterior to the
ear—that is, the temporal region—you can feel the
temporal bone, which forms the lower wall and part of
the floor of the cranial cavity (fig. 8.10). The temporal
bone derives its name from the fact that people often
develop their first gray hairs on the temples with the
passage of time.'® The relatively complex shape of the

“I like the way the author identifies situations in
which completely explaining an idea or concept
would be too overwhelming at this point in the
student’s academic career, as when he says, ‘To
understand the units of measurement [for radia-
tion exposure] requires a grounding in physics
beyond the scope of this book.” From the stu-
dent’s perspective, I think this builds a connec-
tion between the student and the author. As a
result, I think the student is more likely to listen
to the author’s written words on the important
matters than if the author tried to explain the
concept perhaps in an effort to show how well
educated he is.”

—Tina Jones
Shelton State Community College

Self-teaching prompts make
reading more active.

Homeostasis and Negative Feedback

The human body has a remarkable capacity for self-restoration.
Hippocrates commented that it usually returns to a state of
equilibrium by itself, and people recover from most illnesses
even without the help of a physician. This tendency results
from homeostasis'® (HO-me-oh-STAY-sis), the body’s ability
to detect change, pctivate mlechanisms that oppose it, and
thereby maintain rlatively stable internal conditions.
French phydiologist [Claude Bernard (1813-78)
observed that the[internal donditions of the body remain
quite constant ev¢gn when external conditions vary great-

Word origins are footnoted.

Ty For exampte, whether it is freezing cold or swelter-
ingly hot outdoors, the intgrnal temperature of the body
+ 1t

Pro-NUN-see-AY-shun guides
help beginning students mas-
ter A&P.

Familiarity with word origins
helps students retain mean-
ing and spelling.

vithin—a—range—ef—about 36° to 37°C (97°-99°F).
American physiologist Walter Cannon (1871-1945)
coined the term homeostasis for this tendency to main-
tain internal stability. Homeostasis has been one of the

18homeo = the same + stas = to place, stand, stay

Vii
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Interesting Reading

¢ Students say the enlightening
analogies, clinical applications,
historical notes, biographical -
vignettes, and evolutionary
insights make the book not
merely informative, but a

pleasure to read.

e Even instructors say they often
learn something new and
interesting from Saladin’s
innovative perspectives.
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FIGURE 1216 Conduction of a Nerve Signalin an Unmyelinated
Fiber. Note that the membrane polarty i reversed in the region of

f memorane i is refractory

period (yellow) traifs the action potential and prevents the nerve
signal from going backward toward t

The other membrane

areas (green) are fully polarized and ready to respond.

that an action po

tial itself does not travel along

and is decremental—it gets weaker with distance. A nerve
signal is much slower (not more than 2 m/sec in unmyelin-
ated fibers), but it is nondecremental, in the longest
axons, the last action potential gencrated at a synaptic
knob has the same voltage as the first one generated at the
trigger zone. To clarify this concept, we can compare the
nerve signal to a burning fuse. When a fuse s lit, the heat
ignites powder immediatly n front of this point,and this
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Analogies explain tough
scientific content in a way
students can understand.
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Note that an action potential itself does not travel along
an axon; rather, it stimulates the production of a new action
potential in the membrane just ahead of it. Thus, we can
distinguish an action potential from a nerve signal. The
nerve signal is a traveling wave of excitation produced by
self-propagating action potentials. It is like a line of falling
dominoes. No one domino travels to the end of the line, but
each domino pushes over the next one and there is a trans-
mission of energy from the first domino to the last. Similarly,
no one action potential travels to the end of an axon; a nerve
signal is a chain reaction of action potentials.

If one action potential stimulates the production of a

distinguish an action potential from a nerve signal. The
nervo signal is a traveling wave of excitation produced by~ axon, when
self-propagating action potentials. It is like a line of falling

new one next to it, you mig}

Clinical applications
make the abstract science
more relevant.

312 PART TWO  Support and Movement

INSIGHT 9.4 Clinical Application

Knee Injuries and Arthroscopic Surgery

Although the knee can bear a lot of weight, it is highly vulner-
able to rotational and horizontal stress, especially when the
knee is flexed (as in skiing or running) and receives a blow from
behind or from the side. The most common injuries are to a
meniscus or the anterior cruciate ligament (ACL) (fig. 9.30).
Knee injuries heal slowly because ligaments and tendons have
a very scanty blood supply and cartilage usually has no blood
vessels at all

The diagnosis and surical treatment of knee injuries has
been greatly improved by arthroscopy, a procedure in which
the interior of a joint is viewed with a pencil-thin instrument,
the arthroscope, inserted through a small incision. The
arthroscope has a light source, a lens, and fiber optics that
allow a viewer to see into the cavity, take photographs or
videotapes of the joint, and withdraw samples of synovial
fluid. Saline is often introduced through one incision to
expand the joint and provide a clearer view of its structures
If surgery is required, additional small incisions can be made
for the surgical instruments and the procedures can be
observed through the arthroscope or on a monitor.
Arthroscopic surgery produces much less tissue damage
than conventional surgery and enables patients to recover
more quickly.

Orthopedic surgeons now often replace a damaged ACL
with a graft from the patellar ligament or a hamstring tendon.
The surgeon *harvests” a strip from the middle of the patient's
ligament (or tendon), drills a hole into the femur and tibia
within the joint cavity, threads the ligament through the holes,
and fastens it with screws. The grafted ligament is more taut
and "competent” than the damaged ACL. It becomes ingrown
with blood vessels and serves as a substrate for the deposition
of more collagen, which further strengthens it in time. Following
arthroscopic ACL reconstruction, a patient typically must use
crutches for 7 to 10 days and undergo supervised physical
therapy for 6 to 10 weeks, followed by self-directed exercise
therapy. Healing is completed in about 9 months;

dominoes. N

one domino travels to the end of the line, but
cach domino pushs ovr the next onoand theo s trans-
t.

larl

rst
10 on acton potential travel o he ond of

signal is a chain reaction of action potentials.
If one action potential stimulates the production of a

new one next
also

10 it, you might think that the signal could
rt traveling backward and return to the soma. This

does not occur, however, because the membrane behind
the nerve signal is still in its refractory period and cannot

Foot fixed

Anterior cruciate
figament (tom)

iial collateral—— 1

tigament (torn)

Medial d
meniscus (torm) 1

Patellar ligament:

FIGURE 9.30 Knee Injuries.

An important aspect of human bipedalism is the
ability to “lock” the knees and stan. t without
tiring the extensor musclos of the leg. When the knee
is extended to the fullest degree allowed by the ACL,
the femur rotates medially on the tibia. This action
locks the knee, and in this state, all the major knee
ligaments are twisted and taut. To unlock the knee, the
emur laterally and

untwists the ligaments.

The knee joint has at least 13 bursae. Four of these are
anterior: the superficial infrapatellar, suprapatellar, pre-
patellar, and deep infrapatellar. Located in the popliteal
region are the popliteal bursa and semimembranosus
bursa (not illustrated). At least seven more bursae are
found on the lateral and medial sides of the knee joint.
From figure 9.29c, your knowledge of the relevant word

elements (infra-, supra- pre-), and the terms superficial
ou should be able to work out the reasoning
behind most of these names and dovelop a system for
remembering the locations of these bursae.

The Ankle Joint

The talocrural® (ankle) joint includes two articulations—
a medial joint between the tibia and talus and a lateral
joint between the fibula and talus, both enclosed in one
joint capsule (fig. 9.31). The malleoli of the tibia and fibu-
la overhang the talus on cach side like a cap and prevent
most side-to-side motion. The ankle therefore has a more
restricted range of motion than the wrist

“Halo = ankle + crural = pertaining 1o the log

2 s somsitive to

that nerve
m, from the

al current, but it
through a wire.
etsrs per socond

ing ions rea kT TS T TTESTATATTE ST ET 4
to open these gates axd ereale 4 new action polential This
action potentia: has the strenglh a5 (e one al the
previons node, so oach nodo of Ransior hoosts the signal
back 1o its original strength (35 mV). This mode of
signal conduction is called saltatory™ conduction—the
propagation of a nerve signal that seems to jump from
node to node (fig. 12.17b)
Intho intemodes, saltatory condution s therforo bsod
s the iffusion of ions along the fiber)

lnlhs m)dss conduction is slower but
he axon is covered wit

e fast diffsion process. Thi

tra nals much faster (up to

120 m/500) than unmyelinatod ones (up 1 2 miscc).

o saltrs = to lep, 1o dance

“Saladin clearly describes anatomical
structures and physiological processes in
a way that engages students. His great
use of historical references and clinical
applications gives the students something
tangible to relate to their newly acquired
information.”

—Patricia Bernard
Erie Community College
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The Man with a Hole in His Stomach

Perhaps the most famous episode in the history of digestive
physiology began in 1822 on Mackinac Island between Lake
Michigan and Lake Huron. Alexis St. Martin, a 28-year-old
Canadian voyageur (fig. 25.33), was standing outside a trading
post when he was accidentally hit by a shotgun blast from
3feet away. An Army doctor stationed at Fort Mackinac,
William Beaumont, was summoned to examine St. Martin. As
Beaumont later wrote, "a portion of the lung as large as a tur-
key's egg” protruded through St. Martin's lacerated and burnt
flesh. Below that was a portion of the stomach with a puncture
in it “large enough to receive my forefinger” Beaumont did his
best to pick out bone fragments and dress the wound, though
he did not expect St. Martin to survive.

Surprisingly, he lived. Over a period of months the wound
extruded pieces of bone, cartilage, gunshot, and gun wadding
s the wound healed, a fistula (hole) remained in the stomach,
50 large that Beaumont had to cover it with a compress to pre-
vent food from coming out. A fold of tissue later grew over the
fistula, but it was easily opened. A year later, St. Martin was stil
feeble. Town authorities decided they could no longer support
him on public funds and wanted to ship him 1,500 miles to his
home. Beaumont, however, was imbued with a passionate sense
of destiny. Very little was known about digestion, and he saw
the accident as a unique opportunity to learn. He took St. Martin
in at his personal expense and performed 238 experiments on
him over several years. Beaumont had never attended medical
school and had litle idea how scientists work, yet he proved to
be an astute experimenter. Under crude frontier conditions and
with almost no equipment, he discovered many of the basic
facts of gastric physiology discussed in this chapter.

1 can look directly into the cavity of the stomach, observe
its motion, and almost see the process of digestion,” Beaumont
wrote. I can pour in water with  funnel and put in food with a
spoon, and draw them out again with a siphon” He put pieces
of meat on a string into the stomach and removed them hourly
for examination. He sent vials of gastric juice to the leading
chemists of America and Europe, who could do litle but report
that it contained hydrochloric acid. He proved that digestion
required HC and could even occur outside the stomach, but he
found that HCI alone did not digest meat; gastric juice must
contain some other digestive ingredient. Theodor Schwann,
‘one of the founders of the cell theory, identified that ingredient
as pepsin. Beaumont also demonstrated that gastric juice is
secreted only in response to food; it did not accumulate
between meals as previously thought. He disproved the idea
that hunger is caused by the walls of the empty stomach rub-
bing against each other

For his part, St. Martin felt helpless and humiliated by
Beaumont's experiments, The fur trappers taunted him as “the

Front Matter
Storyteller

CHAPTER 25 The Digestive System 1007

man with a hole in his stomach,"” and he longed to return to his
work in the wilderness. He had a wife and daughter in Canada
whom he rarely got to see, and he ran away repeatedly to join
them. He was once gone for 4 years before poverty made him
yield to Beaumont's financial enticement to come back.
Beaumont despised St. Martin's drunkenness and profanity
and was quite insensitive to his embarrassment and discom-
fort over the experiments. Yet St. Martin's temper enabled
Beaumont to make the first direct observations of the relation-
ship between emotion and digestion. When St. Martin was

Preface: The Evolution of a
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Medical History saladin “puts the human

in human A&P” with his occasional vignettes on
the people behind the science. Students say these
stories make learning A&P more fun and stimulating.

ﬁ’;‘.;‘f:l“& be an astute experimenter. Under crude frontier conditions and
fedoel  with almost no equipment, he discovered many of the basic
';;vuymf;:* facts of gastric physiology discussed in this chapter.
Russian “| can look directly into the cavity of the stomach, observe
ceoeel its motion, and almost see the process of digestion,” Beaumont
Nﬂl;:“;g wrote. “I can pour in water with a funnel and put in food with a
thebased Spoon, and draw them out again with a siphon.” He put pieces
ee il of meat on a string into the stomach and removed them hourly
i:;zs«ie: for examination. He sent vials of gastric juice to the leading
iiedinwf Chemists of America and Europe, who could do little but report
gonel that it contained hydrochloric acid. He proved that digestion
otenprof - required HCl and could even occur outside the stomach, but he
found that HCI alone did not digest meat; gastric juice must
contain some other digestive ingredient. Theodor Schwann,
one of the founders of the cell theory, identified that ingredient
as pepsin. Beaumont also demonstrated that gastric juice is
secreted only in response to food; it did not accumulate e
between meals as previously thought. He disproved the idea William Beaumont (1785-1853)  Alexis St. Martin (1794-1880)
that hunger is caused by the walls of the empty stomach rub-
bing against each other.
For his part, St. Martin felt helpless and humiliated by FIGURE 25.33 Doctor and Patient in a Pioneering Study of
. | Beaumont’s experiments. The fur trappers taunted him as “the Digestion.
Willam Beaumont (17851253 Al St Martint1734-1330) |4

FIGURE 25.33 Doctor and Patient in a Pioneering Study of
n.

Digestion.

More than a few distinguished scientists and clini-
cians say they found their inspiration in reading of
the lives of their predecessors. Maybe these stories
will inspire some of our own students to go on to
do great things.

Evolutionary Medicine Rapidly growing,

increasingly fascinating

Evolutionary medicine provides novel
and intriguing ways of looking at:

* menopause
¢ the sweet tooth
¢ bipedalism

e the origin of mitochondria

e skin color
¢ body hair

¢ lactose intolerance
e the kidney and life on dry land

e the palate

e theories of aging and death

256 PART TWO  Support and Movement

INSIGHT 8.2 Evolutionary Medicine

Evolutionary Significance of the Palate

In most vertebrates, the nasal passages open into the oral cav-
ity. Mammals, by contrast, have a palate that separates the nasal
cavity from the oral cavity. In order to maintain our high meta-
bolic rate, we must digest our food rapidly; in order to do this
we chew it thoroughly to break it up into small, easily digested
particles before swallowing it. The palate allows us to continue
breathing during this prolonged chewing

Palatine Bones

‘The palatine bones form the rest of the hard palate, part of
the wall of the nasal cavity, and part of the floor of the orbit
(see figs. 8.5a and 8.13). At the posterolateral corners of the
bard palate are two large greater palatine faramina

—Ken Saladin

the ethmoid bone. The inferior nasal concha—the largest
of the three—is a separate bone (see fig. 8.13).

Vomer

The vomer forms the inferior half of the nasal septum
(see figs. 8.3 and 8.4b). Its name literally means “plow-
share,” which refers to its resembla to the blade of a
plow. The superior half of the nasal septum is formed by
the perpendicular plate of the ethmoid bone, as men-
tioned earlier. The vomer and perpendicular plate sup-
port a wall of septal cartilage that forms most of the
anterior part of the nasal septum.

Mandible

The mandible (fig. 8.15) is the strongest bone of the skull
and the only one that can move noticeably. It supports the
lower teeth and provides attachment for muscles of mas-
tication_and facial expression. It develops as separate

INSIGHT 8.2

Evolutionary Medicine

Evolutionary Significance of the Palate

In most vertebrates, the nasal passages open into the oral cav-  [Rtren
ity. Mammals, by contrast, have a palate that separates the nasal
cavity from the oral cavity. In order to maintain our high meta-
bolic rate, we must digest our food rapidly; in order to do this,
we chew it thoroughly to break it up into small, easily digested
particles before swallowing it. The palate allows us to continue
breathing during this prolonged chewing.

Lafthones in the fotus, joined by a median carti-
juint called the mental symphysis (SIM-fih-sis)
fint of the chin. This joint ossifies in early child-
itins the two halves into a single bone. The point
m itseIf is called the mental protuberancy
huandible has two major parts on each side—the
bl body that supports the teeth, and a vertical or
posterior portion, the ramus (RAY-mus), that
s vill the cranium. The body and ramus meet at
alled the angle.
bocly of the mandible, like the maxilla, exhibits
[alventar processes between the teeth. Slightly
the mental symphysis, it has a prominent mental
the passage of nerves and blood ves-
- chin. The inner surface of the body is marked
w depressions and ridges that accommodate
fand calivary glands. In the region of the mental
nce. the inner surface has a pair of small points,
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ARTWORK THAT
Encourages Learning

Sets the Standard

e Stunning portfolio of art and photos
e Hundreds of accuracy reviews

e Art focus groups

Vivid lllustrations Rich textures
and shading, and bold, bright colors
bring structures to life.
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Page 98 ‘

The visual appeal of nature is immensely important
in motivating one to study it. We certainly see this
at work in human anatomy—in the countless stu-
dents who describe themselves as ‘visual learners’;
in the many laypeople who find anatomy atlases so
intriguing; and in the enormous popularity of Body
Worlds and similar exhibitions of human anatomy.

—Ken Saladin

in the process
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Nucleus
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calls multiply and karatinize, causing hair 1o grow upward; old club hair keratinizes and forms club hair: o leval of bulge, chub hair falls
may persist temporarly alongside newly growing hair. lowear follicla degenerates. out, usually in telegen or
next anagan.
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Aorta

Conducive to Learning

¢ Easy-to-understand
process figures

-Superior-
mesenteric
artery

Reduced
flow to
intestines

e Tools for students to easily
orient themselves

Common iliac
arteries

Page 46

~—Constricted

/ Reduced flow to legs \
@

Anterior

Pectoralis
major m.

Increased flow to legs x

(b)

Ventricles = s : i
of heart A L n 1 Ribs

New concepts in familiar context
Pericardial — ; . Nl - _ help students make connections
cavity f & | 7 F] i) . Right lung between ideas

Atria of heart Esophagus
Aorta

Left lung Vertebra
Spinal cord
Pleural cavity

(@ Blood enters right atrium from superior
and inferior venae cavae.

Posterior
@ Blood in right atrium flows through right
Left pulmonary AV valve into right ventricle.
G ® Contraction of right ventricle forces
- - ) ) pulmonary valve open
Orientation Tools Saladin art integrates
) N Pulmonary trunk @ Blood flows through pulmonary valve
tools to help students quickly orient them- Superior A ’ into pulmonary trunk.
Frn . : Left pulmonary Blood is distributed by right and left
selves within a figure and make connections . - veins ®pmma,y S s ChEoR
B ugfmona, e = | il unloads CO, and loads O,
between ideas. pumonary SN ’ / Leftatrium
i 3 L Aortic valve ® Blood returns from lungs via pulmonary

veins to left atrium.
) L Left AV )
Aight (bicuspid) valve @ Blood in left atrium flows through left AV
b valve into left ventricle.
: o Left ventricle (® Contraction of left ventricle (simultaneous with
(F:‘S"‘ A}g) ‘ S J step@) forces aortic valve open.
ricuspid) valve

Right ™ P L (@ Blood flows through aortic valve into
ventricle ascending aorta.

Inferior . @ Blood in aorta is distributed to every organ in
vena cava * the body, where it unloads O, and loads CO,
@ Blood returns to heart via venae cavae.
Process Figures Saladin breaks complicated Page 728

physiological processes into numbered steps for a
manageable introduction to difficult concepts.
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PEDAGOGICAL
Learning Tools

Engaging Chapter Layouts

e Chapters are structured around the
way students learn.

e Frequent subheadings and
objectives help students plan
their study time and review
strategies.

A Purkinje cell, a neuron from
the cerebellum of the brain

NG
S
-~
Chapter Outline provides
a quick overview of the content. 121 Overview of the Nervous System 442 12.6 Neural Integration 467 )
- * Postsynaptic Potentials 468
12‘2U P,"’pe"“:‘ o ":?”"ZTS““ - Summation, Facilitation, and Brushin 9 U p...

i 7 S NS Rropertes Inhibition 468 To understand this chapter, it is
Brushlng Up emphasizes O g meura; ;oa‘mg Zbg g important that you understand or
g + Neural Pools and Circuits "
interrelatedness of concepts + Axonal Transport 447 o Nty ers S Fhey 42 Rl olowing concepts:

. . N ) Cations and anions (p. 56)
and also provides an aid to 1233 Supportive Cells (Neuroglia) 448 Connective Issues 476
+ Types of Neuroglia 448

Ligand- and voltage-regulated

returning, nontraditional students. + Myelin 450 Chapter Review 477 gates (p. 94)

* Unmyelinated Nerve Fibers 450 + Cyclic AMP as a second

+ Conduction Speed of Nerve Fibers 452 messenger (p. 95)
Ins|ghts hlghllght areas of: +_Regeneration of Nerve Fibers 452 « Simple diffusion (p. 100)
q 12.4 Electrophysiology of Neurons 453 121 Clinical Application: Glial Cells and * Active transport and the sodium-
interest for students. + Electrical Potentials and Currents 454 Brain Tumors 449 potassium pump (p. 104)

* The Resting Membrane Potential 455 12.2  Clinical Application: Diseases of the

* Local Potentials 455 Myelin Sheath 450

*+ Action Potentials 457

+ The Refractory Period 459 12.3  Medical History: Nerve Growth

+  Signal Conduction in Nerve Fibers 459 Factor—From Bedroom Laboratory to
Nobel Prize 454

12.4 Clinical Application: Alzheimer and
Parkinson Diseases 474

12.5 Synapses 462

+ The Discovery of Neurotransmitters 462

+ Structure of a Chemical Synapse 463

* Neurotransmitters and Related
Messengers 463

+ Synaptic Transmission 464

+ Cessation of the Signal 467

* Neuromodulators 467

1 | 1
Aoy s
R IREVEALEI:f

Nervous System
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Key Learning Objectives L ey

Mucin in
goblet cell

e Chapters are divided into more easily P Gl ot 2
manageable chunks, which help students ettt
budget study time effectively. vocoue | Bt

membrane
(mucosa) Blood vessel

Tiered Assessments Based on —

¢ Section-ending questions allow students to

Lamina—| Collagen fibers-
check their understanding before moving on. propr. | Fiorobies

Elastic fibers

mucosae

FIGURE 5.32 Histology of a Mucous Membrane.

tissue, which often rests in turn on an elastic sheet.

56

Each numbered section begins foctivety-those-tisstros kT ottt _ Tissue Growth, Development,

with Learning Objectives to help e s o ey RePalf, and Death

fOCUS the reader,s attention on ‘p::::‘a}ll;“pue:f:ardial, and peritoneal cavities is called . , | ol;[e;tlves o

the larger concepts. e g
nective tissue. These membranes span the gap from one + name and describe the modes of tissue growth;
bon foif,tfhe next and secrete slippery synovial fluid into + define adlult and embryonic stem cells and their

varied degrees of developmental plasticity;

* Before You Go On * name and describe the ways that a tissue can
change from one type to another;

* name and describe the modes and causes of tissue
shrinkage and death; and

Answer the following questions to test your understanding
of the preceding section:

Clavicle Sternum

Costal—‘-L . &

cartilage

19. Compare the structure of tight junctions and gap junc- X
tions. Relate their structural differences to their func- + name and describe the ways the body repairs
tional differences. damaged tissues.

Distinguish between a simple gland and a compound
gland, and give an example of each. Distinguish Tissue Growth
between a tubular gland and an acinar gland, and give
an example of each.

Tissues grow either because their cells increase in number
or because the existing cells grow larger. Most embryonic
and childhood growth occurs by hyperplasia® (HY-pur-
PLAY-zhuh), tissue growth through cell multiplication.
Exercised muscles grow, however, through hypertrophy*®
(hy-PUR-truh-fee), the enlargement of preexisting cells.

. Contrast the merocrine and holocrine methods of

secretion, and name a gland product produced by
each method.

Describe the differences between a mucous and a

serous membrane.

. Name the layers of a mucous membrane, and state
which of the four primary tissue classes composes hypor = excessive + plos = growh

each layer. “0hyper = excassive + trophy = nourishment

Before You Go On encourages
students to self-assess before starting
the next section.

FIGURE 9.4 cartilaginous Joints. 1 |_Think About It
(a) A synchondrosis, represented by the
costal cartilage joining rib 1to the
sternum. (b) The pubic symphysis.

Suppose you were studying a skull with some teeth
missing. How could you tell whether the teeth had

(0 Intervertebral discs, which join been lost after the person’s death or years before it? End-of-chapter questions
adjacent vertebrae to each other by X 5 5
symphyses. Each maxilla extends from the teeth to the bulld on au levels Of Bloom S

inferomedial wall of the orbit. Just below the orbit, it
exhibits an infraorbital foramen, which provides pas-
sage for a blood vessel to the face and a nerve that

4 What is the difference between the

taxonomy in three sections that:
pubic symphysis and the interpubic disc? y

| receives sensations from the nasal region and cheek. 1. test simple recall
This nerve emerges through the foramen rotundum into
the cranial cavity. The maxilla forms part of the floor of 2. combine recall with

the orbit, where it exhibits a gash called the inferior
orbital fissure that angles downward and medially

analytical thought

Questions in figure legends — (fig. 8.14). The inferior and superior orbital fissures form 1 h k

and Think About It items a sideways V whose apex lies near the optic foramen. 3. apply w at you Know to new
. The inferior orbital fissure is a passage for blood vessels clinical problems and other

prompt students to think more and sensory nerves from the face. i . 2

deeply about the implications The palate forms the roof of the mouth and floor of situations

and applications of what they the nasal cavity. It consists of a boPy hard palate anteri-

have learned.
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INNOVATIVE
Chapter Sequencing

Innovative Chapter
Order

Some chapters and topics are presented
in a sequence that is more instructive
than the conventional order.

Contents

About the Author iv 15 The Autonomic Nervous System and
Preface v Visceral Reflexes 565
Reviewers xx 16 Sense Organs 586

Contents xxii

Letter to the Students xxviii 17 The Endocrine System 637

Early Presentation of Heredity
Fundamental principles of heredity are

PART FOUR
Regulation and Maintenance

PART ONE
Organization of the Body

presented in the last few pages of 1 Major Themes of Anatomy and Physiology 1 18 The Circulatory System: Blood 683

chapter 4 rather than at the back of the

Atlas A General Orientation to Human
Anatomy 28

19 The Circulatory System: The Heart 719
20 The Circulatory System: Blood Vessels

. 2 The Chemistry of Life 51 and Circulation 755
book to better integrate molecular and e rncnon 57 21 The Lymphatic and Immune Systems 815
mendelian genetics. This organization 4 Genetics and Cellular Function 123 22 The Respiratory System 863
5 Histology 151 23 The Urinary System 905
also prepares students to learn about 24 Water, Electrolyte, and Acid-Base Balance 942
. . og 25 The Digestive System 965
such genetic traits and conditions as PART TWO 26 Nutition and Metabolism 1013

cystic fibrosis, color blindness, blood
types, hemophilia, cancer genes, or
sickle-cell disease by first teaching
them about dominant and recessive
alleles, genotype and phenotype, and
sex linkage.

Muscle Anatomy and
Physiology Follow Skeleton
and Joints

The functional morphology of the
skeleton, joints, and muscles is treated
in three consecutive chapters, 8 through
10, so when students learn muscle
origins and insertions, these come only
two chapters after the names of the
relevant bone features. When they learn

Support and Movement

6
7
8
9
10

n

The Integumentary System 187
Bone Tissue 213

The Skeletal System 241
Joints 285

The Muscular System 319
Atlas B Surface Anatomy 387
Muscular Tissue 403

Integration and Control

12
13

14

Nervous Tissue 441

The Spinal Cord, Spinal Nerves, and
Somatic Reflexes 481

The Brain and Cranial Nerves 514

PART FIVE

Reproduction and Development
27 The Male Reproductive System 1047
28 The Female Reproductive System 1077
29 Human Development 1117

Appendix A. Changes in Terminology
in the Fifth Edition A-1
Appendix B. Answer Keys A-2
Appendix C. Periodic Table of the Elements A-11

Appendix D. Symbols, Weights, and Measures A-12

Appendix E. Biomedical Abbreviations A-13
Glossary G-1

Credits C-1

Index I-1

Urinary System Presented Close to Circulatory and
Respiratory Systems

Most textbooks place this system near the end of the book because
of its anatomical and developmental relationships with the
reproductive system. However, its physiological ties to the
circulatory and respiratory systems are much more important.
Except for a necessary digression on lymphatics and immunity, the
circulatory system is followed almost immediately with the
respiratory and urinary systems.

muscle actions, it is in the first chapter
after learning the terms for the joint
movements. This order brings another
advantage: the physiology of muscle and
nerve cells is treated in two consecutive
chapters (11 and 12), which are thus
closely integrated in their treatment of
synapses, neurotransmitters, and
membrane electrophysiology.

Xiv
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The Saladin Digital Story

The Complete Package
Connect. Learn. Succeed.

Presentation Materials:

PowerPoint files with
embedded animations

McGraw-Hill Connect
assignment builder

Enhanced course cartridges

Anatomy & Physiology CaneCt Learn EZ Test Online (test
Revealed PowerPoint files generator)
Digital o deout Instructor Course R
igital images (stepped-ou I 1%

images, split images, Resources Content (physiology tutorials)
tables, photos) Laboratory manuals
Digital Resources: Virtual Labs:
Assignable Anatomy & Web-based cat dissection
Physiology Revealed quizzes

. Ph.I.L.S. (physiology
Assignable Ph./.L.S. simulations)
physiology simulations _
with quizzes Anatomy & Physiology

Revealed

Print Resources: Succeed
Comprehensive Student
instructor’'s guide Resources

Ancillary correlation guide

Online quizzes and
learning games

Digital Resources:

Interactive eBook

Anatomy & Physiology Animation quizzes

Revealed Online tutors

Ph.I.L.S. (physiology
simulations)

MediaPhys
(physiology tutorials)

Print Resources:

Clinical applications
manual

. Student study guide
A&P Prep (cell, chemistry,

remediation)
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E N g a g i N g Incorporate customized lectures, visually

2 s enhanced tests and quizzes, compelling
P resen ta t 10N M a te Fla I S course websites, or attractive printed

support materials using

fO r LeCt ure an d La b McGraw-Hill’s Presentation Assets.

Orbital Bones New! A complete set of premade
PowerPoints linking Anatomy &
Physiology Revealed to text material are
now available for your use!

New! A complete set of animation
embedded PowerPoint slides is now
available!

Neursmuscular Junction

Synovial Joint
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Measure Your Students’ Progress
with Assessment Tools

and Assignments

Eu Sodium-Potassium Exchange Pump

o tr
= peresie oo e T ool

0 ot i 0.k of e cel
- Pt G a0 ks e P e ol

. W oy s ard pemasm s curel v szl
mmg« e CIREA 300 07T BOCAES MasCr Hood dupRen. o ) s oed potesstim ons 1 bott doezhos sooss te orl memboace.

Animation Quizzing

it ard actt < bosbee cebect o o the ol g mucept .

Animation Quizzing

Computerized Test Bank Edited by
Ken Saladin!
Powered by McGraw-Hill’s flexible electronic testing
program EZ Test Online
e Create paper and online tests or quizzes in

one program!

e Create tests that can be easily shared with
colleagues, adjuncts, WebCT, Blackboard,
PageOut, and Apple’s iQuiz.

e Sort questions by difficulty level, topic,
and section.

e (Create and access your test or quiz anywhere,
at any time.

e Select questions from multiple McGraw-Hill
test banks.

* Manage your tests online.

¢ Online automated scoring and reporting are
also available.

® connect

ANATOMY & PHYSIOLOGY

McGraw-Hill Connect Anatomy & Physiology is
a web-based assignment and assessment platform
that gives students the means to better connect
with their coursework, with their instructors, and
with the important concepts that they will need
to know for success now and in the future. With
Connect Anatomy & Physiology, instructors can
deliver assignments, quizzes, and tests easily
online. Students can practice important skills at
their own pace and on their own schedule. With
Connect Anatomy & Physiology Plus, students
also get 24/7 online access to an eBook—an
online edition of the text—to aid them in
successfully completing their work, wherever
and whenever.

Which structure is highlighred?

WATEST

What is the insertion of the highlighted
muscle?

D pituitary gland
D thymus gland
D thyroid gland
D hypothalamus
D suprarenal gland
D OlECrAnun process
D coracoid process

D UCTURTION [IFUCLSS
U radial tuberosity
U trochlea of humerus
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Improve Performance by
Providing Self-Study Tools
for Students

In a recent student survey:

96% of students felt APR was fun to use!

80% of students reported they studied more

often because of APR!

94% of students felt using APR helped

improve their grade!

Version 2.0 CD-ROM

e
3 [ m Y =

20

INTEGUMENTARY
SKELETAL
MUSCULAR
NERVOUS
ENDOCRINE
CARDIOVASCULAR

RESPIRATORY
LYMPHATIC

DIGESTIVE
URINARY

Anatomy & phVSiOIOgy I Revealed 2.0 REPRODUCTIVE

This amazing multimedia tool is designed to help students

learn and review human anatomy using cadaver specimens.

An Interactive Cadaver

Detailed cadaver photographs blended together with a state- Dissection Experience
of-the-art layering technique provide a uniquely interactive w
dissection experience. :;: Higher Education

Welcome to Anatomy & Physiology Prep

‘Welcome to Anatomy & Physiology Prepl By using this tool, you can assess
your knowledge of critical topics in this field. ou can then target your study
time more efectively by using your custom study plan. To begin, select a
subject below.

Study Skills

Mathematics Skills

!

Chemistry Skills

XViii

TOLEDG

A&P Prep

A&P Prep, also available on the text website,
helps students to prepare for their upcoming
coursework in anatomy and physiology.

This website enables students to perform self
assessments, conduct self study sessions with
tutorials, and perform a post assessment of their
knowledge in the following areas:

¢ Introductory Biology Skills
e Mathematics Skills

e Chemistry Skills

e Study Skills

e Physics Skills

e Medical Terminology
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Save 50%

on
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Textbook Alternatives

for Your Class

Electronic Books

If you or your students are ready for an alternative version
of the traditional textbook, McGraw-Hill eBooks offer a
cheaper and eco-friendly alternative to traditional
textbooks. By purchasing eBooks from McGraw-Hill,
students can save as much as 50% on selected titles
delivered on the most advanced eBook platform available.

Contact your McGraw-Hill sales representative to
discuss eBook packaging options.

Fiak |

Other resources available:
Student Study Guide

This comprehensive study guide written by experienced
instructor Jacque Homan in collaboration with Ken
Saladin contains vocabulary-building and content-
testing exercises, labeling exercises, and practice exams.

Physiology Tutorials

MediaPhys offers detailed explanations, high-quality
illustrations, and animations to provide students with a
thorough introduction to the world of physiology—
giving them a virtual tour of physiological processes.

Physiology Interactive Lab
Simulations

Ph.I.L.S. offers 37 lab simulations that
may be used to supplement or
substitute for wet labs.

Clinical Applications Manual

This manual expands on Anatomy & Physiology’s
clinical themes, introduces new clinical topics, and
provides test questions and case studies to develop
students' abilities to apply knowledge to realistic
situations. A print version is available for students.

Lab Manual Options to Fit Your Course

The Anatomy & Physiology
Laboratory Manual by Eric Wise of
Santa Barbara City College is
expressly written to coincide with
chapters of Saladin's Anatomy &
Physiology.

New! The Laboratory Manual for Human Anatomy &
Physiology by Terry Martin of Kishwaukee College is
written to coincide with Saladin or any A&P textbook.

e Three versions available including main, cat, and fetal pig
¢ Includes Ph.I.L.S. 3.0 CD-ROM

e Qutcomes and assessments format

e C(lear, concise writing style

Student Supplements

McGraw-Hill offers various tools and technology products
to support the textbook. Students can order supplemental
study materials by contacting their campus bookstore or
online at www.shopmcgraw-hill.com.

Instructor Supplements

Instructors can obtain teaching aides by calling the McGraw-
Hill Customer Service Department at 1-800-338-3987,
visiting our online catalog at www.mhhe.com, or by
contacting their local McGraw-Hill sales representative.
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Letter to the Students

hen I was a young boy, I became interested in
that I then called “nature study” for two rea-

sons. One was the sheer beauty of nature. I
reveled in children’s books with abundant, colorful draw-
ings and photographs of animals, plants, minerals, and
gems. It was this esthetic appreciation of nature that made
me want to learn more about it and made me happily sur-
prised to discover I could make a career of it. At a slightly
later age, another thing that drew me still deeper into
biology was to discover writers who had a way with
words—who could captivate my imagination and curios-
ity with their elegant prose. Once I was old enough to
hold part-time jobs, I began buying zoology and anatomy
books that mesmerized me with their gracefulness of writ-
ing and fascinating art and photography. I wanted to write
and draw like that myself, and I began teaching myself by
learning from “the masters.” I spent many late nights in
my room peering into my microscope and jars of pond
water, typing page after page of manuscript, and trying
pen and ink as a medium. In short, I was the ultimate
nerd. My “first book” was a 318-page paper on some little
pond animals called hydras, with 53 India ink illustra-
tions that I wrote for my tenth-grade biology class when I
was 16.

Fast-forward about 30 years, to when I became a
textbook writer, and I found myself bringing that same
enjoyment of writing and illustrating to the first edition of
this book you are now holding. Why? Not only for its
intrinsic creative satisfaction, but because I'm guessing
that you're like I was—you can appreciate a book that
does more than simply give you the information you
need. You appreciate, I trust, a writer who makes it enjoy-
able for you through his scientific, storytelling prose and
his concept of the way things should be illustrated to
spark interest and facilitate understanding.

XXViii

I know from my own students, however, that you
need more than captivating illustrations and enjoyable
reading. Let’s face it—A&P is a complex subject and it
may seem a formidable task to acquire even a basic
knowledge of the human body. It was difficult even for me
to learn (and the learning never ends). So in addition to
simply writing this book, I've given a lot of thought to its
pedagogy—the art of teaching. I've designed my chapters
to make them easier for you to study and to give you
abundant opportunity to check whether you've under-
stood what you read—to test yourself (as I advise my own
students) before the instructor tests you.

Each chapter is broken down into short, digestible
bits with a set of learning goals (Objectives) at the begin-
ning of each section, and self-testing questions (Before
You Go On) just a few pages later. Even if you have just 30
minutes to read during a lunch break or a bus ride, you
can easily read or review one of these brief sections.
There are also numerous self-testing questions at the end
of each chapter, in some of the figure legends, and the
occasional Think About It questions dispersed through-
out each chapter. The questions cover a broad range of
cognitive skills, from simple recall of a term to your abil-
ity to evaluate, analyze, and apply what you've learned to
new clinical situations or other problems.

I hope you enjoy your study of this book, but I
know there are always ways to make it even better.
Indeed, what quality you may find in this edition owes a
great deal to feedback I've received from students all over
the world. If you find any typos or other errors, if you
have any suggestions for improvement, if I can clarify a
concept for you, or even if you just want to comment on
something you really like about the book, I hope you’ll
feel free to write to me. I correspond quite a lot with stu-
dents and would enjoy hearing from you.

Ken Saladin

Georgia College & State University
Milledgeville, GA 31061 (USA)
ken.saladin@gcsu.edu
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1.1 The Scope of Anatomy and Physiology 2 1.7 The Language of Medicine 20
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2 PART ONE Organization of the Body

1. Major Themes of
Anatomy and Physiology

o branch of science hits as close to home as the
N science of our own bodies. We’re grateful for

the dependability of our hearts; we’'re awed by
the capabilities of muscles and joints displayed by
Olympic athletes; and we ponder with philosophers the
ancient mysteries of mind and emotion. We want to
know how our body works, and when it malfunctions,
we want to know what is happening and what we can
do about it. Even the most ancient writings of
civilization include medical documents that attest to
humanity’s timeless drive to know itself. You are
embarking on a subject that is as old as civilization, yet
one that grows by thousands of scientific publications
every week.

This book is an introduction to human structure and
function, the biology of the human body. It is meant
primarily to give you a foundation for advanced study
in health care, exercise physiology, pathology, and other
fields related to health and fitness. Beyond that
purpose, however, it can also provide you with a deeply
satisfying sense of self-understanding.

As rewarding and engrossing as this subject is, the
human body is highly complex, and understanding it
requires us to comprehend a great deal of detail. The
details will be more manageable if we relate them to
a few broad, unifying concepts. The aim of this chapter,
therefore, is to introduce such concepts and put the
rest of the book into perspective. We consider the
historical development of anatomy and physiology,
the thought processes that led to the knowledge in this
book, the meaning of human life, a central concept of
physiology called homeostasis, and how to better
understand medical terminology.

1.1 The Scope of Anatomy
and Physiology

Objectives
When you have completed this section, you should be
able to

* define anatomy and physiology and relate them to
each other;

* describe several ways of studying human anatomy; and

+ define a few subdisciplines of human physiology.

© The McGraw-Hill
Companies, 2010

Anatomy is the study of structure, and physiology is the
study of function. These approaches are complementary
and never entirely separable. Together, they form the bed-
rock of the health sciences. When we study a structure, we
want to know, What does it do? Physiology thus lends
meaning to anatomy; and, conversely, anatomy is what
makes physiology possible. This unity of form and func-
tion is an important point to bear in mind as you study the
body. Many examples of it will be apparent throughout the
book—some of them pointed out for you, and others you
will notice for yourself.

Anatomy—The Study of Form

There are several ways to examine the structure of the
human body. The simplest is inspection—simply looking
at the body’s appearance, as in performing a physical
examination or making a clinical diagnosis from surface
appearance. Physical examinations also involve touching
and listening to the body. Palpation® means feeling a struc-
ture with the hands, such as palpating a swollen lymph
node or taking a pulse. Auscultation? (AWS-cul-TAY-shun)
is listening to the natural sounds made by the body, such
as heart and lung sounds. In percussion, the examiner taps
on the body, feels for abnormal resistance, and listens to
the emitted sound for signs of abnormalities such as
pockets of fluid or air.

But a deeper understanding of the body depends on
dissection—the careful cutting and separation of tissues to
reveal their relationships. The very words anatomy® and
dissection® both mean “cutting apart”; until the nineteenth
century, dissection was called “anatomizing.” In many
schools of health science, one of the first steps in the train-
ing of students is dissection of the cadaver,® a dead human
body (fig. 1.1). Many insights into human structure are
obtained from comparative anatomy—the study of more
than one species in order to examine structural similari-
ties and differences and analyze evolutionary trends.
Anatomy students often begin by dissecting other animals
with which we share a common ancestry and many struc-
tural similarities. Many of the reasons for human structure
become apparent only when we look at the structure of
other animals.

Dissection, of course, is not the method of choice
when studying a living person! It was once common to
diagnose disorders through exploratory surgery—opening
the body and taking a look inside to see what was wrong
and what could be done about it. Any breach of the body
cavities is risky, however, and most exploratory surgery
has now been replaced by medical imaging techniques—
methods of viewing the inside of the body without surgery,

'palp = touch, feel + ation = process
2quscult = listen + ation = process
3ana = apart + tom = cut

4dis = apart + sect = cut

*from cadere = to fall down or die
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FIGURE 1.1 Early Medical Students in the Gross Anatomy
Laboratory with Three Cadavers.

€ Why should medical students study more than one cadaver?

discussed at the end of this chapter (see Insight 1.5). The
branch of medicine concerned with imaging is called
radiology. Structure that can be seen with the naked
eye—whether by surface observation, radiology, or
dissection—is called gross anatomy.

Ultimately, the functions of the body result from its
individual cells. To see those, we usually take tissue
specimens, thinly slice and stain them, and observe them
under the microscope. This approach is called histology®
(microscopic anatomy). Histopathology is the microscopic
examination of tissues for signs of disease. Cytology’ is
the study of the structure and function of individual cells.
Ultrastructure refers to fine detail, down to the molecular
level, revealed by the electron microscope.

Physiology—The Study of Function

Physiology® uses the methods of experimental science
discussed later. It has many subdisciplines such as neuro-
physiology (physiology of the nervous system), endo-
crinology (physiology of hormones), and pathophysiology
(mechanisms of disease). Partly because of limitations on
experimentation with humans, much of what we know
about bodily function has been gained through compara-
tive physiology, the study of how different species have
solved problems of life such as water balance, respiration,
and reproduction. Comparative physiology is also the
basis for the development of new drugs and medical
procedures. For example, a cardiac surgeon may have to
learn animal surgery before practicing on humans, and

Shisto = tissue + logy = study of
eyto = cell + logy = study of
8physio = nature + logy = study of
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a vaccine cannot be used on human subjects until it has
been demonstrated through animal research that it con-
fers significant benefits without unacceptable risks.

1.2 The Origins of
Biomedical Science

Objectives
When you have completed this section, you should be
able to

e give examples of how modern biomedical science
emerged from an era of superstition and
authoritarianism; and

* describe the contributions of some key people who
helped to bring about this transformation.

Any science is more enjoyable if we consider not just the
current state of knowledge but how it compares to past
understandings of the subject and how our knowledge
was gained. Of all sciences, medicine has one of the
most fascinating histories. Medical science has pro-
gressed far more in the last 50 years than in the 2,500
years before that, but the field did not spring up over-
night. It is built upon centuries of thought and contro-
versy, triumph and defeat. We cannot fully appreciate its
present state without understanding its past—people
who had the curiosity to try new things, the vision to
look at human form and function in new ways, and the
courage to question authority.

The Greek and Roman Legacy

As early as 3,000 years ago, physicians in Mesopotamia
and Egypt treated patients with herbal drugs, salts, physi-
cal therapy, and faith healing. The “father of medicine,”
however, is usually considered to be the Greek physician
Hippocrates (c. 460—c. 375 BCE). He and his followers
established a code of ethics for physicians, the Hippocratic
Oath, that is still recited in modern form by many gradu-
ating medical students. Hippocrates urged physicians to
stop attributing disease to the activities of gods and
demons and to seek their natural causes, which could
afford the only rational basis for therapy.

Aristotle (384—322 BCE) was one of the first philoso-
phers to write about anatomy and physiology. He
believed that diseases and other natural events could
have either supernatural causes, which he called the-
ologi, or natural ones, which he called physici or physi-
ologi. We derive such terms as physician and physiology
from the latter. Until the nineteenth century, physicians
were called “doctors of physic.” In his anatomy book, Of
the Parts of Animals, Aristotle tried to identify unifying
themes in nature. Among other points, he argued that
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complex structures are built from a smaller variety of
simple components—a perspective that we will find
useful later in this chapter.

-

When you have completed this chapter, discuss the
relevance of Aristotle’s philosophy to our current
thinking about human structure.

Claudius Galen (c. 130—c. 200), physician to the
Roman gladiators, wrote the most influential medical
textbook of the ancient era—a book that was worshiped to
excess by medical professors for centuries to follow.
Cadaver dissection was banned in Galen’s time because of
some horrid excesses that preceded him, including public
dissection of living slaves and prisoners. Aside from what
he could learn by treating the gladiators’ wounds, Galen
was therefore limited to dissecting pigs, monkeys, and
other animals. Because he was not permitted to dissect
cadavers, he had to guess at much of human anatomy and
made some incorrect deductions from animal dissections.
He described the human liver, for example, as having five
fingerlike lobes, somewhat like a baseball glove, because
that is what he had seen in baboons. But Galen saw
science as a method of discovery, not as a body of fact to
be taken on faith. He warned that even his own books
could be wrong and advised his followers to trust their
own observations more than they trusted any book.
Unfortunately, his advice was not heeded. For nearly
1,500 years, medical professors dogmatically taught what
they read in Aristotle and Galen, seldom daring to
question the authority of these “ancient masters.”

The Birth of Modern Medicine

In the Middle Ages, the state of medical science varied
greatly from one religious culture to another. Science was
severely repressed in the Christian culture of Europe until
about the sixteenth century, although some of the most
famous medical schools of Europe were founded during
this era. Their professors, however, taught medicine pri-
marily as a dogmatic commentary on Galen and Aristotle,
not as a field of original research. Medieval medical illus-
trations were crude representations of the body intended
more to decorate a page than to depict the body realisti-
cally. Some were astrological charts that showed which
sign of the zodiac was thought to influence each organ of
the body (fig. 1.2). From such pseudoscience came the
word influenza, Italian for “influence.”

Free inquiry was less inhibited in Jewish and Muslim
culture during this time. Jewish physicians were the most
esteemed practitioners of their art—and none more famous
than Moses ben Maimon (1135-1204), known in
Christendom as Maimonides. Born in Spain, he fled to
Egypt at age 24 to escape antisemitic persecution. There he
served the rest of his life as physician to the court of the
sultan, Saladin. A highly admired rabbi, Maimonides
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FIGURE 1.2 Zodiacal Man. This illustration from a fifteenth-
century medical manuscript reflects the medieval belief in the
influence of astrology on parts of the body.

€ How does the word influenza stem from the belief reflected
by this illustration?

wrote voluminously on Jewish law and theology, but also
wrote 10 influential medical books and numerous treatises
on specific diseases.

Among Muslims, probably the most highly regarded
medical scholar was Ibn Sina (980-1037), known in the West
as Avicenna or “the Galen of Islam.” He studied Galen and
Aristotle, combined their findings with original discoveries,
and questioned authority when the evidence demanded it.
Medicine in the Mideast soon became superior to European
medicine. Avicenna’s textbook, The Canon of Medicine,
became the leading authority in European medical schools for
over 500 years.

Chinese medicine had little influence on Western thought
and practice until relatively recently; the medical arts evolved
in China quite independently of European medicine. Later
chapters of this book describe some of the medical and
anatomical insights of ancient China and India.
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Modern Western medicine began around the sixteenth
century in the innovative minds of such people as the
anatomist Andreas Vesalius and the physiologist William
Harvey. Andreas Vesalius (1514—64) taught anatomy in
Italy. In his time, the Catholic Church relaxed its prohibi-
tion against cadaver dissection, primarily to allow autop-
sies in cases of suspicious death. Furthermore, the Italian
Renaissance created an environment more friendly to inno-
vative scholarship. Dissection gradually found its way into
the training of medical students throughout Europe. It was
an unpleasant business, however, and most professors con-
sidered it beneath their dignity. In those days before refrig-
eration or embalming, the odor from the decaying cadaver
was unbearable. Dissections were conducted outdoors in a
nonstop 4-day race against decay. Bleary medical students
had to fight the urge to vomit, lest they incur the wrath of
an overbearing professor. Professors typically sat in an
elevated chair, the cathedra, reading dryly in Latin from
Galen or Aristotle while a lower-ranking barber-surgeon
removed putrefying organs from the cadaver and held them
up for the students to see. Barbering and surgery were con-
sidered to be “kindred arts of the knife”; today’s barber
poles date from this era, their red and white stripes
symbolizing blood and bandages.

Vesalius broke with tradition by coming down from
the cathedra and doing the dissections himself. He was
quick to point out that much of the anatomy in Galen’s
books was wrong, and he was the first to publish accurate
illustrations for teaching anatomy (fig. 1.3). When others
began to plagiarize his illustrations, Vesalius published
the first atlas of anatomy, De Humani Corporis Fabrica
(On the Structure of the Human Body), in 1543. This book
began a rich tradition of medical illustration that has been
handed down to us through such milestones as Gray’s
Anatomy (1856) and the vividly illustrated atlases and
textbooks of today.

Anatomy preceded physiology and was a necessary
foundation for it. What Vesalius was to anatomy, the
Englishman William Harvey (1578-1657) was to physiol-
ogy. Harvey is remembered especially for his studies of
blood circulation and a little book he published in 1628,
known by its abbreviated title De Motu Cordis (On the
Motion of the Heart). He and Michael Servetus (1511-53)
were the first Western scientists to realize that blood
must circulate continuously around the body, from the
heart to the other organs and back to the heart again. This
flew in the face of Galen’s belief that the liver converted
food to blood, the heart pumped blood through the veins
to all other organs, and those organs consumed it.
Harvey’s colleagues, wedded to the ideas of Galen, ridi-
culed him for his theory, though we now know he was
correct (see p. 756). Despite persecution and setbacks,
Harvey lived to a ripe old age, served as physician to the
kings of England, and later did important work in embry-
ology. Most importantly, Harvey’s contributions represent
the birth of experimental physiology—the method that
generated most of the information in this book.
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FIGURE 1.3 The Art of Vesalius. Andreas Vesalius revolution-
ized medical illustration with the comparatively realistic art
prepared for his 1543 book, De Humani Corporis Fabrica.

Modern medicine also owes an enormous debt to two
inventors from this era, Robert Hooke and Antony van
Leeuwenhoek, who extended the vision of biologists to
the cellular level.

Robert Hooke (1635-1703), an Englishman, designed
scientific instruments of various kinds and made many
improvements in the compound microscope. This is a tube
with a lens at each end—an objective lens near the speci-
men, which produces an initial magnified image, and an
ocular lens (eyepiece) near the observer’s eye, which magni-
fies the first image still further. Although crude compound
microscopes had existed since 1595, Hooke improved the
optics and invented several of the helpful features found in
microscopes today—a stage to hold the specimen, an illumi-
nator, and coarse and fine focus controls. His microscopes
magnified only about 30 times, but with them, he was the
first to see and name cells. In 1663, he observed thin shav-
ings of cork and observed that they “consisted of a great
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FIGURE 1.4 Hooke’s Compound Microscope. (a) The com-
pound microscope had a lens at each end of a tubular body.
(b) Hooke’s drawing of cork cells, showing the thick cell walls
characteristic of plants.

many little boxes,” which he called cellulae (little cells)
after the cubicles of a monastery (fig. 1.4). He later observed
thin slices of fresh wood and saw living cells “filled with
juices.” Hooke became particularly interested in microscopic
examination of such material as insects, plant tissues, and
animal parts. He published the first comprehensive book of
microscopy, Micrographia, in 1665.

Antony van Leeuwenhoek (an-TOE-nee vahn LAY-wen-
hook) (1632—1723), a Dutch textile merchant, invented a
simple (single-lens) microscope, originally for the purpose of
examining the weave of fabrics. His microscope was a bead-
like lens mounted in a metal plate equipped with a movable
specimen clip. Even though his microscopes were simpler
than Hooke’s, they achieved much greater useful magnifica-
tion (up to 200x) owing to Leeuwenhoek’s superior lens-
grinding skill. Out of curiosity, he examined a drop of lake
water and was astonished to find a variety of microorgan-
isms—*“little animalcules,” he called them, “very prettily a-
swimming.” He went on to observe practically everything he
could get his hands on, including blood cells, blood capillar-
ies, sperm, muscular tissue, and bacteria from tooth scrap-
ings. Leeuwenhoek began submitting his observations to the
Royal Society of London in 1673. He was praised at first, and
his observations were eagerly read by scientists, but enthusi-
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asm for the microscope did not last. By the end of the seven-
teenth century, it was treated as a mere toy for the upper
classes, as amusing and meaningless as a kaleidoscope.
Leeuwenhoek and Hooke had even become the brunt of sat-
ire. But probably no one in history had looked at nature in
such a revolutionary way. By taking biology to the cellular
level, the two men had laid an entirely new foundation for the
modern medicine to follow centuries later.

The Hooke and Leeuwenhoek microscopes produced
poor images with blurry edges (spherical aberration) and
rainbowlike distortions (chromatic aberration). These prob-
lems had to be solved before the microscope could be
widely used as a biological tool. In nineteenth-century
Germany, Carl Zeiss (1816—88) and his business partner,
physicist Ernst Abbe (1840-1905), greatly improved the
compound microscope, adding the condenser and develop-
ing superior optics. With improved microscopes, biologists
began eagerly examining a wider variety of specimens. By
1839, botanist Matthias Schleiden (1804—81) and zoologist
Theodor Schwann (1810-82) concluded that all organisms
were composed of cells. Although it took another century for
this idea to be generally accepted, it became the first tenet of
the cell theory, added to by later biologists and summarized
in chapter 3. The cell theory was perhaps the most impor-
tant breakthrough in biomedical history; all functions of the
body are now interpreted as the effects of cellular activity.

Although the philosophical foundation for modern med-
icine was largely established by the time of Leeuwenhoek,
Hooke, and Harvey, clinical practice was still in a dismal
state. Few doctors attended medical school or received any
formal education in basic science or human anatomy.
Physicians tended to be ignorant, ineffective, and pompous.
Their practice was heavily based on expelling imaginary tox-
ins from the body by bleeding their patients or inducing vom-
iting, sweating, or diarrhea. They performed operations with
filthy hands and instruments, spreading lethal infections
from one patient to another and refusing, in their vanity, to
believe that they themselves were the carriers of disease.
Countless women in childbirth died of infections acquired
from their obstetricians. Fractured limbs often became gangre-
nous and had to be amputated, and there was no anesthesia
to lessen the pain. Disease was still widely attributed to
demons and witches, and many people felt they would be
interfering with God’s will if they tried to treat it.

Living in a Revolution

This short history brings us only to the threshold of modern
biomedical science; it stops short of such momentous discov-
eries as the germ theory of disease, the mechanisms of hered-
ity, and the structure of DNA. In the twentieth century, basic
biology and biochemistry yielded a much deeper under-
standing of how the body works. Advances in medical imag-
ing have enhanced our diagnostic ability and life-support
strategies. We have witnessed monumental developments in
chemotherapy, immunization, anesthesia, surgery, organ
transplants, and human genetics. By the close of the twenti-
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eth century, we had discovered the chemical “base sequence”
of every human gene and begun attempting gene therapy to
treat children born with diseases recently considered incur-
able. As future historians look back on the turn of this cen-
tury, they may exult about the Genetic Revolution in which
you are now living.

Several discoveries of the nineteenth and twentieth cen-
turies, and the men and women behind them, are covered in
short historical sketches in later chapters. Yet, the stories told
in this chapter are different in a significant way. The people
discussed here were pioneers in establishing the scientific
way of thinking. They helped to replace superstition with an
appreciation of natural law. They bridged the chasm between
mystery and medication. Without this intellectual revolution,
those who followed could not have conceived of the right
questions to ask, much less a method for answering them.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

1. In what way did the followers of Galen disregard his
advice? How does Galen’s advice apply to you
and this book?

2. Describe two ways in which Vesalius improved
medical education and set standards that remain
relevant today.

3. How is our concept of human form and function today
affected by inventors from Hooke to Zeiss?

1.3 Scientific Method

Objectives
When you have completed this section, you should be
able to

* describe the inductive and hypothetico-deductive
methods of obtaining scientific knowledge;

* describe some aspects of experimental design that
help to ensure objective and reliable results; and

* explain what is meant by hypothesis, fact, law, and
theory in science.

Prior to the seventeenth century, science was done in a
haphazard way by a small number of isolated individuals.
The philosophers Francis Bacon (1561-1626) in England
and René Descartes (1596-1650) in France envisioned
science as a far greater, systematic enterprise with enor-
mous possibilities for human health and welfare. They
detested those who endlessly debated ancient philosophy
without creating anything new. Bacon argued against
biased thinking and for more objectivity in science. He
outlined a systematic way of seeking similarities, differ-
ences, and trends in nature and drawing useful general-
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izations from observable facts. You will see echoes of
Bacon’s philosophy in the discussion of scientific method
that follows.

Though the followers of Bacon and Descartes argued
bitterly with one another, both men wanted science to
become a public, cooperative enterprise, supported by gov-
ernments and conducted by an international community of
scholars rather than a few isolated amateurs. Inspired by
their vision, the French and English governments estab-
lished academies of science that still flourish today. Bacon
and Descartes are credited with putting science on the path
to modernity, not by discovering anything new in nature or
inventing any techniques—for neither man was a scien-
tist—but by inventing new habits of scientific thought.

When we say “scientific,” we mean that such think-
ing is based on assumptions and methods that yield
reliable, objective, testable information about nature. The
assumptions of science are ideas that have proven fruitful
in the past—for example, the idea that natural phenomena
have natural causes and nature is therefore predictable
and understandable. The methods of science are highly
variable. Scientific method refers less to observational
procedures than to certain habits of disciplined creativity,
careful observation, logical thinking, and honest analysis
of one’s observations and conclusions. It is especially
important in health science to understand these habits.
This field is littered with more fads and frauds than any
other. We are called upon constantly to judge which
claims are trustworthy and which are bogus. To make
such judgments depends on an appreciation of how
scientists think, how they set standards for truth, and why
their claims are more reliable than others.

The Inductive Method

The inductive method, first prescribed by Bacon, is a
process of making numerous observations until one feels
confident in drawing generalizations and predictions
from them. What we know of anatomy is a product of the
inductive method. We describe the normal structure of
the body based on observations of many bodies.

This raises the issue of what is considered proof in
science. We can never prove a claim beyond all possible
refutation. We can, however, consider a statement as
proven beyond reasonable doubt if it was arrived at by
reliable methods of observation, tested and confirmed
repeatedly, and not falsified by any credible observation.
In science, all truth is tentative; there is no room for
dogma. We must always be prepared to abandon yester-
day’s truth if tomorrow’s facts disprove it.

The Hypothetico-Deductive Method

Most physiological knowledge was obtained by the
hypothetico-deductive method. An investigator begins by
asking a question and formulating a hypothesis—an
educated speculation or possible answer to the question.
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A good hypothesis must be (1) consistent with what is
already known and (2) capable of being tested and possibly
falsified by evidence. Falsifiability means that if we claim
something is scientifically true, we must be able to specify
what evidence it would take to prove it wrong. If nothing
could possibly prove it wrong, then it is not scientific.

-

The ancients thought that gods or invisible demons
caused epilepsy. Today, epileptic seizures are
attributed to bursts of abnormal electrical activity
in nerve cells of the brain. Explain why one of these
claims is falsifiable (and thus scientific), whereas
the other claim is not.

The purpose of a hypothesis is to suggest a method
for answering a question. From the hypothesis, a
researcher makes a deduction, typically in the form of an
“if-then” prediction: If my hypothesis on epilepsy is cor-
rect and I record the brain waves of patients during sei-
zures, then I should observe abnormal bursts of activity.
A properly conducted experiment yields observations
that either support a hypothesis or require the scientist
to modify or abandon it, formulate a better hypothesis,
and test that one. Hypothesis testing operates in cycles
of conjecture and disproof until one is found that is sup-
ported by the evidence.

Experimental Design

Doing an experiment properly involves several important
considerations. What shall I measure and how can I mea-
sure it? What effects should I watch for and which ones
should I ignore? How can I be sure that my results are due
to the factors (variables) that I manipulate and not due to
something else? When working on human subjects, how
can I prevent the subject’s expectations or state of mind
from influencing the results? Most importantly, how can I
eliminate my own biases and be sure that even the most
skeptical critics will have as much confidence in my con-
clusions as I do? Several elements of experimental design
address these issues:

e Sample size. The number of subjects (animals or
people) used in a study is the sample size. An
adequate sample size controls for chance events and
individual variations in response and thus enables
us to place more confidence in the outcome. For
example, would you rather trust your health to a
drug that was tested on 5 people or one tested on
5,000?7 Why?

e Controls. Biomedical experiments require comparison
between treated and untreated individuals so that
we can judge whether the treatment has any effect.

A control group consists of subjects that are as much
like the treatment group as possible except with
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respect to the variable being tested. For example,
there is evidence that garlic lowers blood cholesterol
levels. In one study, a group of people with high cho-
lesterol was given 800 mg of garlic powder daily for 4
months and exhibited an average 12% reduction in
cholesterol. Was this a significant reduction, and was
it due to the garlic? It is impossible to say without
comparison to a control group of similar people who
received no treatment. In this study, the control group
averaged only a 3% reduction in cholesterol, so garlic
seems to have made a difference.

Psychosomatic effects. Psychosomatic effects

(effects of the subject’s state of mind on his or her
physiology) can have an undesirable effect on
experimental results if we do not control for them.
In drug research, it is therefore customary to give the
control group a placebo (pla-SEE-bo)—a substance
with no significant physiological effect on the body.
If we were testing a drug, for example, we could give
the treatment group the drug and the control group
identical-looking starch tablets. Neither group must
know which tablets it is receiving. If the two groups
showed significantly different effects, we could feel
confident that it did not result from a knowledge of
what they were taking.

Experimenter bias. In the competitive, high-stakes
world of medical research, experimenters may want
certain results so much that their biases, even
subconscious ones, can affect their interpretation
of the data. One way to control for this is the
double-blind method. In this procedure, neither
the subject to whom a treatment is given nor the
person giving it and recording the results knows
whether that subject is receiving the experimental
treatment or placebo. A researcher might prepare
identical-looking tablets, some with the drug and
some with placebo; label them with code numbers;
and distribute them to participating physicians.
The physicians themselves do not know whether
they are administering drug or placebo, so they
cannot give the subjects even accidental hints of
which substance they are taking. When the data
are collected, the researcher can correlate them
with the composition of the tablets and determine
whether the drug had more effect than the placebo.

Statistical testing. If you tossed a coin 100 times,
you would expect it to come up about 50 heads and
50 tails. If it actually came up 48:52, you would
probably attribute this to random error rather than
bias in the coin. But what if it came up 40:607 At
what point would you begin to suspect bias? This
type of problem is faced routinely in research—how
great a difference must there be between control
and experimental groups before we feel confident
that it was due to the treatment and not merely
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random variation? What if a treatment group
exhibited a 12% reduction in cholesterol level
and the placebo group a 10% reduction? Would
this be enough to conclude that the treatment was
effective? Scientists are well grounded in statistical
tests that can be applied to the data. Perhaps you
have heard of the chi-square test, the t test, or
analysis of variance, for example. A typical out-
come of a statistical test might be expressed, “We
can be 99.5% sure that the difference between
group A and group B was due to the experimental
treatment and not to random variation.” Science
is grounded not in statements of absolute truth,
but in statements of probability.

Peer Review

When a scientist applies for funds to support a research
project or submits results for publication, the application
or manuscript is submitted to peer review—a critical
evaluation by other experts in that field. Even after a report
is published, if the results are important or unconvention-
al, other scientists may attempt to reproduce them to see if
the author was correct. At every stage from planning to
postpublication, scientists are therefore subject to intense
scrutiny by their colleagues. Peer review is one mechanism
for ensuring honesty, objectivity, and quality in science.

Facts, Laws, and Theories

The most important product of scientific research is
understanding how nature works—whether it be the
nature of a pond to an ecologist or the nature of a liver cell
to a physiologist. We express our understanding as facts,
laws, and theories of nature. It is important to appreciate
the differences among these.

A scientific fact is information that can be indepen-
dently verified by any trained person—for example, the
fact that an iron deficiency leads to anemia. A law of
nature is a generalization about the predictable ways in
which matter and energy behave. It is the result of induc-
tive reasoning based on repeated, confirmed observations.
Some laws are expressed as concise verbal statements,
such as the law of complementary base-pairing: In the
double helix of DNA, a chemical base called adenine
always pairs with one called thymine, and a base called
guanine always pairs with cytosine (see p. 126). Other
laws are expressed as mathematical formulae, such as
Boyle’s law, used in respiratory physiology: Under speci-
fied conditions, the volume of a gas (V) is inversely pro-
portional to its pressure (P)—V «< 1/P.

Actheory is an explanatory statement or set of statements
derived from facts, laws, and confirmed hypotheses. Some
theories have names, such as the cell theory, the fluid-
mosaic theory of cell membranes, and the sliding filament
theory of muscle contraction. Most, however, remain
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unnamed. The purpose of a theory is not only to concisely
summarize what we already know but, moreover, to sug-
gest directions for further study and to help predict what
the findings should be if the theory is correct.

Law and theory mean something different in science
than they do to most people. In common usage, a law is a
rule created and enforced by people; we must obey it or
risk a penalty. A law of nature, however, is a description;
laws do not govern the universe, they describe it. Laypeople
tend to use the word theory for what a scientist would call
a hypothesis—for example, “I have a theory why my car
won'’t start.” The difference in meaning causes significant
confusion when it leads people to think that a scientific
theory (such as the theory of evolution) is merely a guess
or conjecture, instead of recognizing it as a summary of
conclusions drawn from a large body of observed facts.
The concepts of gravity and electrons are theories, too,
but this does not mean they are merely speculations.

-

Was the cell theory proposed by Schleiden and
Schwann more a product of the hypothetico-
deductive method or of the inductive method?
Explain your answer.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

4. Describe the general process involved in the inductive
method.

5. Describe some sources of potential bias in biomedical
research. What are some ways of minimizing such bias?

6. Is there more information in an individual scientific fact
or in a theory? Explain.

1.4 Human Origins
and Adaptations

Objectives
When you have completed this section, you should be
able to

* explain why evolution is relevant to understanding
human form and function;
» define evolution and natural selection;

* describe some human characteristics that can be
attributed to the tree-dwelling habits of earlier
primates; and

* describe some human characteristics that evolved
later in connection with upright walking.
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If any two theories have the broadest implications for
understanding the human body, they are probably the
cell theory and the theory of natural selection. Natural
selection, an explanation of how species originate and
change through time, was the brainchild of Charles
Darwin (1809-82)—probably the most influential biolo-
gist who ever lived. His book, On the Origin of Species by
Means of Natural Selection (1859), has been called “the
book that shook the world.” In presenting the first well-
supported theory of evolution, On the Origin of Species
not only caused the restructuring of all of biology but also
profoundly changed the prevailing view of our origin,
nature, and place in the universe.

On the Origin of Species scarcely touched upon
human biology, but its unmistakable implications for
humans created an intense storm of controversy that con-
tinues even today. In The Descent of Man (1871), Darwin
directly addressed the issue of human evolution and
emphasized features of anatomy and behavior that reveal
our relationship to other animals. No understanding of
human form and function is complete without an under-
standing of our evolutionary history.

Evolution, Selection, and Adaptation

Evolution simply means change in the genetic composi-
tion of a population of organisms. Examples include the
evolution of bacterial resistance to antibiotics, the appear-
ance of new strains of the AIDS virus, and the emergence
of new species of organisms.

Natural selection is the principal theory of how evo-
lution works. It states essentially this: Some individuals
within a species have hereditary advantages over their
competitors—for example, better camouflage, disease
resistance, or ability to attract mates—that enable them to
produce more offspring. They pass these advantages on to
their offspring, and such characteristics therefore become
more and more common in successive generations. This
brings about the genetic change in a population that con-
stitutes evolution.

Natural forces that promote the reproductive success
of some individuals more than others are called selection
pressures. They include such things as climate, preda-
tors, disease, competition, and the availability of food.
Adaptations are features of an organism’s anatomy, phys-
iology, and behavior that have evolved in response to
these selection pressures and enable the organism to cope
with the challenges of its environment. We will consider
shortly some selection pressures and adaptations that
were important to human evolution and make the human
body what it is today.

Darwin could scarcely have predicted the overwhelm-
ing mass of genetic, molecular, fossil, and other evidence
of human evolution that would accumulate in the twenti-
eth century and further substantiate his theory. A tech-
nique called DNA hybridization, for example, suggests
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a difference of only 1.6% in DNA structure between
humans and chimpanzees. Chimpanzees and gorillas dif-
fer by 2.3%. DNA structure suggests that a chimpanzee’s
closest living relative is not the gorilla or any other ape—
it is us.

Several aspects of our anatomy make little sense with-
out an awareness that the human body has a history (see
Insight 1.1). Our evolutionary relationship to other spe-
cies is also important in choosing animals for biomedical
research. If there were no issues of cost, availability, or
ethics, we might test drugs on our close living relatives,
the chimpanzees, before approving them for human use.
Their genetics, anatomy, and physiology are most similar
to ours, and their reactions to drugs therefore afford the
best prediction of how the human body would react. On
the other hand, if we had no kinship with any other spe-
cies, the selection of a test species would be arbitrary; we
might as well use frogs or snails. In reality, we compro-
mise. Rats and mice are used extensively for research
because they are fellow mammals with a physiology
similar to ours, but they present fewer of the aforemen-
tioned issues than chimpanzees or other mammals do. An
animal species or strain selected for research on a particu-
lar problem is called a model—for example, a mouse
model for leukemia.

Life in the Trees

We belong to an order of mammals called the Primates,
which also includes the monkeys and apes. Some of our
anatomical and physiological features can be traced
to the earliest primates, descended from certain squirrel-
sized, insect-eating, African mammals (insectivores)
that took up life in the trees 55 to 60 million years ago.

INSIGHT 1.1 Evolutionary Medicine

Vestiges of Human Evolution

One of the classic lines of evidence for evolution, debated even
before Darwin was born, is vestigial organs. These structures
are the remnants of organs that apparently were better devel-
oped and more functional in the ancestors of a species. They
now serve little or no purpose or, in some cases, have been
converted to new functions.

Our bodies, for example, are covered with millions of hairs,
each equipped with a useless little muscle called a piloerector.
In other mammals, these muscles fluff the hair and conserve
heat. In humans, they merely produce goose bumps. Above
each ear, we have three auricularis muscles. In other mammals,
they move the ears to receive sounds better or to repel flies and
other pests, but most people cannot contract them at all. As
Darwin said, it makes no sense that humans would have such
structures were it not for the fact that we came from ancestors
in which they were functional.
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FIGURE 1.5 Opposable Thumbs. The opposable thumb makes
the primate hand prehensile, able to encircle and grasp objects.

This arboreal® (treetop) habitat probably afforded greater
safety from predators, less competition, and a rich food
supply of leaves, fruit, insects, and lizards. But the forest
canopy is a challenging world, with dim and dappled
sunlight, swaying branches, and prey darting about in
the dense foliage. Any new feature that enabled arboreal
animals to move about more easily in the treetops would
have been strongly favored by natural selection. Thus,
the shoulder became more mobile and enabled primates
to reach out in any direction (even overhead, which few
other mammals can do). The thumbs became fully
opposable—they could cross the palm to touch the finger-
tips—and enabled primates to hold small objects and
manipulate them more precisely than other mammals can.
Opposable thumbs made the hands prehensile'®>—able to
grasp branches by encircling them with the thumb and
fingers (fig. 1.5). The thumb is so important that it receives
highest priority in the repair of hand injuries. If the thumb
can be saved, the hand can be reasonably functional; if it
is lost, hand functions are severely diminished.

The eyes of primates moved to a more forward-facing
position (fig. 1.6), which allowed for stereoscopic'! vision
(depth perception). This adaptation provided better
hand-eye coordination in catching and manipulating
prey, with the added advantage of making it easier to

9arbor = tree + eal = pertaining to
prehens = to seize
Mstereo = solid + scop = vision
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FIGURE 1.6 Primitive Tool Use in a Primate. Chimpanzees
exhibit the prehensile hands and forward-facing eyes typical of
primates. Such traits endow primates with stereoscopic vision
(depth perception) and good hand-eye coordination, two
supremely important factors in human evolution.

judge distances accurately in leaping from tree to tree.
Color vision, rare among mammals, is also a primate hall-
mark. Primates eat mainly fruit and leaves. The ability to
distinguish subtle shades of orange and red enables them
to distinguish ripe, sugary fruits from unripe ones.
Distinguishing subtle shades of green helps them to dif-
ferentiate between tender young leaves and tough, more
toxic older foliage.

Various fruits ripen at different times and in widely
separated places in the tropical forest. This requires a
good memory of what will be available, when, and how
to get there. Larger brains may have evolved in response to
the challenge of efficient food finding and, in turn, laid the
foundation for more sophisticated social organization.

None of this is meant to imply that humans evolved
from monkeys or apes—a common misconception about
evolution that no biologist believes. Monkeys, apes, and
humans do, however, share common ancestors. Our rela-
tionship is not like parent and child, but more like cous-
ins who have the same grandparents. Observations of
monkeys and apes provide insight into how primates
adapt to the arboreal habitat and therefore how certain
human adaptations probably originated.

Walking Upright

About 4 to 5 million years ago, parts of Africa became hot-
ter and drier, and much of the forest was replaced by
savanna (grassland). Some primates adapted to living
on the savanna, but this was a dangerous place with



6 ‘ Saladin: Anatomy &

Physiology: The Unity of
Form and Function, Fifth
Edition

1. Organization of the Body

12 PART ONE Organization of the Body

more predators and less protection. Just as squirrels and
monkeys stand briefly on their hind legs to look around
for danger, so would these early ground dwellers. Being
able to stand up not only helps an animal stay alert but
also frees the forelimbs for purposes other than walking.
Chimpanzees sometimes walk upright to carry food,
infants, or weapons (sticks and rocks), and it is reasonable
to suppose that our early ancestors did so too.

These advantages are so great that they favored skel-
etal modifications that made bipedalism!>—standing and
walking on two legs—easier. Fossil evidence indicates
that bipedalism was firmly established more than 4 mil-
lion years ago; footprints of bipedal primates have been
preserved in volcanic ash in Tanzania dated to 3.6 million
years ago. The anatomy of the human pelvis, femur, knee,
great toe, foot arches, spinal column, skull, arms, and
many muscles became adapted for bipedal locomotion, as
did many aspects of human family life and society. As the
skeleton and muscles became adapted for bipedalism,
brain volume increased dramatically (table 1.1). It must
have become increasingly difficult for a fully developed,
large-brained infant to pass through the mother’s pelvic
outlet at birth. This may explain why humans are born in
a relatively immature, helpless state compared with other
mammals, before their nervous systems have matured and
the bones of the skull have fused. The helplessness of
human young and their extended dependence on parental
care may help to explain why humans have such excep-
tionally strong family ties.

Most of the oldest bipedal primates are classified in
the genus Australopithecus (aus-TRAL-oh-PITH-eh-cus).
About 2.5 million years ago, hominids appeared with
taller stature, greater brain volumes, simple stone tools,
and probably articulate speech. These are the earliest
members of the genus Homo. By at least 1.8 million years
ago, Homo erectus migrated from Africa to parts of Asia.
Homo sapiens originated in Africa about 200,000 years
ago and is the sole surviving hominid species.

Our own species, Homo sapiens, has been notoriously
difficult to define. Some authorities apply this name to
various forms of “archaic Homo” dated as far back as
600,000 years, whereas others limit it to anatomically
modern humans no more than 200,000 years old. Several
other species of Homo between Homo erectus and mod-
ern Homo sapiens have been named in recent decades;
their naming, classification, and relationships are still
a matter of considerable debate.

This brief account barely begins to explain how
human anatomy, physiology, and behavior have been
shaped by ancient selection pressures. Later chapters
further demonstrate that the evolutionary perspective
provides a meaningful understanding of why humans
are the way we are. Evolution is the basis for comparative

12pbi = two + ped = foot
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TABLE 1.1

Brain
Genus or Time of Origin Volume
Species (Millions of Years Ago) (Milliliters)
Australopithecus 3.9-4.2 400
Early Homo 25 650
Homo erectus 2.0 1,100
Homo sapiens 0.2 1,350

anatomy and physiology, which have been so fruitful for
the understanding of human biology. If we were not
related to any other species, those sciences would be
pointless. The emerging science of evolutionary (darwin-
ian) medicine traces some of our diseases and imperfec-
tions to our evolutionary past.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

7. Define adaptation and selection pressure. Why are
these concepts important in understanding human
anatomy and physiology?

8. Select any two human characteristics and explain how
they may have originated in primate adaptations to
an arboreal habitat.

9. Select two other human characteristics and explain
how they may have resulted from adaptation to
a grassland habitat.

1.5 Human Structure

Objectives
When you have completed this section, you should be
able to

* list the levels of human structure from the most
complex to the simplest;

» discuss the value of both reductionistic and holistic
viewpoints to understanding human form and
function; and

« discuss the clinical significance of anatomical
variation among humans.

Earlier in this chapter, we observed that human anatomy
is studied by a variety of techniques—dissection, palpa-
tion, and so forth. In addition, anatomy is studied at sev-
eral levels of detail, from the whole body down to the
molecular level.
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The Hierarchy of Complexity

Consider for the moment an analogy to human structure:
The English language, like the human body, is very com-
plex, yet an infinite variety of ideas can be conveyed with
a limited number of words. All words in English are, in
turn, composed of various combinations of just 26 letters.
Between an essay and an alphabet are successively simpler
levels of organization: paragraphs, sentences, words, and
syllables. We can say that language exhibits a hierarchy of
complexity, with letters, syllables, words, and so forth
being successive levels of the hierarchy. Humans have an
analogous hierarchy of complexity, as follows (fig. 1.7):

The organism is composed of organ systems,
organ systems are composed of organs,
organs are composed of tissues,
tissues are composed of cells,
cells are composed partly of organelles,
organelles are composed of molecules, and

molecules are composed of atoms.

The organism is a single, complete individual.

An organ system is a group of organs with a unique col-
lective function, such as circulation, respiration, or digestion.
The human body has 11 organ systems, illustrated in atlas A
immediately following this chapter: the integumentary, skel-
etal, muscular, nervous, endocrine, circulatory, lymphatic,
respiratory, urinary, digestive, and reproductive systems.
Usually, the organs of one system are physically intercon-
nected, such as the kidneys, ureters, urinary bladder, and
urethra, which compose the urinary system. Beginning with
chapter 6, this book is organized around the organ systems.

An organ is a structure composed of two or more
tissue types that work together to carry out a particular
function. Organs have definite anatomical boundaries
and are visibly distinguishable from adjacent structures.
Most organs and higher levels of structure are within
the domain of gross anatomy. However, there are organs
within organs—the large organs visible to the naked eye
often contain smaller organs visible only with the micro-
scope. The skin, for example, is the body’s largest organ.
Included within it are thousands of smaller organs: each
hair, nail, gland, nerve, and blood vessel of the skin is an
organ in itself. A single organ can belong to two organ
systems. For example, the pancreas belongs to both the
endocrine and digestive systems.

A tissue is a mass of similar cells and cell products
that forms a discrete region of an organ and performs a
specific function. The body is composed of only four pri-
mary classes of tissue: epithelial, connective, nervous,
and muscular tissue. Histology, the study of tissues, is the
subject of chapter 5.

Cells are the smallest units of an organism that carry out
all the basic functions of life; nothing simpler than a cell is
considered alive. A cell is enclosed in a plasma membrane
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FIGURE 1.7 The Body’s Structural Hierarchy.

composed of lipids and proteins. Most cells have one nucle-
us, an organelle that contains its DNA. Cytology, the study of
cells and organelles, is the subject of chapters 3 and 4.

Organelles'® are microscopic structures in a cell that
carry out its individual functions. Examples include
mitochondria, centrioles, and lysosomes.

Organelles and other cellular components are composed
of molecules. The largest molecules, such as proteins, fats,
and DNA, are called macromolecules. A molecule is a par-
ticle composed of at least two atoms, the smallest particles
with unique chemical identities.

The theory that a large, complex system such as the
human body can be understood by studying its simpler
components is called reductionism. First espoused by
Aristotle, this has proven to be a highly productive
approach; indeed, it is essential to scientific thinking.

Belle = little
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Yet the reductionistic view is not the only way of under-
standing human life. Just as it would be very difficult to
predict the workings of an automobile transmission
merely by looking at a pile of its disassembled gears and
levers, one could never predict the human personality
from a complete knowledge of the circuitry of the brain
or the genetic sequence of DNA. Holism'* is the comple-
mentary theory that there are “emergent properties” of
the whole organism that cannot be predicted from the
properties of its separate parts—human beings are more
than the sum of their parts. To be most effective, a
health-care provider treats not merely a disease or an
organ system, but a whole person. A patient’s percep-
tions, emotional responses to life, and confidence in the
nurse, therapist, or physician profoundly affect the out-
come of treatment. In fact, these psychological factors
often play a greater role in a patient’s recovery than the
physical treatments administered.

Anatomical Variation

Anatomists, surgeons, and students must be constantly
aware of how much one body can differ from another.
A quick look around any classroom is enough to show
that no two humans are exactly alike; on close inspection,
even identical twins exhibit differences. Yet anatomy
atlases and textbooks can easily give the impression that
everyone’s internal anatomy is the same. This simply is
not true. Books such as this one can teach you only the
most common structure—the anatomy seen in about 70%
or more of people. Someone who thinks that all human
bodies are the same internally would make a very con-
fused medical student or an incompetent surgeon.

Some people lack certain organs. For example, most
of us have a palmaris longus muscle in the forearm and a
plantaris muscle in the leg, but these are absent from
others. Most of us have five lumbar vertebrae (bones of
the lower spine), but some people have six and some have
four. Most of us have one spleen and two kidneys, but
some have two spleens or only one kidney. Most kidneys
are supplied by a single renal artery and are drained by
one ureter, but some have two renal arteries or ureters.
Figure 1.8 shows some common variations in human
anatomy, and Insight 1.2 describes a particularly dramatic
and clinically important variation.

-

People who are allergic to aspirin or penicillin often
wear Medic Alert bracelets or necklaces that note
this fact in case they need emergency medical treat-
ment and are unable to communicate. Why would

it be important for a person with situs inversus

(see Insight 1.2) to have this noted on a Medic

Alert bracelet?

“holo = whole, entire
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INSIGHT 1.2 Clinical Application

Situs Inversus and Other Unusual Anatomy

In most people, the spleen, pancreas, sigmoid colon, and most of
the heart are on the left, while the appendix, gallbladder, and most
of the liver are on the right. The normal arrangement of these and
other internal organs is called situs (SITE-us) solitus. About 1 in
8,000 people, however, are born with an abnormality called situs
inversus—the organs of the thoracic and abdominal cavities are
reversed between right and left. A selective right-left reversal of
the heart is called dextrocardia. In situs perversus, a single organ
occupies an atypical position—for example, a kidney located low
in the pelvic cavity instead of high in the abdominal cavity.

Conditions such as dextrocardia in the absence of complete
situs inversus can cause serious medical problems. Complete
situs inversus, however, usually causes no functional problems
because all of the viscera, though reversed, maintain their nor-
mal relationships to one another. Situs inversus is often discov-
ered in the fetus by sonography, but many people remain
unaware of their condition for decades until it is discovered by
medical imaging, on physical examination, or in surgery. You
can easily imagine the importance of such conditions in diag-
nosing appendicitis, performing gallbladder surgery, interpret-
ing an X-ray, auscultating the heart valves, or recording an
electrocardiogram.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

10. In the hierarchy of human structure, what is the level
between organ system and tissue? Between cell and
molecule?

11. How are tissues relevant to the definition of an organ?

12. Why is reductionism a necessary but not sufficient
point of view for fully understanding a patient’s illness?

13. Why should medical students observe multiple
cadavers and not be satisfied to dissect only one?

1.6 Human Function

Objectives

When you have completed this section, you should be
able to

» state the characteristics that distinguish living
organisms from nonliving objects;

« explain the importance of defining a reference man
and woman;

* define homeostasis and explain why this concept is
central to physiology;
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FIGURE 1.8 Variation in Anatomy of the Kidneys and Major Arteries Near the Heart.

« define negative feedback, give an example of it, and
explain its importance to homeostasis; and

» define positive feedback and give examples of its
beneficial and harmful effects.

Characteristics of Life

Why do we consider a growing child to be alive, but not
a growing crystal? Is abortion the taking of a human life?
If so, what about a contraceptive foam that kills only
sperm? As a patient is dying, at what point does it become
ethical to disconnect life-support equipment and remove
organs for donation? If these organs are alive, as they must
be to serve someone else, then why isn’t the donor con-
sidered alive? Such questions have no easy answers, but
they demand a concept of what life is—a concept that
may differ with one’s biological, medical, legal, or reli-
gious perspective.

From a biological viewpoint, life is not a single prop-
erty. It is a collection of properties that help to distinguish
living from nonliving things:

e Organization. Living things exhibit a far higher
level of organization than the nonliving world
around them. They expend a great deal of energy
to maintain order, and a breakdown in this order
is accompanied by disease and often death.

¢  Cellular composition. Living matter is always
compartmentalized into one or more cells.

e Metabolism. Living things take in molecules from the
environment and chemically change them into mole-
cules that form their own structures, control their phys-
iology, or provide them with energy. Metabolism'® is
the sum of all this internal chemical change. It consists

“metabol = change + ism = process
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of two classes of reactions: anabolism,'® in which rela-
tively complex molecules are synthesized from simpler
ones (for example, protein synthesis), and catabolism,”
in which relatively complex molecules are broken
down into simpler ones (for example, protein diges-
tion). Metabolism inevitably produces chemical wastes,
some of which are toxic if they accumulate.
Metabolism therefore requires excretion, the separation
of wastes from the tissues and their elimination from
the body. There is a constant turnover of molecules in
the body; few of the molecules now in your body have
been there for more than a year. It is food for thought
that although you sense a continuity of personality and
experience from your childhood to the present, nearly
all of your body has been replaced within the past year.

¢ Responsiveness and movement. The ability of organ-
isms to sense and react to stimuli (changes in their
environment) is called responsiveness, irritability, or
excitability. It occurs at all levels from the single cell
to the entire body, and it characterizes all living
things from bacteria to you. Responsiveness is espe-
cially obvious in animals because of nerve and
muscle cells that exhibit high sensitivity to environ-
mental stimuli, rapid transmission of information,
and quick reactions. Most living organisms are capa-
ble of self-propelled movement from place to place,
and all organisms and cells are at least capable of
moving substances internally, such as moving food
along the digestive tract or moving molecules and
organelles from place to place within a cell.

e Homeostasis. Although the environment around an
organism changes, the organism maintains relatively
stable internal conditions. This ability to maintain
internal stability, called homeostasis, is explored in
more depth shortly.

¢ Development. Development is any change in form
or function over the lifetime of the organism. In most or-
ganisms, it involves two major processes:
(1) differentiation, the transformation of cells with no
specialized function into cells that are committed to a
particular task, and (2) growth, an increase in size. Some
nonliving things grow, but not in the way your body
does. If you let a saturated sugar solution evaporate,
crystals will grow from it, but not through a change in
the composition of the sugar. They merely add more
sugar molecules from the solution to the crystal surface.
The growth of the body, by contrast, occurs through
chemical change (metabolism); for the most part, your
body is not composed of the molecules you ate but of
molecules made by chemically altering your food.

¢ Reproduction. All living organisms can produce
copies of themselves, thus passing their genes on to
new, younger containers—their offspring.

Sana = up
cata = down
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e Evolution. All living species exhibit genetic change
from generation to generation and therefore evolve.
This occurs because mutations (changes in DNA
structure) are inevitable and because environmental
selection pressures endow some individuals with
greater reproductive success than others. Unlike the
other characteristics of life, evolution is a characteris-
tic seen only in the population as a whole. No single
individual evolves over the course of its life.

Clinical and legal criteria of life differ from these biologi-
cal criteria. A person who has shown no brain waves for 24
hours, and has no reflexes, respiration, or heartbeat other than
what is provided by artificial life support, can be declared
legally dead. At such time, however, most of the body is still
biologically alive and its organs may be useful for transplant.

Physiological Variation

Earlier we considered the clinical importance of variations
in human anatomy, but physiology is even more variable.
Physiological variables differ with sex, age, weight, diet,
degree of physical activity, and environment, among other
things. Failure to consider such variation leads to medical
mistakes such as overmedication of the elderly or medicat-
ing women on the basis of research that was done on men.
If an introductory textbook states a typical human heart
rate, blood pressure, red blood cell count, or body tempera-
ture, it is generally assumed that such values are for a
healthy young adult unless otherwise stated. The standards
for such general values are the reference man and reference
woman. The reference man is defined as a healthy male 22
years old, weighing 70 kg (154 Ib), living at a mean ambient
(surrounding) temperature of 20°C, engaging in light phys-
ical activity, and consuming 2,800 kilocalories (kcal) per
day. The reference woman is the same except for a weight
of 58 kg (128 1b) and an intake of 2,000 kcal/day.

Homeostasis and Negative Feedback

The human body has aremarkable capacity for self-restoration.
Hippocrates commented that it usually returns to a state of
equilibrium by itself, and people recover from most illnesses
even without the help of a physician. This tendency results
from homeostasis'® (HO-me-oh-STAY-sis), the body’s ability
to detect change, activate mechanisms that oppose it, and
thereby maintain relatively stable internal conditions.
French physiologist Claude Bernard (1813-78)
observed that the internal conditions of the body remain
quite constant even when external conditions vary great-
ly. For example, whether it is freezing cold or swelter-
ingly hot outdoors, the internal temperature of the body
stays within a range of about 36° to 37°C (97°-99°F).
American physiologist Walter Cannon (1871-1945)
coined the term homeostasis for this tendency to main-
tain internal stability. Homeostasis has been one of the

8homeo = the same + stas = to place, stand, stay
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most enlightening theories in physiology. We now see
physiology as largely a group of mechanisms for main-
taining homeostasis, and the loss of homeostatic control
as the cause of illness and death. Pathophysiology is
essentially the study of unstable conditions that result
when our homeostatic controls go awry.

Do not, however, overestimate the degree of internal
stability. Internal conditions are not absolutely constant
but fluctuate within a limited range, such as the range
of body temperatures noted earlier. The internal state of the
body is best described as a dynamic equilibrium (balanced
change), in which there is a certain set point or average
value for a given variable (such as 37°C for body tempera-
ture) and conditions fluctuate slightly around this point.

The fundamental mechanism that keeps a variable
close to its set point is negative feedback—a process in
which the body senses a change and activates mechanisms
that negate or reverse it. By maintaining stability, negative
feedback is the key mechanism for maintaining health.

These principles can be understood by comparison to
a home heating system (fig. 1.9). Suppose it is a cold
winter day and you have set your thermostat for 20°C
(68°F)—the set point. If the room becomes too cold, a
temperature-sensitive switch in the thermostat turns on
the furnace. The temperature rises until it is slightly
above the set point, and then the switch breaks the circuit
and turns off the furnace. This is a negative-feedback pro-
cess that reverses the falling temperature and restores it to
something close to the set point. When the furnace turns
off, the temperature slowly drops again until the switch is
reactivated—thus, the furnace cycles on and off all day.
The room temperature does not stay at exactly 20°C but
fluctuates a few degrees either way—the system maintains
a state of dynamic equilibrium in which the temperature
averages 20°C and deviates only slightly from the set
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FIGURE 1.9 Negative Feedback in a Home Heating System.
(a) The negative-feedback loop that maintains room
temperature. (b) Fluctuation of room temperature around the
thermostatic set point.

€ What component of the heating system acts as the sensor?
What component acts as the effector?
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point. Because feedback mechanisms alter the original
changes that triggered them (temperature, for example),
they are often called feedback loops.

Body temperature is similarly regulated by a
“thermostat”—a group of nerve cells in the base of the
brain that monitor the temperature of the blood. If you
become overheated, the thermostat triggers heat-losing
mechanisms (fig. 1.10). One of these is vasodilation (VAY-
zo-dy-LAY-shun), the widening of blood vessels. When

Sweating

37.5°C

(99.5°F) Vasodilation »

37.0°C
(98.6°F)

Set point

Vasoconstriction »
36.5°C

(97.7°F) Y

Core body temperature

Time —>»

Shivering
FIGURE 1.10 Negative Feedback in Human Thermoregulation.
Negative feedback keeps the human body temperature
homeostatically regulated within about 0.5°C of a 37°C set
point. Sweating and cutaneous vasodilation lower the body
temperature; shivering and cutaneous vasoconstriction raise it.

€ How does vasodilation reduce the body temperature?



° ‘ Saladin: Anatomy &

Physiology: The Unity of
Form and Function, Fifth
Edition

1. Organization of the Body

18 PART ONE Organization of the Body

blood vessels of the skin dilate, warm blood flows closer
to the body surface and loses heat to the surrounding air.
If this is not enough to return your temperature to normal,
sweating occurs; the evaporation of water from the skin has
a powerful cooling effect (see Insight 1.3). Conversely, if it
is cold outside and your body temperature drops much
below 37°C, these nerve cells activate heat-conserving
mechanisms. The first to be activated is vasoconstriction,
a narrowing of the blood vessels in the skin, which serves
to retain warm blood deeper in your body and reduce heat
loss. If this is not enough, the brain activates shivering—
muscle tremors that generate heat.

Let’s consider one more example—a case of homeo-
static control of blood pressure. When you first rise from
bed in the morning, gravity causes some of your blood to
drain away from your head and upper torso, resulting in
falling blood pressure in this region—a local imbalance in
your homeostasis (fig. 1.11). This is detected by sensory
nerve endings called baroreceptors in the large arteries
near the heart. They transmit nerve signals to the brain-
stem, where we have a cardiac center that regulates the
heart rate. The cardiac center responds by transmitting
nerve signals to the heart, which speed it up. The faster
heart rate quickly raises the blood pressure and restores
normal homeostasis. In elderly people, this feedback loop
is sometimes insufficiently responsive, and they may feel
dizzy or faint as they rise from a reclining position and
their cerebral blood pressure falls.

This reflexive correction of blood pressure (baroreflex)
illustrates three common, although not universal, compo-
nents of a feedback loop: a receptor, an integrating center,
and an effector. The receptor is a structure that senses a
change in the body, such as the stretch receptors that
monitor blood pressure. The integrating (control) center,
such as the cardiac center of the brain, is a mechanism
that processes this information, relates it to other avail-
able information (for example, comparing what the blood
pressure is with what it should be), and “makes a deci-
sion” about what the appropriate response should be. The

INSIGHT 1.3 Medical History

Men in the Oven

English physician Charles Blagden (1748-1820) staged a rather
theatrical demonstration of homeostasis long before Cannon
coined the word. In 1775, Blagden spent 45 minutes in a chamber
heated to 127°C (260°F)—along with a dog, a beefsteak, and
some research associates. Being dead and unable to maintain
homeostasis, the beefsteak was cooked. But being alive and
capable of evaporative cooling, the dog panted, the men sweated,
and all of them survived. History does not record whether the
men ate the beefsteak in celebration or shared it with the dog.
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FIGURE 1.11 Homeostatic Compensation for a Postural
Change in Blood Pressure.

effector is the cell or organ that carries out the final cor-
rective action. In the foregoing example, it is the heart.
The response, such as the restoration of normal blood
pressure, is then sensed by the receptor, and the feedback
loop is complete.

Positive Feedback and Rapid Change

Positive feedback is a self-amplifying cycle in which a
physiological change leads to even greater change in the
same direction, rather than producing the corrective
effects of negative feedback. Positive feedback is often a
normal way of producing rapid change. When a woman
is giving birth, for example, the head of the fetus pushes
against her cervix (the neck of the uterus) and stimulates
its nerve endings (fig. 1.12). Nerve signals travel to the
brain, which, in turn, stimulates the pituitary gland to
secrete the hormone oxytocin. Oxytocin travels in the
blood and stimulates the uterus to contract. This pushes
the fetus downward, stimulating the cervix still more and
causing the positive-feedback loop to be repeated. Labor
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FIGURE 1.12 Positive Feedback in Childbirth.

contractions therefore become more and more intense
until the fetus is expelled. Other cases of beneficial posi-
tive feedback are seen later in the book, for example in
blood clotting, protein digestion, and the generation of
nerve signals.

Frequently, however, positive feedback is a harmful
or even life-threatening process. This is because its self-
amplifying nature can quickly change the internal state of
the body to something far from its homeostatic set point.
Consider a high fever, for example. A fever triggered by
infection is beneficial up to a point, but if the body tem-
perature rises much above 40°C (104°F), it may create a
dangerous positive-feedback loop. This high temperature
raises the metabolic rate, which makes the body produce
heat faster than it can get rid of it. Thus, temperature rises
still further, increasing the metabolic rate and heat
production still more. This “vicious circle” becomes fatal
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at approximately 45°C (113°F). Thus, positive-feedback
loops often create dangerously out-of-control situations
that require emergency medical treatment.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

14. List four biological criteria of life and one clinical
criterion. Explain how a person could be clinically
dead but biologically alive.

15. What is meant by dynamic equilibrium? Why would it
be wrong to say homeostasis prevents internal change?

16. Explain why stabilizing mechanisms are called negative
feedback.

17. Explain why positive feedback is more likely than
negative feedback to disturb homeostasis.
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1.7 The Language of Medicine

Objectives
When you have completed this section, you should be
able to

* explain why modern anatomical terminology is so
heavily based on Greek and Latin;

* recognize eponyms when you see them;

» describe the efforts to achieve an internationally
uniform anatomical terminology;

* break medical terms down into their basic word
elements;

+ state some reasons why the literal meaning of
a word may not lend insight into its definition;

» relate singular noun forms to their plural and
adjectival forms; and

+ discuss why precise spelling is important in anatomy
and physiology.

One of the greatest challenges faced by students of anatomy
and physiology is the vocabulary. In this book, you will
encounter such Latin terms as corpus callosum (a brain
structure), ligamentum arteriosum (a small fibrous band
near the heart), and extensor carpi radialis longus (a fore-
arm muscle). You may wonder why structures aren’t
named in “just plain English,” and how you will ever
remember such formidable names. This section will give
you some answers to these questions and some useful tips
on mastering anatomical terminology.

The History of Anatomical Terminology

The major features of human gross anatomy have stan-
dard international names prescribed by a book titled the
Terminologia Anatomica (TA). The TA was codified in
1998 by an international body of anatomists, the Federative
Committee on Anatomical Terminology, and approved
by professional associations of anatomists in more than
50 countries.

About 90% of today’s medical terms are formed from
just 1,200 Greek and Latin roots. Why those two languages?
Scientific investigation began in ancient Greece and soon
spread to Rome. The Greeks and Romans coined many of
the words still used in human anatomy today: duodenum,
uterus, prostate, cerebellum, diaphragm, sacrum, amnion,
and others. In the Renaissance, the fast pace of anatomical
discovery required a profusion of new terms to describe
things. Anatomists in different countries began giving
different names to the same structures. Adding to the
confusion, they often named new structures and diseases
in honor of their esteemed teachers and predecessors,
giving us such nondescriptive terms as fallopian tube and
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duct of Santorini. Terms coined from the names of people,
called eponyms,!? afford little clue as to what a structure
or condition is.

In hopes of resolving this growing confusion, anato-
mists began meeting as early as 1895 to devise a uniform
international terminology. After several false starts, they
agreed on a list of terms titled the Nomina Anatomica
(NA), which rejected all eponyms and gave each structure
a unique Latin name to be used worldwide. Even if you
were to look at an anatomy atlas in Japanese or Arabic, the
illustrations may be labeled with the same Latin terms as
in an English-language atlas. The NA served for many
decades until recently replaced by the TA, which pre-
scribes both Latin names and accepted English equiva-
lents. The terminology in this book conforms to the TA
except where undue confusion would result from aban-
doning widely used, yet unofficial, terms.

Analyzing Medical Terms

The task of learning medical terminology seems overwhelm-
ing at first, but it is a simple skill to become more comfort-
able with the technical language of medicine. People who
find scientific terms confusing and difficult to pronounce,
spell, and remember usually feel more confident once they
realize the logic of how terms are composed. A term such as
hyponatremia is less forbidding once we recognize that it is
composed of three common word elements: hypo- (below
normal), natr- (sodium), and -emia (blood condition). Thus,
hyponatremia is a deficiency of sodium in the blood. Those
word elements appear over and over in many other medical
terms: hypothermia, natriuretic, anemia, and so on. Once
you learn the meanings of hypo-, natri-, and -emia, you
already have the tools at least to partially understand hun-
dreds of other biomedical terms. Inside the back cover, you
will find a lexicon of the 400 word elements most com-
monly footnoted in this book.

Scientific terms are typically composed of one or
more of the following elements:

e At least one root (stem) that bears the core meaning
of the word. In cardiology, for example, the root is
cardi- (heart). Many words have two or more roots.
In cardiomyopathy, for example, the roots are
cardi- (heart), my- (muscle), and path- (disease).

e Combining vowels that are often inserted to join
roots and make the word easier to pronounce.
In cardiomyopathy, each o is a combining vowel.
Although o is the most common combining
vowel, all vowels of the alphabet are used in this
way, such as a in ligament, e in vitreous, i in fusi-
form, u in ovulation, and y in tachycardia. Some
words, such as intervertebral, have no combining
vowels. A combination of a root and combining
vowel is called a combining form; for example,

Yepo = after, related to + nym = name
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chrom- (color) + o (a combining vowel) make the
combining form chromo-, as in chromosome.

e A prefix may be present to modify the core meaning
of the word. For example, gastric (pertaining to the
stomach or to the belly of a muscle) takes on a
variety of new meanings when prefixes are added to
it: epigastric (above the stomach), hypogastric (below
the stomach), endogastric (within the stomach), and
digastric (a muscle with two bellies).

e A suffix may be added to the end of a word to modify
its core meaning. For example, microscope, microscopy;,
microscopic, and microscopist have different meanings
because of their suffixes alone. Often two or more
suffixes, or a root and suffix, occur together so often
that they are treated jointly as a compound suffix;
for example, log (study) + y (process) form the
compound suffix -logy (the study of).

To summarize these basic principles, consider the word
gastroenterology, a branch of medicine dealing with the
stomach and small intestine. It breaks down into gastro/
entero/logy:

gastro = a combining form meaning “stomach”
entero = a combining form meaning “small intestine”
logy = acompound suffix meaning “the study of”

“Dissecting” words in this way and paying attention to
the word-origin footnotes throughout this book will help
you become more comfortable with the language of anato-
my. Knowing how a word breaks down and knowing the
meaning of its elements make it far easier to pronounce a
word, spell it, and remember its definition. There are a few
unfortunate exceptions, however. The path from original
meaning to current usage has often become obscured by
history (see Insight 1.4). The foregoing approach also is no
help with eponyms or acronyms—words composed of the
first letter, or first few letters, of a series of words. For
example, calmodulin, a calcium-binding protein found in
many cells, is cobbled together from a few letters of the
three words, calcium modulating protein.

Plural, Adjectival, and Possessive Forms

A point of confusion for many beginning students is how
to recognize the plural forms of medical terms. Few peo-
ple would fail to recognize that ovaries is the plural of
ovary, but the connection is harder to make in other cases:
for example, the plural of cortex is cortices (COR-ti-sees),
the plural of corpus is corpora, and the plural of epididy-
mis is epididymides (EP-ih-DID-ih-MID-eze). Table 1.2
will help you make the connection between common
singular and plural noun terminals.

In some cases, what appears to the beginner to be two
completely different words may be only the noun and adjec-
tival forms of the same word. For example, brachium
denotes the arm, and brachii (as in the muscle name biceps
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INSIGHT 1.4 Medical History

Obscure Word Origins

The literal translation of a word doesn’t always provide great
insight into its modern meaning. The history of language is full
of twists and turns that are fascinating in their own right and
say much about the history of human culture, but they can
create confusion for students.

For example, the amnion is a transparent sac that forms
around the developing fetus. The word is derived from amnos,
from the Greek for “lamb.” From this origin, amnos came to
mean a bowl for catching the blood of sacrificial lambs, and
from there the word found its way into biomedical usage for the
membrane that emerges (quite bloody) as part of the afterbirth.
The acetabulum, the socket of the hip joint, literally means
“vinegar cup.” Apparently the hip socket reminded an anatomist
of the little cups used to serve vinegar as a condiment on dining
tables in ancient Rome. The word testicles can be translated
“little pots” or “little witnesses.” The history of medical language
has several amusing conjectures as to why this word was
chosen to name the male gonads.

TABLE 1.2
Plural
Singular Ending Ending Examples
-a -ae axilla, axillae
-ax -aces thorax, thoraces
-en -ina lumen, lumina
-ex -ices cortex, cortices
-is -es diagnosis, diagnoses
-is -ides epididymis, epididymides
-ix -ices appendix, appendices
-ma -mata carcinoma, carcinomata
-on -a ganglion, ganglia
-um -a septum, septa
-us -era viscus, viscera
-us -i villus, villi
-us -ora corpus, corpora
-X -ges phalanx, phalanges
-y -ies ovary, ovaries
-yX -yces calyx, calyces

brachii) means “of the arm.” Carpus denotes the wrist, and
carpi, a word used in several muscle names, means “of the
wrist.” Adjectives can also take different forms for the singu-
lar and plural and for different degrees of comparison. The
digits are the fingers and toes. The word digiti in a muscle
name means “of a single finger (or toe),” whereas digitorum
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is the plural, meaning “of multiple fingers (or toes).” Thus
the extensor digiti minimi muscle extends only the little
finger, whereas the extensor digitorum muscle extends all
fingers except the thumb.

The English words large, larger, and Iargest are
examples of the positive, comparative, and superlative
degrees of comparison. In Latin, these are magnus, major
(from maior), and maximus. We find these in the muscle
names adductor magnus (a large muscle of the thigh), the
pectoralis major (the larger of two pectoralis muscles of the
chest), and gluteus maximus (the largest of the three glu-
teal muscles of the buttock).

Some noun variations indicate the possessive, such as
the rectus abdominis, a straight (rectus) muscle of the
abdomen (abdominis, “of the abdomen”), and the erector
spinae, a muscle that straightens (erector) the spinal
column (spinae, “of the spine”).

Anatomical terminology also frequently follows the
Greek and Latin practice of placing the adjective after the
noun. Thus, we have such names as the stratum lucidum
for a clear (lucidum) layer (stratum) of the epidermis, the
foramen magnum for a large (magnum) hole (foramen) in
the skull, and the aforementioned pectoralis major muscle
of the chest.

This is not to say that you must be conversant in Latin
or Greek grammar to proceed with your study of anatomy.
These few examples, however, may alert you to some
patterns to watch for in the terminology you study and, ide-
ally, will make your encounters with anatomical terminology
less confusing.

The Importance of Precision

A final word of advice for your study of anatomy and
physiology: Be precise in your use of terms. It may seem
trivial if you misspell trapezius as trapezium, but in doing
so, you would be changing the name of a back muscle to
the name of a wrist bone. Similarly, changing occipitalis to
occipital or zygomaticus to zygomatic changes other mus-
cle names to bone names. A “little” error such as misspell-
ing ileum as ilium changes the name of the final portion of
the small intestine to the name of the hip bone. Changing
malleus to malleolus changes the name of a middle-ear
bone to the name of a bony protuberance of your ankle.

The health professions demand the utmost attention
to detail and precision—people’s lives may one day be in
your hands. The habit of carefulness must extend to your
use of language as well. Many patients have died because
of miscommunication in the hospital.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

18. Explain why modern anatomical terminology is so
heavily based on Greek and Latin.
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19. Distinguish between an eponym and an acronym, and
explain why both of these present difficulties for
interpreting anatomical terms.

20. Break each of the following words down into its roots,
prefixes, and suffixes, and state their meanings,
following the example of gastroenterology analyzed
earlier: pericardium, appendectomy, subcutaneous,
phonocardiogram, otorhinolaryngology. Consult the
list of word elements inside the back cover for help.

21. Write the singular form of each of the following words:
pleurae, gyri, ganglia, fissures. Write the plural form
of each of the following: villus, tibia, encephalitis,
cervix, stoma.

1.8 Review of Major Themes

To close this chapter, let’s distill a few major points from
it. These themes can provide you with a sense of perspec-
tive that will make the rest of the book more meaningful
and not just a collection of disconnected facts. These are
some key unifying principles behind all study of human
anatomy and physiology:

e Cell theory. All structure and function result from the
activity of cells. Every physiological concept in this book
ultimately must be understood from the standpoint of
how cells function. Even anatomy is a result of cellular
function. If cells are damaged or destroyed, we see the
results in disease symptoms of the whole person.

e Homeostasis. The purpose of most normal physiolo-
gy Is to maintain stable conditions within the body.
Human physiology is essentially a group of homeo-
static mechanisms that produce stable internal con-
ditions favorable to cellular function. Any serious
departure from these conditions can be harmful or
fatal to cells and thus to the whole body.

e Evolution. The human body is a product of evolution.
Like every other living species, we have been molded
by millions of years of natural selection to function in
a changing environment. Many aspects of human
anatomy and physiology reflect our ancestors’ adapta-
tions to their environment. Human form and function
cannot be fully understood except in light of our evo-
lutionary history.

e Hierarchy of structure. Human structure can be viewed
as a series of levels of complexity. Each level is com-
posed of a smaller number of simpler subunits than the
level above it. These subunits are arranged in different
ways to form diverse structures of higher complexity.
For example, all the body’s organs are made of just four
primary classes of tissue, and the thousands of proteins
are made of various combinations of just 20 amino
acids. Understanding these simpler components is the
key to understanding higher levels of structure.

¢ Unity of form and function. Form and function
complement each other; physiology cannot be divorced
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from anatomy. This unity holds true even down to the
molecular level. Our very molecules, such as DNA and
proteins, are structured in ways that enable them to
carry out their functions. Slight changes in molecular
structure can destroy their activity and threaten life.

INSIGHT 1.5 Clinical Application

Medical Imaging

The development of techniques for looking into the body without
having to do exploratory surgery has greatly accelerated progress
in medicine. A few of these techniques are described here.

(a) X-ray (radiograph)

(d) Positron emission tomographic
(PET) scan

1. Organization of the Body 1. Major Themes of
Anatomy and Physiology

(e) Magnetic resonance image (MRI)
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Architect Louis Henri Sullivan coined the phrase, “Form
ever follows function.” What do you think he meant by
this? Discuss how this idea could be applied to the
human body and cite a specific example of human
anatomy to support it.

Radiography
X-rays, a form of high-energy radiation, were discovered by
William Roentgen in 1885. X-rays can penetrate soft tissues of the
body and darken photographic film on the other side. They are
absorbed, however, by dense tissues such as bone, teeth, tumors,
and tuberculosis nodules, which leave the film lighter in these
areas (fig. 113a). The process of examining the body with X-rays
continued

(c) Computed tomographic (CT) scan

FIGURE 1.13 Radiologic Images

of the Head. (a) X-ray (radiograph)
showing the bones and teeth. (b) An
angiogram of the cerebral blood
vessels. The arteries are enhanced with
false color. (¢) A CT scan. The eyes
and skin are shown in blue, bone in
pink, and the brain in green. (d) A PET
scan of the brain of an unmedicated
schizophrenic patient. Red areas
indicate regions of high metabolic
rate. In this patient, the visual center
of the brain at the rear of the head
(bottom of photo) was especially
active during the scan. (e) An MRI
scan at the level of the eyes. The optic
nerves appear in red and the muscles
that move the eyes appear in green.
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is called radiography. The term X-ray also applies to an image
(radiograph) made by this method. Radiography is commonly
used in dentistry, mammography, diagnosis of fractures, and
examination of the chest. Hollow organs can be visualized by
filling them with a radiopaque substance that absorbs X-rays.
Barium sulfate is given orally for examination of the esophagus,
stomach, and small intestine or by enema for examination of the
large intestine. Other substances are given by injection for
angiography, the examination of blood vessels (fig. 1.13b). Some
disadvantages of radiography are that images of overlapping
organs can be confusing and slight differences in tissue density
are not easily detected. Nevertheless, radiography still accounts
for over half of all clinical imaging. Until the 1960s, it was the
only method widely available.

Computed Tomography (CT)

The CT scan, formerly called a computerized axial tomographic2°
(CAT) scan, is a more sophisticated application of X-rays devel-
oped in 1972. The patient is moved through a ring-shaped
machine that emits low-intensity X-rays on one side and receives
them with a detector on the opposite side. A computer analyzes
signals from the detector and produces an image of a “slice” of
the body about as thin as a coin (fig. 1.13c). The computer can
“stack” a series of these images to construct a three-dimensional
image of the body. CT scanning has the advantage of imaging
thin sections of the body, so there is little overlap of organs and
the image is much sharper than a conventional X-ray. It requires
extensive knowledge of cross-sectional anatomy to interpret the
images. CT scanning is useful for identifying tumors, aneurysms,
cerebral hemorrhages, kidney stones, and other abnormalities. It
has virtually eliminated exploratory surgery.

Positron Emission Tomography (PET)

The PET scan, developed in the 1970s, is used to assess the
metabolic state of a tissue and to distinguish which tissues
are most active at a given moment (fig. 1.13d). The procedure
begins with an injection of radioactively labeled glucose, which
emits positrons (electron-like particles with a positive charge).
When a positron and electron meet, they annihilate each other
and give off a pair of gamma rays that can be detected by sen-
sors and analyzed by computer. The computer displays a color
image that shows which tissues were using the most glucose at
the moment. In cardiology, PET scans can show the extent of
damaged heart tissue. Since it consumes little or no glucose,
the damaged tissue appears dark. The PET scan is an example
of nuclear medicine—the use of radioactive isotopes to treat
disease or to form diagnostic images of the body.

Magnetic Resonance Imaging (MRI)

MRI was developed in the 1970s as a technique superior to CT
scanning for visualizing soft tissues. The patient lies in a cylindri-
cal chamber surrounded by a large electromagnet that creates a
magnetic field 3,000 to 60,000 times as strong as the earth’s.
Hydrogen atoms in the tissues align themselves with the mag-
netic field. The radiologic technologist then turns on a field of
radio waves, causing the hydrogen atoms to absorb additional
energy and align in a different direction. When the radio waves
are turned off, the hydrogen atoms realign themselves to the
magnetic field, giving off their excess energy at different rates

that depend on the type of tissue. A computer analyzes the emit-
ted energy to produce an image of the body. MRI can “see”
clearly through the skull and spinal column to produce images of
the nervous tissue (fig. 1.13e). Moreover, it is better than CT for
distinguishing between soft tissues such as the white and gray
matter of the nervous system. MRI also eliminates exposure to
harmful X-rays. Functional MRl (fMR/) is a variation of this tech-
nigue that visualizes moment-to-moment changes in tissue func-
tion. fMRI scans of the brain, for example, show shifting patterns
of activity as the brain applies itself to a specific task. fMRI has
lately replaced the PET scan as the most important method for
visualizing brain function. The use of fMRI in brain imaging is
further discussed in chapter 14.

Sonography

Sonography? is the second oldest and second most widely
used method of imaging. It is an outgrowth of sonar technology
developed in World War Il. A handheld device held firmly to
the skin produces high-frequency ultrasound waves and
receives the signals that echo back from internal organs.
Although sonography was first used medically in the 1950s,
images of significant clinical value had to wait until computer
technology had developed enough to analyze differences in
the way tissues reflect ultrasound. Sonography is not very
useful for examining bones or lungs, but it is the method of
choice in obstetrics, where the image (sonogram) can be
used to locate the placenta and evaluate fetal age, position,
and development. Sonography avoids the harmful effects of
X-rays, and the equipment is inexpensive and portable. Its
primary disadvantage is that it does not produce a very
sharp image (fig. 1.14).

FIGURE 1.14 Fetal
Sonograhy. (a) Producing
a sonogram. (b) Three-
dimensional sonogram

of the author's nephew
Alejandro at 32 weeks

of gestation. (b)

tomo = section, cut, slice + graphic = pertaining to a recording

“'sono = sound + graphy = recording process
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1.1

The Scope of Anatomy and

Physiology (p. 2)

1.

1.2

Human anatomy, or structure, is
studied at gross and microscopic
(histological) levels.

. The methods of anatomy include

dissection, palpation, and imaging
techniques such as X-rays; sonogra-
phy; and CT, PET, and MRI scans.
Human physiology, or function, is
studied by experimental methods,
and often by comparison with other
species.

The Origins of Biomedical Science

(p. 3)

1.

1.3

Hippocrates and Aristotle first put
medicine on a scientific basis by
distinguishing natural causes from
the supernatural.

. Galen wrote the first notable medical

textbook, which dominated Western
medicine for 1,500 years.

. In the Middle Ages, medical science

was preserved and advanced primarily
in Muslim and Jewish culture, by
such physicians as Avicenna and
Maimonides.

. In the sixteenth century, revolution-

ary work in anatomy by Vesalius and
in physiology by Harvey created a
foundation for modern medicine.

. Improvements in the microscope by

Hooke, Leeuwenhoek, and, later,
Zeiss and Abbe opened the door to
understanding anatomy, physiology,
and disease at a cellular level.

Scientific Method (p. 7)

. Philosophers Bacon and Descartes

first established a systematic
scientific way of thought in the
seventeenth century.

The inductive method, common in
anatomy, consists of generalizing
about nature from numerous
observations.

. The hypothetico-deductive method,

common in physiology, consists

of formulating hypotheses and test-
ing them by carefully crafted
observational strategies.

1. Organization of the Body

4.

1.4

1. Major Themes of
Anatomy and Physiology

CHAPTER 1

CHAPTER REVIEW

The objectivity of medical science
depends on experimental designs
that include an adequate sample
size, experimental controls such
as placebos and the double-blind
method, statistical analysis of the
significance of the data, and peer
review by other experts.

Science generates facts, laws, and
theories. Theories are summations of
our present knowledge of a natural
phenomenon and are the basis of
much of our study in anatomy and

physiology.

Human Origins and Adaptations

(p-9)

1.

2.

1.5

1.6

Human form and function have

been shaped by millions of years

of natural selection.

Many aspects of anatomy and physi-
ology today, such as stereoscopic
vision and opposable thumbs, are
adaptations to the environments in
which our prehistoric ancestors lived,
including the arboreal and grassland
habitats of Africa.

Evolutionary medicine is the analysis
of human form, function, and disease
in light of the evolutionary history of
the human body.

Human Structure (p. 12)

Human structure is organized around
a hierarchy of complexity. Levels of
human complexity from most com-
plex to simplest are organism, organ
systems, organs, tissues, cells,
organelles, molecules, and atoms.
Introductory textbooks teach only the
most common human structure, but
there are many variations in both
internal and external anatomy.

Human Function (p. 14)

. Life can be defined only as a

collection of properties including
organization, cellular composition,
metabolism, excretion, responsive-
ness, movement, homeostasis,
development, reproduction, and
evolution.

Major Themes of Anatomy and Physiology

1.7

© The McGraw-Hill
Companies, 2010
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. For clinical purposes, life and legal

death are differentiated on the basis
of brain waves, reflexes, respiration,
and heartbeat.

Humans vary greatly in their physiol-
ogy. Data given in introductory and
general textbooks are typically based
on a young adult reference male and
reference female.

An important unifying theory in
physiology is homeostasis, mecha-
nisms of maintaining internal con-
stancy in spite of environmental
change. Homeostasis keeps such vari-
ables as blood pressure and body
temperature within a narrow range of
an average called the set point.
Homeostasis is maintained by self-
correcting chain reactions called
negative feedback. This often involves
detection of a change by a receptor,
processing of this information by an
integrating center, and reversal of

the change by an effector.

Positive feedback is a self-amplifying
chain of events that tends to produce
rapid change in the body. It can be
valuable in such cases as childbirth
and blood clotting, but is often a
cause of dysfunction and death.

The Language of Medicine (p. 20)
Anatomists the world over adhere to
a lexicon of standard international
terms called the Terminologia
Anatomica (TA). Anatomy students
must learn many Latin or English

TA terms.

Biomedical terms can usually be sim-
plified by breaking them down into
familiar roots, prefixes, and suffixes.
The habit of analyzing words in this
way can greatly ease the difficulty of
learning biomedical vocabulary, and
is aided by footnotes throughout

this book.

Precision in medical language is
highly important. What may seem to
be trivial spelling errors can radically
change the meaning of a word,
potentially causing dangerous
medical errors.
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1.8 Review of Major Themes (p. 22)
1. Certain recurring themes help to

unify the study of anatomy and

1. Major Themes of
Anatomy and Physiology

Homeostasis is the tendency of the
body to maintain internal stability in
spite of changes in its environment.
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ed number of basic subunits com-
bined in various ways and organized
into a series of levels of complexity.

physiology. The following five 4. Evolution is a history of adaptation to 6. Unity of form and function refers to
themes are particularly significant environmental change that accounts the dependence of structure and
in this book. for the current structure and function function on each other, hence the
2. Cell theory is the principle that all of the body. necessity to consider form when
biological structure and function are 5. Hierarchy of structure refers to the interpreting function and vice versa.
based on cellular function. composition of the body from a limit-
Testing Your Recall
. Structure that can be observed with 6. An informed, uncertain, but testable 11. Cutting and separating tissues to
the naked eye is called conjecture is reveal structural relationships is
a. gross anatomy. a. a natural law. called .
b. ultrastructure. b. a scientific theory. .
. . . 12. invented many components
¢. microscopic anatomy. c. a hypothesis. .
. . of the compound microscope and
d. histology. d. a deduction.
em named the cell.
e. cytology. e. a scientific fact.
13. By th f , ientist
. The word root homeo- means 7. A self-amplifying chain of y 116 progess o 4 sciontis
. . : . predicts what the result of a certain
a. tissue. physiological events is called . . P
. o experiment will be if his or her
b. metabolism. a. positive feedback. L.
. hypothesis is correct.
c. change. b. negative feedback.
d. human. c. dynamic constancy. 14. Physiological effects of a person’s
e. same. d. homeostasis. mental state are called effects.
. The simplest structures considered to e. metabolism. 15. The tendency of the body to maintain
be alive are 8. Which of the following is not stable internal conditions is called
a. organisms. a human organ system? [
b. organs. a. 1ntegu1inentary 16. Blood pH averages 7.4 but fluctuates
¢. tissues. b. muscular from 7.35 to 7.45. A pH of 7.4 can
d. cells. c. epithelial therefore be considered the for
e. organelles. d. negv0u§ this variable.
. . e. endocrine
: Wthh .Of t:he fol}llowmghpeoplf . 17. Self-corrective mechanisms in
revolutionized the teaching of gross 9. means studying anatomy by physiology are called loops.
anatomy? touch. ] )
a. Vesalius a. Gross anatomy 18. A/an is the simplest body
b. Aristotle b. Auscultation structure to be composed of two or
c. Hippocrates c. Osculation more types of tissue.
d. Leeuwenhoek d. Palpatio.n 19. Depth perception, or the ability to
e. Cannon e. Percussion form three-dimensional images, is
. Which of the following embodies 10. The prefix hetero- means also called vision.
‘Fhe greatfast amount of scientific a. same. 20. Our hands are said to be
information? b. different. because they can encircle an object
a. a fact C. bOt.h' such as a branch or tool. The
b. a law of nature d. solid. presence of an thumb is
¢. a theory e. below. important to this ability.
d. a deduction
e. a hypothesis Answers in appendix B
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Determine which five of the following
statements are false, and briefly
explain why.

1. The technique for listening to the
sounds of the heart valves is

. There are more organelles than cells 8.

in the body.

. The word scuba, derived from the

words self-contained underwater
breathing apparatus, is an acronym.

In a typical clinical research study,
volunteer patients are in the
treatment group and the physicians
and scientists who run the study
constitute the control group.

auscultation. Leeuwenhoek was a biologist who 9. The great mobility of the primate
2. The inventions of Carl Zeiss and invented the simple microscope in Shl;] uldeir}iog.lt is an adaptation to the
Ernst Abbe are necessary to the work order to examine organisms in lake arboreal habitat.
of a modern histopathologist. water. 10. Negative feedback usually has
3. Abnormal skin color or dryness . A scientific theory is just a ahneljgagve (harmful) effect on
could be one piece of diagnostic speculation until someone finds the body.
information gained by auscultation. the evidence to prove it. Answers in appendix B
Testing Your Comprehension
1. Ellen is pregnant and tells one of her 3. About 1 out of every 120 live-born 5. Suppose you have been doing heavy

coworkers that she is scheduled to
get a fetal sonogram. Her coworker
Janet expresses some alarm and
warns Ellen about the danger of
exposing a fetus to X-rays. Discuss
why you think Janet’s concern is
warranted or unwarranted.

2. Which of the characteristics of
living things are possessed by an
automobile? What bearing does this
have on our definition of life?

infants has a structural defect in the
heart such as a hole between two
heart chambers. Such infants often
suffer pulmonary congestion and
heart failure, and about one-third of
them die as a result. Which of the
major themes in this chapter does
this illustrate? Explain your answer.

. How might human anatomy be differ-

ent today if the forerunners of humans
had never inhabited the forest canopy?

Improve Your Grade at www.mhhe.com/saladin5

yard work on a hot day and sweating
profusely. You become very thirsty,
so you drink a tall glass of lemonade.
Explain how your thirst relates to the
concept of homeostasis. Which type
of feedback—positive or negative—
does this illustrate?

Answers at www.mhhe.com/saladin5
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Anatomical Position

Anatomical position is a stance in which a person stands
erect with the feet flat on the floor and close together,
arms at the sides, and the palms and face directed forward
(fig. A.1). This position provides a precise and standard
frame of reference for anatomical description and dissec-
tion. Without such a frame of reference, to say that a
structure such as the sternum, thyroid gland, or aorta is
“above the heart” would be vague, since it would depend

FIGURE A.1 Anatomical Position. The feet are flat on the
floor and close together, the arms are held downward and
supine, and the face is directed forward.

Atlas A: General
Orientation to Human

© The McGraw-Hill
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on whether the subject was standing, lying face down, or
lying face up. From the perspective of anatomical posi-
tion, however, we can describe the thyroid as superior to
the heart, the sternum as anterior to it, and the aorta as
posterior to it. These descriptions remain valid regardless
of the subject’s position.

Unless stated otherwise, assume that all anatomical
descriptions refer to anatomical position. Bear in mind
that if a subject is facing you, the subject’s left will be on
your right and vice versa. In most anatomical illustrations,
for example, the left atrium of the heart appears toward
the right side of the page, and although the appendix is
located in the right lower quadrant of the abdomen, it
appears on the left side of most illustrations.

In anatomical position, the forearm is supinated—that
is, rotated so the palm faces anteriorly. When the forearm
is pronated, the palm faces posteriorly (fig. A.2). The
difference is particularly important in descriptions of
anatomy of this region. In the supinated position, the two
forearm bones (radius and ulna) are parallel and the radius
is lateral to the ulna. In the pronated position, the radius
and ulna cross; the radius is lateral to the ulna at the elbow
but medial to it at the wrist. Descriptions of nerves, mus-
cles, blood vessels, and other structures of the upper limb
assume that the forearm is supinated. The similar terms
supine and prone refer to positions in which the body is
lying face up and face down, respectively, or in which the
hand is turned with the palm facing up or down.

FIGURE A.2 Positions of the Forearm. When the forearm is
supinated, the palm faces forward; when pronated, it faces rearward.
Note the differences in the relationship of the radius to the ulna.
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Anatomical Planes

Many views of the body are based on real or imaginary
“slices” called sections or planes. Section implies an
actual cut or slice to reveal internal anatomy, whereas
plane implies an imaginary flat surface passing through
the body. The three major anatomical planes are sagittal,
frontal, and transverse (fig. A.3).

A sagittal’ (SADJ-ih-tul) plane passes vertically
through the body or an organ and divides it into right and
left portions. The sagittal plane that divides the body or
organ into equal halves is also called the median (midsag-
ittal) plane. The head and pelvic organs are commonly
illustrated on the median plane (fig. A.4a). Other sagittal
planes parallel to this (off center) divide the body into
unequal right and left portions.

A frontal (coronal) plane also extends vertically, but it
is perpendicular to the sagittal plane and divides the body
into anterior (front) and posterior (back) portions. A frontal
section of the head, for example, would divide it into one
portion bearing the face and another bearing the back of
the head. Contents of the thoracic and abdominal cavities
are most commonly shown in the frontal section (fig. A.4b).

Frontal
plane

Transverse

pIane—I -l
| P’

FIGURE A.3 Anatomical Planes of Reference.

4 What is another name for the particular sagittal plane
shown here?

Isagitta = arrow

Atlas A: General
Orientation to Human

© The McGraw-Hill
Companies, 2010

(c) Transverse section

FIGURE A.4 Views of the Body in the Three Primary
Anatomical Planes. (a) Sagittal section of the pelvic region.
(b) Frontal section of the thoracic region. (c) Transverse section
of the head at the level of the eyes.

A transverse (horizontal) plane passes across the
body or an organ perpendicular to its long axis (fig. A.4c);
it divides the body or organ into superior (upper) and
inferior (lower) portions. CT scans are typically trans-
verse sections (see fig. 1.13c, p. 23).

Directional Terms

Table A.1 summarizes frequently used terms that describe
the position of one structure relative to another. Interme-
diate directions are often indicated by combinations of
these terms. For example, one structure may be described
as posterolateral to another (toward the back and side).
The dorsal surface of a structure is also called the dorsum;
for example, the dorsum of your hand is what most
people call the “back” of the hand. The dorsum of the foot
is its upper surface (see fig. A.5b). The dorsal surface of
the hand or foot is the surface that bears the nails.
Because of the bipedal, upright stance of humans,
some directional terms have different meanings for
humans than they do for other animals. Anterior, for
example, denotes the region of the body that leads the
way in normal locomotion. For a four-legged animal such
as a cat, this is the head end of the body; for a human,
however, it is the front of the chest and abdomen. Thus,
anterior has the same meaning as ventral for a human
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TABLE A.1 Directional Terms in Human Anatomy

Term Meaning

Ventral Toward the front* or belly

Dorsal Toward the back or spine

Anterior Toward the ventral side*

Posterior Toward the dorsal side*

Cephalic Toward the head or superior end

Rostral Toward the forehead or nose

Caudal Toward the tail or inferior end

Superior Above

Inferior Below

Medial Toward the median plane

Lateral Away from the median plane

Proximal Closer to the point of attachment or origin
Distal Farther from the point of attachment or origin
Superficial Closer to the body surface

Deep Farther from the body surface

*In humans only; definition differs for other animals.

but not for a cat. Posterior denotes the region of the body
that comes last in normal locomotion—the tail end of a
cat but the dorsal side (back) of a human. These differ-
ences must be kept in mind when dissecting other animals
for comparison to human anatomy.

A.2

Knowledge of the external anatomy and landmarks of the
body is important in performing a physical examination
and many other clinical procedures. For purposes of
study, the body is divided into two major regions called
the axial and appendicular regions. Smaller areas within
the major regions are described in the following para-
graphs and illustrated in figure A.5.

Body Regions

Axial Region

The axial region consists of the head, neck (cervical?
region), and trunk. The trunk is further divided into the
thoracic region above the diaphragm and the abdominal
region below it.

One way of referring to the locations of abdominal
structures is to divide the region into quadrants. Two per-
pendicular lines intersecting at the umbilicus (navel)

2cervic = neck

Examples of Usage

The aorta is ventral to the vertebral column.
The vertebral column is dorsal to the aorta.
The sternum is anterior to the heart.

The esophagus is posterior to the trachea.

The cephalic end of the embryonic neural tube develops into the brain.

The forebrain is rostral to the brainstem.

The spinal cord is caudal to the brain.

The heart is superior to the diaphragm.

The liver is inferior to the diaphragm.

The heart is medial to the lungs.

The eyes are lateral to the nose.

The elbow is proximal to the wrist.

The fingernails are at the distal ends of the fingers.
The skin is superficial to the muscles.

The bones are deep to the muscles.

divide the abdomen into a right upper quadrant (RUQ),
right lower quadrant (RLQ), left upper quadrant (LUQ),
and left lower quadrant (LLQ) (fig. A.6a, b). The quadrant
scheme is often used to describe the site of an abdominal
pain or abnormality.

The abdomen also can be divided into nine regions
defined by four lines that intersect like a tic-tac-toe grid
(fig. A.6c, d). Each vertical line is called a midclavicular
line because it passes through the midpoint of the clavi-
cle (collarbone). The superior horizontal line is called
the subcostal® line because it connects the inferior bor-
ders of the lowest costal cartilages (cartilage connecting
the tenth rib on each side to the inferior end of the ster-
num). The inferior horizontal line is called the intertu-
bercular* line because it passes from left to right between
the tubercles (anterior superior spines) of the pelvis—two
points of bone located about where the front pockets
open on most pants. The three lateral regions of this grid,
from upper to lower, are the hypochondriac,’ lumbar,
and inguinal® (iliac) regions. The three medial regions
from upper to lower are the epigastric,” umbilical, and
hypogastric (pubic) regions.

3sub = below + cost = rib

‘inter = between + tubercul = little swelling
Shypo = below + chondr = cartilage

Singuin = groin

7epi = above, over + gastr = stomach
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Cephalic r. (head) [
-3 Facial . (face) o
NL e - BT
eoms 1emoal r- (1
Acromial r. : .
Thoracic r. (chest):
(shoulder) Sternal r.( )
Axillary r. (armpit) IFE B Pectoral r.—_— _‘
Brachial r. (arm) A
Umbilical r.

Cubital r. (elbow)

Antebrachial r. l

(forearm)

Carpal r. (wrist)!.
Palmar r. (palm)

Lower limb:
Coxal r. (hip)

Patellar r. (knee)

(a) Anterior (ventral)

Abdominal r. i

Inguinal r. (groin)ﬂ_

Pubic r.:
Mons pubis

External genitalia:
Penis

Scrotum
Testes

Lower limb:
Femoral r. (thigh)
Crural . (leg)
Tarsal r. (ankle)

Pedal r. (foot):
Dorsum

Plantar surface
(sole)

(b) Anterior (ventral)

Cranial r.

Nuchal r.
(back of neck)

Interscapular r. -

Scapularr. -
1;? [

g.-.% ; ‘ Vertebral r. =

— E W

Sacral . —-L{ -
—‘!—. Gluteal r—.L

Lumbar r. =

(buttock) !
Dorsum of hand

T S
Femoral r. J Ft
Popliteal r. f

(c) Posterior (dorsal)

Cruralr.

Tarsal r.

Calcaneal r.
(heel)

(d) Posterior (dorsal)

FIGURE A.5 The Adult Female and Male Bodies (r. = region).
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Quadrants

Anterior
superior
spine

(a) (b)

Regions

Liver
Gallbladder
10th rib

Hypochondriac
region
Subcostal line

Large
intestine

Small
intestine

Lumbar
region

Intertubercular
line
Inguinal region

Midclavicular
line

(c) (d)

Urinary
bladder
Urethra

FIGURE A.6 Four Quadrants and Nine Regions of the Abdomen. (a) External division into four quadrants. (b) Internal anatomy
correlated with the four quadrants. (c) External division into nine regions. (d) Internal anatomy correlated with the nine regions.
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Appendicular Region

The appendicular (AP-en-DIC-you-lur) region of the body
consists of the upper and lower limbs (also called append-
ages or extremities). The upper limb includes the arm (bra-
chial region) (BRAY-kee-ul), forearm (antebrachial® region)
(AN-teh-BRAY-kee-ul), wrist (carpal region), hand (manual
region), and fingers (digits). The lower limb includes the
thigh (femoral region), leg (crural region) (CROO-rul), ankle
(tarsal region), foot (pedal region), and toes (digits). In strict
anatomical terms, arm refers only to that part of the upper
limb between the shoulder and elbow. Leg refers only to that
part of the lower limb between the knee and ankle.

The longitudinal portions of a limb between major
joints are called segments. In the upper limb, the brachi-
um is one segment, the antebrachium is another, and each
finger is divided into three segments—proximal, middle,
and distal (except that the thumb has only a proximal and
a distal segment). The lower limb exhibits corresponding
segments—the thigh, leg, and segments of the toes.

A.3 Body Cavities and Membranes

The body wall encloses multiple body cavities, each lined
with a membrane and containing internal organs called
viscera (VISS-er-uh) (singular, viscus®) (fig. A.7, table A.2).

Cranial cavity

Vertebral canal

Thoracic cavity

Diaphragm

Abdominal cavity

Pelvic cavity

(a) Left lateral view

FIGURE A.7 The Major Body Cavities.

Atlas A: General
Orientation to Human
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The Cranial Cavity and Vertebral Canal

The cranial (CRAY-nee-ul) cavity is enclosed by the
cranium (braincase) and contains the brain. The vertebral
canal is enclosed by the vertebral column (backbone) and
contains the spinal cord. The two are continuous with
each other and are lined by three membrane layers called
the meninges (meh-NIN-jeez). Among other functions,
the meninges protect the delicate nervous tissue from the
hard protective bone that encloses it.

The Thoracic Cavity

During embryonic development, a space called the coelom
(SEE-loam) forms within the trunk. It subsequently
becomes partitioned by a muscular sheet, the diaphragm,
into a superior thoracic cavity and an inferior abdomino-
pelvic cavity. Both cavities are lined with thin serous
membranes, which secrete a lubricating film of moisture
similar to blood serum (hence their name).

The thoracic cavity is divided by a thick wall called
the mediastinum'® (ME-dee-ass-TY-num) (fig. A.7).
This is the region between the lungs, extending from
the base of the neck to the diaphragm. It is occupied
by the heart, the major blood vessels connected to it,
the esophagus, the trachea and bronchi, and a gland
called the thymus.

Thoracic cavity:

Pleural cavity
Mediastinum

Pericardial cavity

Abdominopelvic cavity:
Abdominal cavity

Pelvic cavity

(b) Anterior view

8ante = fore, before + brachi = arm
9viscus = body organ

Ymediastinum = in the middle
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Name of Cavity Associated Viscera

Cranial cavity Brain
Vertebral canal Spinal cord
Thoracic cavity
Pleural cavities (2) Lungs
Pericardial cavity Heart

Abdominopelvic cavity
Abdominal cavity Digestive organs, spleen, kidneys

Pelvic cavity Bladder, rectum, reproductive organs

Pericardial
cavity

Visceral
pericardium

Heart

Diaphragm

(a) Pericardium

Parietal pericardium

Membranous Lining
Meninges

Meninges

Pleurae

Pericardium

Peritoneum

Peritoneum

— Parietal pleura
— Pleural cavity

— Visceral pleura

Diaphragm

(b) Pleurae

FIGURE A.8 Parietal and Visceral Layers of Double-Walled Membranes.

The heart is enfolded in a two-layered membrane
called the pericardium.’ The inner layer of the pericar-
dium forms the surface of the heart itself and is called the
visceral (VISS-er-ul) pericardium. The outer layer is
called parietal (pa-RYE-eh-tul) pericardium (pericardial
sac). It is separated from the visceral pericardium by a
space called the pericardial cavity (fig. A.8a), which is
lubricated by pericardial fluid.

The right and left sides of the thoracic cavity contain
the lungs. Each is lined by a serous membrane called the
pleura!? (PLOOR-uh) (fig. A.8b). Like the pericardium,

peri = around + cardi = heart
2pleur = rib, side

the pleura has visceral (inner) and parietal (outer) layers.
The visceral pleura forms the external surface of the
lung, and the parietal®® pleura lines the inside of the rib
cage. The narrow space between them is called the
pleural cavity (see fig. A.19). It is lubricated by slippery
pleural fluid.

Note that in both the pericardium and the pleura, the
visceral layer of the membrane covers an organ surface
and the parietal layer lines the inside of a body cavity. We
will see this pattern elsewhere, including the abdomino-
pelvic cavity.

Bpariet = wall
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Posterior

Kidney

Liver

Renal vein
and artery

Inferior
vena cava

Aorta

Intestine

Anterior
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Back muscles

Spinal cord

Fat

Dorsal mesentery
Parietal peritoneum

Visceral
peritoneum (serosa)
Peritoneal cavity

Omentum or other
ventral mesentery

FIGURE A.9 Transverse Section Through the Abdomen. Shows the peritoneum, peritoneal cavity (with most viscera omitted), and some

retroperitoneal organs.

The Abdominopelvic Cavity

The abdominopelvic cavity consists of the abdominal
cavity superiorly and the pelvic cavity inferiorly. These
are separated by a bony landmark called the brim of the
pelvis (see figs. A.16 and 8.35). The abdominal cavity
contains most of the digestive organs as well as the
kidneys and ureters. The pelvic cavity is markedly
narrower and its lower end tilts posteriorly (see fig. A.7a).
It contains the rectum, urinary bladder, urethra, and
reproductive organs.

The abdominopelvic cavity contains a two-layered
serous membrane called the peritoneum'* (PERR-ih-toe-
NEE-um). Its outer layer, the parietal peritoneum, lines
the cavity wall. The visceral peritoneum turns inward
from the body wall, wraps around the abdominal viscera,
binds them to the body wall or suspends them from it,
and holds them in their proper place. The peritoneal
cavity is the space between the parietal and visceral layers.
It is lubricated by peritoneal fluid.

Some organs of the abdominal cavity lie against the
posterior body wall and are covered by peritoneum only
on the side facing the peritoneal cavity. They are said
to have a retroperitoneal’® position (fig. A.9). These
include the kidneys, ureters, adrenal glands, most of the
pancreas, and abdominal portions of two major blood
vessels—the aorta and inferior vena cava (see fig. A.15).
Organs that are encircled by peritoneum and connected
to the posterior body wall by peritoneal sheets are
described as intraperitoneal.’®

Y peri = around + tone = stretched
5retro = behind
16intra = within

The intestines are suspended from the posterior
(dorsal) abdominal wall by a translucent membrane
called the dorsal mesentery'” (MESS-en-tare-ee), an
infolding of the peritoneum. The dorsal mesentery of the
large intestine is called the mesocolon. In some places,
after wrapping around the intestines or other viscera, the
mesentery continues toward the anterior body wall as
the ventral mesentery. The most significant example of
this is a fatty membrane called the greater omentum,'®
which hangs like an apron from the inferolateral margin
of the stomach and overlies the intestines (figs. A.10 and
A.13). It is unattached at its inferior border and can be
lifted to reveal the intestines. A smaller lesser omentum
extends from the superomedial border of the stomach to
the liver.

Where the visceral peritoneum meets an organ such
as the stomach or small intestine, it divides and wraps
around it, forming an outer layer of the organ called the
serosa (seer-OH-sa) (fig. A.10). The visceral peritoneum
thus consists of the mesenteries and serosae.

Potential Spaces

Some of the spaces between body membranes are consid-
ered to be potential spaces, so named because under
normal conditions, the membranes are pressed firmly
together and there is no actual space between them. The
membranes are not physically attached, however, and
under unusual conditions, they may separate and create
a space filled with fluid or other matter. Thus there is

mes = in the middle + enter = intestine
8omentum = covering
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Diaphragm

Liver

Serosag ———— 4

Lesser

9 omentum
Stomach ' ol Pancreas
Greater omentum—iJl ‘ = Duodenum
Large intestine—‘ g
‘ — Dorsal
mesentery

Small intestine—<=—

Parietal peritoneum

Visceral

. . peritoneum
Peritoneal cavity

Urinary bladder Rectum

FIGURE A.10 Serous Membranes of the Abdominal Cavity.
Sagittal section, left lateral view.

4 /s the urinary bladder in the peritoneal cavity?

normally no actual space, but only a potential for mem-
branes to separate and create one.

The pleural cavity is one example. Normally the pari-
etal and visceral pleurae are pressed together without a
gap between them, but under pathological conditions, air
or serous fluid can accumulate between the membranes
and open up a space. The internal cavity (lumen) of the
uterus is another. In a nonpregnant uterus, the mucous
membranes of opposite walls are pressed together so that
there is no open space in the organ. In pregnancy, of
course, a growing fetus occupies this space and pushes
the mucous membranes apart.

A.4 Organ Systems

The human body has 11 organ systems (fig. A.11) and an
immune system, which is better described as a popula-
tion of cells than as an organ system. These systems are
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classified in the following list by their principal func-
tions, but this is an unavoidably flawed classification.
Some organs belong to two or more systems—for exam-
ple, the male urethra is part of both the urinary and
reproductive systems; the pharynx is part of the respira-
tory and digestive systems; and the mammary glands can
be considered part of the integumentary and female
reproductive systems.

Protection, support, and movement

Integumentary system

Skeletal system

Muscular system

Internal communication and integration
Nervous system

Endocrine system

Fluid transport
Circulatory system
Lymphatic system

Defense

Immune system

Input and output
Respiratory system
Urinary system
Digestive system

Reproduction

Reproductive system

Some medical terms combine the names of two systems—
forexample, the musculoskeletal system, cardiopulmonary
system, and urogenital (genitourinary) system. These
terms serve to call attention to the close anatomical or
physiological relationships between two systems, but
these are not literally individual organ systems.

A.5 A Visual Survey of the Body

Figures A.12 through A.16 provide an overview of the
anatomy of the trunk and internal organs of the thoracic
and abdominopelvic cavities. Figures A.17 through
A.22 are photographs of the cadaver showing the major
organs of the dorsal and ventral body cavities.
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Principal organs:
Skin, hair, nails,
cutaneous glands

Principal functions:
Protection, water retention,
thermoregulation, vitamin
D synthesis, cutaneous
sensation, nonverbal
communication

Integumentary system

i Prihcipal organs:
- Lymph nodes,

) ||Iym'phatic vessels,
- thymus, spleen, tonsils

Principal functions:
Recovery of excess
tissue fluid, detection of
pathogens, production
~ of immune cells, defense
- against disease

Lymphatic system
FIGURE A.11 The Human Organ Systems.
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Principal organs:
‘Bones, cartilages,
ligaments

’ Principal functions:
Support, movement,
protective enclosure of

~ viscera, blood formation,
electrolyte and acid—base
balance

Skeletal system

Principal organs:
Nose, pharynx, larynx,
trachea, bronchi, lungs

Principal functions:
Absorption of oxygen,
discharge of carbon
dioxide, acid—base
balance, speech

Respiratory system

© The McGraw-Hill
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| Principal organs:
- Skeletal muscles
4

' Principal functions:

' Movement, stability,
communication, control
of body openings, heat
production

Muscular system

 Principal organs:
Kidneys, ureters, urinary
bladder, urethra

Principal functions:
Elimination of wastes;

- regulation of blood
volume and pressure;
stimulation of red blood
cell formation; control
of fluid, electrolyte,

and acid-base balance;
detoxification

-

Urinary system
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Principal organs:
Brain, spinal cord, nerves,
ganglia

Principal functions:
Rapid internal
communication,
coordination,

motor control

and sensation

Nervous system

Principal organs:
Teeth, tongue, salivary
glands, esophagus,
stomach, small and large
intestines, liver, gallbladder,
pancreas

4 Principal functions:

Nutrient breakdown and
absorption. Liver functions
include metabolism of
carbohydrates, lipids,
proteins, vitamins, and
minerals; synthesis of
plasma proteins; disposal
of drugs, toxins, and
hormones; and cleansing
of blood.

Digestive system

1. Organization of the Body
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Principal organs:

Pituitary gland,

pineal gland, thyroid gland,
parathyroid glands, thymus,
adrenal glands, pancreas,
testes, ovaries

Principal functions:
Hormone production;
internal chemical
communication and
coordination

Endocrine system

Principal organs:

Testes, epididymides,
spermatic ducts, seminal
vesicles, prostate gland,
‘bulbourethral glands,
penis

Principal functions:
Production and delivery
of sperm; secretion of
sex hormones

-

Male reproductive system

FIGURE A.11 The Human Organ Systems (continued).
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~ Principal organs:
|;Heanf, blood vessels

i -wPrincipal functions:

| ,ﬁ Distribution of nutrients,
- oxygen, wastes,

- hormones, electrolytes,
~ heat, immune cells,

~ and antibodies;

~ fluid, electrolyte, and

~ acid-base balance

e

Circulatory system

Principal organs:
Ovaries, uterine tubes,
uterus, vagina, mammary
glands

Principal functions:

Production of eggs; site

of fertilization and fetal
development; fetal
nourishment; birth;
lactation; secretion of
sex hormones

Female reproductive system

39
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FIGURE A.12 Superficial Anatomy of the Trunk (Female). Surface anatomy is shown on the anatomical left, and structures immediately
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Platysma

Trapezius m.

Clavicle

Deltoid m.

Pectoralis major m.

Cephalic v.

Breast

Biceps brachii m.

Sheath of rectus
abdominis m.

External abdominal
oblique m.

Umbilicus

Anterior superior
spine of ilium

Inguinal ligament

Tensor fasciae latae m.

Mons pubis

Sartorius m.

Femoral vein Adductor longus m.

Great saphenous vein Gracilis m.

Vastus lateralis m.

Rectus femoris m.

deep to the skin on the right (m. = muscle; v. = vein).
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Internal jugular v.

External jugular v. Common
carotid a.
Omohyoid m.
Clavicle
Sternum
Internal
intercostal mm. Sub-
scapularis m.
External Corac_o-.
intercostal mm. brachialis m.
Lung
Costal Pericardium
cartilages
Pleura
Diaphragm
Liver
Stomach
Gallbladder
External abdominal
obliqgue m.
Internal abdominal
obliqgue m.
Transverse abdominal m. Large
intestine
Greater omentum
Urinary bladder
Penis Femoral n.
Femoral a.
Scrotum
Femoral v.

FIGURE A.13 Anatomy at the Level of the Rib Cage and Greater Omentum (Male). The anterior body wall is removed, and the ribs,
intercostal muscles, and pleura are removed from the anatomical left (a. = artery; v. = vein; m. = muscle; mm. = muscles; n. = nerve).
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Brachio-
cephalic v.

Thyroid cartilage of larynx

Thyroid gland

Subclavian v.

Subclavian a.
Brachial nerve plexus

Aortic arch
Superior vena
cava Axillary v.
Coraco- ' / Axillary a.
brachialis m. "1' A Cephalic v.

/ ry Brachial v.

Humerus '

Brachial a.

Heart

Lobes of lung

Spleen

Stomach

Large
intestine

Small intestine

Cecum

Appendix

Tensor fasciae latae m.

Penis (cut)
Pectineus m. Ductus

deferens

Epididymis
Adductor longus m.

Testis
Gracilis m. Scrotum

Adductor magnus m.

Rectus femoris m.

FIGURE A.14 Anatomy at the Level of the Lungs and Intestines (Male). The sternum, ribs, and greater omentum are removed
(a. = artery; v. = vein; m. = muscle).

€ Name several viscera that are protected by the rib cage.
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Trachea
Superior vena cava
Bronchus

Lung

(sectioned)
Esophagus

Thoracic aorta

Pleural cavity

Hepatic vv.

-
[

'. ,
F 1
-

Spleen
Inferior vena cava

Splenic a. Adrenal gland
Pancreas
Duodenum
Kidney
Superior mesenteric v. Superior

mesenteric a.

Inferior
mesenteric a.

Abdominal aorta

Common iliac a.

Ureter

Ovary

Tensor fasciae
latae m. (cut)

Uterine tube

Uterus Sartorius m. (cut)
Urinary bladder
Rectus
_ femoris m. (cut)
Pectineus m.
Gracilis m Adductor brevis m.

Vastus intermedius

Adductor longus m. m-

Adductor
longus m. (cut)

Vastus lateralis m.
Vastus medialis m.

FIGURE A.15 Anatomy at the Level of the Retroperitoneal Viscera (Female). The heart is removed, the lungs are frontally sectioned,
and the viscera of the peritoneal cavity and the peritoneum itself are removed (a. = artery; v. = vein; vv. = veins; m. = muscle).
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Left common
carotid a.

Right common carotid a.

Right subclavian a. Left subclavian a.

Brachiocephalic trunk ‘/
External
intercostal m. 1 -
. f Thoracic aorta
B
Internal Esophagus
intercostal m. 8l
Diaphragm
A S Abdominal aorta
Intervertebral disc
Quadratus Lumbar vertebra
lumborum m.

lliac crest

P major m. .
soas majo llium

Sacrum

lliacus m.

Anterior superior

spine of ilium
Gluteus medius m.

Brim of pelvis
Rectum
Vagina
Urethra

Adductor magnus m.
Femur

Adductor brevis m.
Gracilis m.

Adductor longus m.

FIGURE A.16 Anatomy at the Level of the Posterior Body Wall (Female). The lungs and retroperitoneal viscera are removed
(a. = artery; m. = muscle).
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- -
Cranium 7

Cerebrum
Frontal sinus
Nasal cavity Brainstem
Cerebellum
Palate
Oral cavity

Foramen magnum
of skull

Tongue

Spinal cord

Epiglottis -
N i

Vertebral column

Vocal cord

Intervertebral discs

Esophagus

FIGURE A.17 Median Section of the Head. Shows contents of the cranial, nasal, and buccal cavities.
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Internal jugular v.

Subclavian v.

Nerves

Lungs

Ribs

Heart

Diaphragm

4

L Fi

FIGURE A.18 Frontal View of the Thoracic Cavity (v. = vein).

Anterior
Pectoralis Fat of breast
major m.
Sternum
Ventricles .
of heart Ribs
Pericardial .
cavity Right lung
Esophagus
Atria of heart phag
Aorta
Left lung Vertebra
Spinal cord

Pleural cavity

Posterior

FIGURE A.19 Transverse Section of the Thorax. Section taken at the level shown by the inset and oriented the same as the reader’s
body (m. = muscle).
€ In this section, which term best describes the position of the aorta relative to the heart: posterior, lateral, inferior, or proximal?
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Lung

Diaphragm

Transverse colon

Gallbladder

Small intestine

Mesenteric
arteries and veins

Mesentery

Descending colon
Cecumj

Sigmoid colon

FIGURE A.20 Frontal View of the Abdominal Cavity.

Duodenum
Stomach

Large
intestine

Pancreas

Kidney

Perirenal
fat of
kidney

Erector
spinae m.

Anterior

Subcutaneous
fat

Rectus
abdominis m.

Superior mesenteric
artery and vein

Inferior vena cava

Liver

Peritoneal cavity

Peritoneum

Aorta

Vertebra

Posterior Spinal cord
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FIGURE A.21 Transverse Section of the Abdomen. Section taken at the level shown by the inset and oriented the same as the reader’s

body (m. = muscle).

4 What tissue in this photograph is immediately superficial to the rectus abdominis muscle?



FIGURE A.22 Median Sections of
the Pelvic Cavity. Viewed from the left.

48

@ ‘ Saladin: Anatomy &

Physiology: The Unity of
Form and Function, Fifth
Edition

Atlas A: General
Orientation to Human
Anatomy

© The McGraw-Hill
Companies, 2010

1. Organization of the Body

Urinary bladder

Pubic symphysis Sigmoid colon

Seminal vesicle

Prostate gland

Penis:
Root
Bulb Rectum
Shaft: Anal canal
Corpus
cavernosum Anus
Corpus
spongiosum Epididymis
Scrotum
Glans
Testis
(a) Male
Vertebra
Red bone marrow
Mesentery

Intervertebral disc
Small intestine

Sacrum

Sigmoid colon

Uterus

Cervix
Urinary bladder
Pubic symphysis

Urethra
Vagina

Rectum

Anal canal
Anus

Labium minus
Prepuce
Labium majus

(b) Female
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Al

General Anatomical Terminology

(p. 29)

1.

A2

Anatomical position provides a
standard frame of reference so that
directional terms remain consistent
regardless of the orientation of the
subject’s body relative to the observer.

. In anatomical position, the forearm is

supinated (palms forward) rather
than pronated (palms rearward). The
feet are close together and flat on the
floor, arms to the sides, and the head
and eyes directed forward.

. Three mutually perpendicular planes

through the body are the sagittal,
frontal, and transverse planes. The
sagittal plane that divides the body or
an organ into equal halves is called
the median plane.

. The positions of structures relative to

each other are described by standard
directional terms defined in table
A.1. Some of these definitions are
different for a human than for four-
legged animals. Such differences
must be kept in mind when doing
laboratory animal dissections for
comparison to humans.

Body Regions (p. 31)

. The axial region of the body consists

of the head, neck, and trunk. The
trunk is divided into the thoracic and
abdominal regions, separated by the
diaphragm.

. The abdomen can be divided into

four quadrants (right and left, upper
and lower) or nine smaller regions
(the hypochondriac, lumbar, and
inguinal regions on each side, and the
epigastric, umbilical, and hypogastric
regions medially). These divisions

are useful for anatomical and clinical
descriptions of the locations of organs,
pain, or other abnormalities.

. The appendicular regions are the

upper and lower limbs. From proximal
to distal, the upper limb is divided into
the arm proper (brachium), forearm
(antebrachium), wrist (carpus), hand
(manus), and fingers (digits). The lower
limb is divided, from proximal to distal,
into the thigh (femoral region), leg
proper (crus), ankle (tarsus), foot (pes),

and toes (digits). Each limb is divided
along its length into segments

separated by joints such as the elbow,
knee, and knuckles.

A.3 Body Cavities and Membranes
(p. 34)

1.

The major body cavities are the
cranial cavity, vertebral canal,
thoracic cavity, and abdominopelvic
cavity. Each is lined by a membrane
and contains organs collectively
called the viscera.

. The cranial cavity is enclosed in the

cranium and contains the brain.

The vertebral canal is enclosed

by the vertebral column and contains
the spinal cord. These cavities are
lined by three membranes called the
meninges.

The thoracic cavity develops from the
embryonic coelom and lies superior
to the diaphragm. Its median portion,
from the base of the neck to the
diaphragm, is the mediastinum,
which contains the heart; some major
blood vessels; and the esophagus,
trachea, bronchi, and thymus.

The heart is enfolded in a double-
walled serous membrane, the
pericardium. Its inner layer, the
visceral pericardium, forms the heart
surface. This is separated from the
outer layer, the parietal pericardium,
by the pericardial cavity. The cavity
is lubricated by pericardial fluid.

. Each lung is enfolded in a double-

walled serous membrane, the pleura.
The visceral pleura forms the lung
surface, and the parietal pleura

lines the inside of the rib cage. The
pleural cavity between these layers

is lubricated by pleural fluid.

The abdominopelvic cavity consists of
the abdominal cavity above the pelvic
brim and the pelvic cavity below it. It is
lined by a serous membrane called the
peritoneum. The parietal peritoneum
forms the inner lining of the body wall,
and the visceral peritoneum wraps
around the abdominal viscera, suspends
them from the wall, and holds them in
place. The cavity is lubricated by
peritoneal fluid.

9.

10.

. Retroperitoneal organs lie against

the dorsal body wall and are covered
by peritoneum on only one side.
Intraperitoneal organs lie more
loosely within the abdominal cavity.
They are encircled on all sides by
peritoneum and are suspended from
the body wall by peritoneal sheets.
The dorsal mesentery is a peritoneal
sheet that turns inward from the
posterior body wall and extends to
the abdominal viscera. The dorsal
mesentery of the colon is the
mesocolon. The ventral mesentery
continues beyond the viscera toward
the anterior body wall. The major
ventral mesenteries are the greater
omentum and lesser omentum.
Where it wraps around viscera such
as the stomach and intestines, the
peritoneum forms the outer surface
of the organ, called the serosa.

Some body membranes are pressed
closely together and enclose only

a potential space between them.
Potential spaces can open up and
create actual spaces when air, liquid,
or other matter accumulates in them.
The pleural cavity and lumen of the
uterus are examples of potential spaces.

A.4 Organ Systems (p. 37)

1.

The body has 11 organ systems. Some
organs play roles in two or more of
these systems.

. The integumentary, skeletal, and

muscular systems provide protection,
support, and movement.

The nervous and endocrine systems
provide internal communication and
integration.

The circulatory and lymphatic
systems provide fluid transport.

The respiratory, urinary, and digestive
systems provide for the input of gases
and nutrients and the output of
metabolic wastes.

The reproductive system produces
offspring and thus serves for
continuity of the species.

The immune system is not an organ
system but a population of cells that
colonize the various organ systems and
provide defense against pathogens.
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Testing Your Recall
1. Which of the following is not an 6. The _ region is immediately 11. The forearm is said to be
essential part of anatomical position? medial to the coxal region. when the palms are facing forward.
a. feet together a. inguinal d. popliteal - .
b. feet flat on the floor b. hypochondriac  e. cubital 12. The superficial layer of the pleura is
. e called the pleura.
c. forearms supinated ¢. umbilical
d. mouth closed . 7. Which of the following regions is not 13. The right and left ple?ural cavities
e. arms down to the sides . are separated by a thick wall called
part of the upper limb? the
2. A ring-shaped section of the small a. plantar d. brachial )
intestine would be a section. b. carpal e. palmar 14. The back of the neck is the
a. sagittal d. frontal c. cubital region.
b. coronal e. median 8. Which of these organs is within the ~ 15. The manus is more commonly known
C. transverse peritoneal cavity? as the and the pes is more
3. The tarsal region is to the a. urinary bladder  d. liver commonly known as the
pophteffxl TegLom. b. kidneys e. brain 16. The cranial cavity is lined by
E‘ Inedlafl‘ (ol d. gF)rtSEil c. heart membranes called the
. superficia e. dista . . .
c. superior 9. In which area do you think p?am from 4y, Organs that lie within the abdominal
. the gall})lladder Yvould be felt? cavity but not within the peritoneal
4. The gr'eater 'omentum is to the a. u'mblhcal region cavity are said to have a
small mte.:stme. o b. right upper qua.drant position.
a. posterior d. superficial c. hypogastric region o
b. parietal e. proximal d. left hypochondriac region 18. The sternal region 1s to the
c. deep e. left lower quadrant pectoral region.
5. A____ line passes through the 10. Which organ system regulates blood 19. The pelvic cavity can b‘e described
sternum, umbilicus, and mons pubis. volume, controls acid—base balance, and as — to the abdominal cavity
a. central stimulates red blood cell production? In position.
b. pr.oxima} a. digestive: system 20. The anterior pit of the elbow is the
c. m}dclax.ncular b. lymphatic system region, and the corresponding
d. midsagittal C. mervous system (but posterior) pit of the knee is the
e. intertubercular d. urinary system fossa.
e. circulatory system
Answers in appendix B
True or False?
Determine which five of the following 3. The knee is both superior and 8. Both kidneys could be shown in a
statements are false, and briefly explain proximal to the tarsal region. single coronal section of the body.
why. 4. The diaphragm is posterior to the lungs. 9. The peritoneum lines the inside of
1. A single sagittal section of the body 5. The esophagus is inferior to the the stomach and intestines.
can pass through one lung but not . . L
stomach. 10. The sigmoid colon is in the lower
through both. :
C . right quadrant of the abdomen.
. 6. The liver is in the lumbar region.
2. It would be possible to see both eyes 2 ) dix B
in one frontal section of the head. 7. The heart is in the mediastinum. NSWers in appenaix
Testing Your Comprehension
1. Identify which anatomical plane— think people really mean when they the upper left quadrant and retroperito-
sagittal, frontal, or transverse—is the say they have “planter’s warts”? neal; (b) in the lower right quadrant of
only one that could not show (a) both 3. Name one structure or anatomical fea- th.e per}toneal C.aV1ty; (.c) in the hypogas‘—
the brain and tongue, (b) both eyes, . tric region; (d) in the right hypochondri-
. ture that could be found in each of the ‘ . .
(c) both the hypogastric and gluteal . . . . ac region; and (e) in the pectoral region.
. ) following locations relative to the ribs:
regions, (d) both kidneys, (e) both the . L. . . .
medial, lateral, superior, inferior, deep, 5. Why do you think people with
sternum and vertebral column, and ficial . d ior. T . . i b
(f) both the heart and uterus superficial, posterior, and anterior. Try imaginary illnesses came to be
' not to use the same example twice. called hypochondriacs?
2. Laypeople often misunderstand ana- 4. Based on the illustrations in this atlas, Answers at www.mhhe.com/saladin5

tomical terminology. What do you

identify an internal organ that is (a) in


www.mhhe.com/saladin5
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1. Organization of the Body 2. The Chemistry of Life

hy is too much sodium or cholesterol
W harmful? Why does an iron deficiency cause

anemia and an iodine deficiency cause a
goiter? Why does a pH imbalance make some drugs
less effective? Why do some pregnant women suffer
convulsions after several days of vomiting? How can
radiation cause cancer as well as cure it?

None of these questions can be answered, nor
would the rest of this book be intelligible, without
understanding the chemistry of life. A little knowledge
of chemistry can help you choose a healthy diet, use
medications more wisely, avoid worthless health fads
and frauds, and explain treatments and procedures to

human body with basic chemistry, the simplest level of
the body’s structural organization.

We will progress from general chemistry to
biochemistry, study of the molecules that compose
living organisms—especially molecules unique to living
common knowledge that we need proteins, fats, carbo-

should avoid consuming too much saturated fat and

of what these molecules are, much less how they
function in the body. Such knowledge is very helpful in

essential to the comprehension of the rest of this book.

2.1 Atoms, lons, and Molecules

Objectives
When you have completed this section, you should be
able to

* name the chemical elements of the body from
their chemical symbols;

 distinguish between chemical elements and
compounds;

» state the functions of minerals in the body;

+ explain the basis for radioactivity and the types
and hazards of ionizing radiation;

+ distinguish between ions, electrolytes, and free
radicals; and

+ define the types of chemical bonds.

your patients or clients. Thus, we begin our study of the

things, such as carbohydrates, fats, proteins, and nucleic
acids. Most people have at least heard of these and it is

hydrates, vitamins, and minerals in our diet, and that we

cholesterol. But most people have only a vague concept

matters of personal fithess and patient education and is

© The McGraw-Hill
Companies, 2010

The Chemical Elements

A chemical element is the simplest form of matter to have
unique chemical properties. Water, for example, has
unique properties, but it can be broken down into two ele-
ments, hydrogen and oxygen, that have unique chemical
properties of their own. If we carry this process any further,
however, we find that hydrogen and oxygen are made of
protons, neutrons, and electrons—and none of these are
unique. A proton of gold is identical to a proton of oxygen.
Hydrogen and oxygen are the simplest chemically unique
components of water and are thus elements.

Each element is identified by an atomic number, the
number of protons in its nucleus. The atomic number of
carbon is 6 and that of oxygen is 8, for example. The peri-
odic table of the elements (see appendix C) arranges the
elements in order by their atomic numbers. The elements
are represented by one- or two-letter symbols, usually
based on their English names: C for carbon, Mg for mag-
nesium, Cl for chlorine, and so forth. A few symbols are
based on Latin names, such as K for potassium (kalium),
Na for sodium (natrium), and Fe for iron (ferrum).

There are 91 naturally occurring elements on earth,
24 of which play normal physiological roles in humans.
Table 2.1 groups these 24 according to their abundance
in the body. Six of them account for 98.5% of the body’s
weight: oxygen, carbon, hydrogen, nitrogen, calcium,
and phosphorus. The next 0.8% consists of another 6
elements: sulfur, potassium, sodium, chlorine, magne-
sium, and iron. The remaining 12 account for 0.7% of
body weight, and no one of them accounts for more than
0.02%; thus they are known as trace elements. Despite
their minute quantities, trace elements play vital roles
in physiology. Other elements without natural physio-
logical roles can contaminate the body and severely
disrupt its functions, as in heavy-metal poisoning with
lead or mercury.

Several of these elements are classified as minerals—
inorganic elements that are extracted from the soil by
plants and passed up the food chain to humans and
other organisms. Minerals constitute about 4% of the
human body by weight. Nearly three-quarters of this is
Ca and P; the rest is mainly Cl, Mg, K, Na, and S.
Minerals contribute significantly to body structure. The
bones and teeth consist partly of crystals of calcium,
phosphate, magnesium, fluoride, and sulfate ions. Many
proteins include sulfur, and phosphorus is a major com-
ponent of nucleic acids, ATP, and cell membranes.
Minerals also enable enzymes and other organic mole-
cules to function. Iodine is a component of thyroid hor-
mone; iron is a component of hemoglobin; and some
enzymes function only when manganese, zinc, copper,
or other minerals are bound to them. The electrolytes
needed for nerve and muscle function are mineral salts.
The biological roles of minerals are discussed in more
detail in chapters 24 and 26.
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TABLE 2.1 Elements of the Human Body

Percentage of

Name Symbol Body Weight
Major Elements (Total 98.5%)
Oxygen (0] 65.0
Carbon © 18.0
Hydrogen H 10.0
Nitrogen N 3.0
Calcium Ca 15
Phosphorus P 1.0
Lesser Elements (Total 0.8%)
Sulfur S 0.25
Potassium K 0.20
Sodium Na 0.15
Chlorine Cl 0.15
Magnesium Mg 0.05
Iron Fe 0.006
Trace Elements (Total 0.7%)
Chromium Cr Molybdenum Mo
Cobalt Co Selenium Se
Copper Cu Silicon Si
Fluorine F Tin Sn
lodine I Vanadium \Y
Manganese Mn Zinc Zn
Third
Second energy
First energy level
energy level
level

RN

N

Carbon (C) 6p*, 6e", 6n°
Atomic number = 6
Atomic mass = 12

Nitrogen (N) 7p*, 7e", 7n°
Atomic number
Atomic mass

2. The Chemistry of Life

OROR

Sodium (Na) 11p*, 11e’, 12n°
7 Atomic number
14 Atomic mass
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Atomic Structure

In the fifth century BCE, the Greek philosopher Democritus
reasoned that we can cut matter such as a gold nugget into
smaller and smaller pieces, but there must ultimately be
particles so small that nothing could cut them. He called
these imaginary particles atoms® (“indivisible”). Atoms
were only a philosophical concept until 1803, when
English chemist John Dalton began to develop an atomic
theory based on experimental evidence. In 1913, Danish
physicist Niels Bohr proposed a model of atomic struc-
ture similar to planets orbiting the sun (figs. 2.1 and 2.2).
Although this planetary model is too simple to account
for many of the properties of atoms, it remains useful for
elementary purposes.

At the center of an atom is the nucleus, composed of
protons and neutrons. Protons (p*) have a single positive
charge and neutrons (n°) have no charge. Each proton or
neutron weighs approximately 1 atomic mass unit (amu),
defined as one-twelfth the mass of an atom of carbon-12.
The atomic mass of an element is approximately equal to
its total number of protons and neutrons.

Around the nucleus are one or more concentric clouds
of electrons (e”), tiny particles with a single negative
charge and very low mass. It takes 1,836 electrons to equal
1 amu, so for most purposes we can disregard their mass.
A person who weighs 64 kg (140 1b) contains less than 24 g
(1 oz) of electrons. This hardly means that we can ignore
electrons, however. They determine the chemical proper-
ties of an atom, thereby governing what molecules can
exist and what chemical reactions can occur. The number
of electrons equals the number of protons, so their charges
cancel each other and an atom is electrically neutral.

la = not + tom = cut

Fourth
energy
level

Potassium (K) 19p*, 19¢7, 20n°

11 Atomic number = 19
23 Atomic mass = 39

FIGURE 2.1 Bohr Planetary Models of Four Representative Elements. Note the filling of electron shells as atomic number increases

(p* = protons; e™ = electrons; n° = neutrons).

4 Will potassium have a greater tendency to give up an electron or to take one away from another atom?
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Hydrogen ("H) Deuterium (2H)

(1p*, 0n°, 1e7) (1p*, 1n°, 1)
Key
. = Proton
a o = Neutron
@ =Electron
Tritium (3H)

(1p*, 2n°, 1e7)

FIGURE 2.2 Isotopes of Hydrogen. The three isotopes
differ only in the number of neutrons present (p* = protons;
n° = neutrons; e~ = electrons).

Electrons swarm about the nucleus in concentric
regions called electron shells (energy levels). The more
energy an electron has, the farther away from the nucleus
its orbit lies. Each shell holds a limited number of electrons
(fig. 2.1). The one closest to the nucleus holds a maximum
of 2 electrons, the second one holds a maximum of 8, and
the third holds a maximum of 18. The outermost shell
never holds more than 8 electrons, but a shell can acquire
more electrons after another one, farther out, begins to fill.
Thus, the third shell will hold 18 electrons only in atoms
with four or more shells. The elements known to date have
up to seven electron shells, but those ordinarily involved
in human physiology do not exceed four.

The electrons of the outermost shell, called valence
electrons, determine the chemical bonding properties of
an atom. An atom tends to bond with other atoms that will
fill its outer shell and produce a stable number of valence
electrons. A hydrogen atom, with only one electron shell
and one electron (fig. 2.2), tends to react with other atoms
that provide another electron and fill this shell with a sta-
ble number of two electrons. All other atoms react in ways
that produce eight electrons in the valence shell.
This tendency is called the octet rule (rule of eights).

Isotopes and Radioactivity

Dalton believed that every atom of an element was
identical. We now know, however, that all elements have
varieties called isotopes,? which differ from one another

Ziso = same + top = place (same position in the periodic table)

2. The Chemistry of Life
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only in number of neutrons and therefore in atomic mass.
Most hydrogen atoms, for example, have only one proton;
this isotope is symbolized 'H. Hydrogen has two other
isotopes: deuterium (*H) with one proton and one neutron,
and tritium (*H) with one proton and two neutrons (fig.
2.2). Over 99% of carbon atoms have an atomic mass of 12
(6p*, 61n°) and are called carbon-12 (*2C), but a small per-
centage of carbon atoms are *C, with seven neutrons, and
14C, with eight. All isotopes of a given element behave the
same chemically. Deuterium (?H), for example, reacts with
oxygen the same way 'H does to produce water.

The atomic weight of an element accounts for the fact
that an element is a mixture of isotopes. If all carbon were
12C, the atomic weight of carbon would be the same as its
atomic mass, 12.000. But since a sample of carbon also
contains small amounts of the heavier isotopes *C and
14C, the atomic weight is slightly higher, 12.011.

Although different isotopes of an element exhibit
identical chemical behavior, they differ in physical
behavior. Many of them are unstable and decay (break
down) to more stable isotopes by giving off radiation.
Unstable isotopes are therefore called radioisotopes, and
the process of decay is called radioactivity (see Insight
2.1). Every element has at least one radioisotope. Oxygen,
for example, has three stable isotopes and five radioiso-
topes. All of us contain radioisotopes such as C and
40K—that is, we are all mildly radioactive!

Many forms of radiation, such as light and radio
waves, have low energy and are harmless. High-energy
radiation, however, ejects electrons from atoms, convert-
ing atoms to ions; thus it is called ionizing radiation. It
destroys molecules and produces dangerous free radicals
and ions in human tissues. In high doses, ionizing radia-
tion is quickly fatal. In lower doses, it can be mutagenic
(causing mutations in DNA) and carcinogenic (triggering
cancer as a result of mutation).

Examples of ionizing radiation include ultraviolet
rays, X-rays, and three kinds of radiation produced by
nuclear decay: alpha () particles, beta (B) particles, and
gamma (y) rays. An alpha particle is composed of two
protons and two neutrons (equivalent to a helium nucle-
us), and a beta particle is a free electron. Alpha particles
are too large to penetrate the skin, and beta particles can
penetrate only a few millimeters. They are relatively
harmless when emitted by sources outside the body, but
they are very dangerous when emitted by radioisotopes
that have gotten into the body. Strontium-90 (°°Sr), for
example, has been released by nuclear accidents and the
atmospheric testing of nuclear weapons. It settles onto
pastures and contaminates cow’s milk. In the body, it
behaves chemically like calcium, becoming incorporated
into the bones, where it emits beta particles for years.
Uranium and plutonium emit electromagnetic gamma
rays, which have high energy and penetrating power.
Gamma rays are very dangerous even when emitted by
sources outside the body.
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INSIGHT 2.1 Medical History

Radiation and Madame Curie

In 1896, French scientist Henri Becquerel (1852-1908) discov-
ered that uranium darkened photographic plates through sev-
eral thick layers of paper. Marie Curie (1867-1934) and Pierre
Curie (1859-1906), her husband, discovered that polonium and
radium did likewise. Marie Curie coined the term radioactivity
for the emission of energy by these elements. Becquerel and
the Curies shared a Nobel Prize in 1903 for this discovery.

Marie Curie (fig. 2.3) was not only the first woman in the
world to receive a Nobel Prize but also the first woman in
France even to receive a Ph.D. She received a second Nobel
Prize in 1911 for further work in radiation. Curie crusaded to train
women for careers in science, and in World War |, she and her
daughter, Iréne Joliot-Curie (1897-1956), trained physicians in
the use of X-ray machines. Curie pioneered radiation therapy
for breast and uterine cancer.

In the wake of such discoveries, radium was regarded as a
wonder drug. Unaware of its danger, people drank radium tonics
and flocked to health spas to bathe in radium-enriched waters.
Marie herself suffered extensive damage to her hands from
handling radioactive minerals and died of radiation poisoning
at age 67. The following year, Iréne and her husband, Frédéric
Joliot (1900-1958), were awarded a Nobel Prize for work in arti-
ficial radioactivity and synthetic radioisotopes. Apparently also a
martyr to her science, Iréne died of leukemia, possibly induced
by radiation exposure.

2. The Chemistry of Life
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FIGURE 2.3 Marie Curie (1867-1934). This portrait was made
in 1911, when Curie received her second Nobel Prize.

Each radioisotope has a characteristic physical half-
life, the time required for 50% of its atoms to decay to
a more stable state. One gram of *Sr, for example, would
be half gone in 28 years. In 56 years, there would still be
0.25 g left, in 84 years 0.125 g, and so forth. Many radio-
isotopes are much longer-lived. The half-life of %°K, for
example, is 1.3 billion years. Nuclear power plants pro-
duce hundreds of radioisotopes that will be intensely
radioactive for at least 10,000 years—longer than the life
of any disposal container yet conceived.

The biological half-life of a radioisotope is the time
required for half of it to disappear from the body. Some of
it is lost by radioactive decay and even more of it by
excretion from the body. Cesium-137, for example, has a
physical half-life of 30 years but a biological half-life of
only 17 days. Chemically, it behaves like potassium; it is
quite mobile and rapidly excreted by the kidneys.

There are several ways to measure the intensity of
ionizing radiation, the amount absorbed by the body, and
its biological effects. To understand the units of measure-
ment requires a grounding in physics beyond the scope of
this book, but the standard international (SI) unit of radia-
tion exposure is the sievert® (Sv), which takes into account
the type and intensity of radiation and its biological effect.

3Rolf Maximillian Sievert (1896—1966), Swedish radiologist

Doses of 5 Sv or more are usually fatal. The average
American receives about 3.6 millisieverts (mSv) per year in
background radiation from natural sources and another
0.6 mSv from artificial sources. The most significant natu-
ral source is radon, a gas that is produced by the decay of
uranium in the earth and that may accumulate in buildings
to unhealthy levels. Artificial sources of radiation exposure
include medical X-rays, radiation therapy, and consumer
products such as color televisions, smoke detectors, and
luminous watch dials. Such voluntary exposure must be
considered from the standpoint of its risk-to-benefit ratio.
The benefits of a smoke detector or mammogram far out-
weigh the risk from the low levels of radiation involved.
Radiation therapists and radiologists face a greater risk
than their patients, however, and astronauts and airline
flight crews receive more than average exposure. U.S. fed-
eral standards set a limit of 50 mSv/year as acceptable
occupational exposure to ionizing radiation.

lons, Electrolytes, and Free Radicals

Tons are charged particles with unequal numbers of pro-
tons and electrons. Elements with one to three valence
electrons tend to give them up, and those with four to
seven electrons tend to gain more. If an atom of the first
kind is exposed to an atom of the second, electrons may
transfer from one to the other and turn both of them into
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ions. This process is called ionization. The particle that
gains electrons acquires a negative charge and is called an
anion (AN-eye-on). The one that loses electrons acquires
a positive charge (because it then has a surplus of pro-
tons) and is called a cation (CAT-eye-on).

Consider, for example, what happens when sodium
and chlorine meet (fig. 2.4). Sodium has three electron
shells with a total of 11 electrons: 2 in the first shell, 8 in
the second, and 1 in the third. If it gives up the electron
in the third shell, its second shell becomes the valence
shell and has the stable configuration of 8 electrons.
Chlorine has 17 electrons: 2 in the first shell, 8 in the
second, and 7 in the third. If it can gain one more elec-
tron, it can fill the third shell with 8 electrons and become
stable. Sodium and chlorine seem “made for each other”—
one needs to lose an electron and the other needs to gain
one. This is just what they do. When they interact, an
electron transfers from sodium to chlorine. Now, sodium
has 11 protons in its nucleus but only 10 electrons. This
imbalance gives it a positive charge, so we symbolize the

—\
)

11 protons Sodium 17 protons Chlorine
12 neutrons atom (Na) 18 neutrons atom (Cl)
11 electrons 17 electrons

@Transfer of an electron from a sodium atom to a chlorine atom

ORON

»
11 protons I
12 neutrons :|~ Sodium

17 protons )
Chlorid
ion (Na*) 18 neutrons ion ?(rDII‘()e
10 electrons 18 electrons
L |

T
Sodium chloride

@The charged sodium ion (Na*) and chloride ion (CI") that result

FIGURE 2.4 Ionization.
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sodium ion Na*. Chlorine has been changed to the chlo-
ride ion with a surplus negative charge, symbolized Cl™.

Some elements exist in two or more ionized forms. Iron,
for example, has ferrous (Fe?") and ferric (Fe®*) ions. Note
that some ions have a single positive or negative charge,
whereas others have charges of +2 or +3 because they gain
or lose more than one electron. The charge on an ion is
called its valence. Ions are not always single atoms that have
become charged; some are groups of atoms—phosphate
(PO,*7) and bicarbonate (HCO, ") ions, for example.

Ions with opposite charges are attracted to each other
and tend to follow each other through the body. Thus,
when Na* is excreted in the urine, C1~ tends to follow it.
The attraction of cations and anions to each other is
important in maintaining the excitability of muscle and
nerve cells, as we shall see in chapters 11 and 12.

Electrolytes are salts that ionize in water and form
solutions capable of conducting electricity (table 2.2). We
can detect electrical activity of the muscles, heart, and
brain with electrodes on the skin because electrolytes in
the body fluids conduct electrical currents from these
organs to the skin surface. Electrolytes are important for
their chemical reactivity (as when calcium phosphate
becomes incorporated into bone), osmotic effects
(influence on water content and distribution in the body),
and electrical effects (which are essential to nerve and
muscle function). Electrolyte balance is one of the most
important considerations in patient care. Electrolyte
imbalances have effects ranging from muscle cramps and
brittle bones to coma and cardiac arrest.

Free radicals are chemical particles with an odd
number of electrons. For example, oxygen normally exists
as a stable molecule composed of two oxygen atoms, O,;
but if an additional electron is added, it becomes a free
radical called the superoxide anion, O, e. Free radicals
are represented with a dot to symbolize the odd electron.

Free radicals are produced by some normal metabolic
reactions of the body (such as the ATP-producing oxidation
reactions in mitochondria, and a reaction that some white
blood cells use to kill bacteria); by radiation (such as ultra-
violet radiation and X-rays); and by chemicals (such as car-
bon tetrachloride, a cleaning solvent, and nitrites, present as
preservatives in some wine, meat, and other foods). They are

TABLE 2.2 Major Electrolytes and the lons
Released by their Dissociation

Electrolyte Cation Anion
Calcium chloride (CaCl,) - Ca?*+ 2 ClI-
Disodium phosphate (Na,HPO,) - 2 Na* HPO,>~
Magnesium chloride (MgCl,) - Mg2+ 2 ClI-
Potassium chloride (KCI) - K* Cl-
Sodium bicarbonate (NaHCO3) - Na* HCOz~
Sodium chloride (NaCl) - Na* Cl-
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short-lived and combine quickly with molecules such as
fats, proteins, and DNA, converting them into free radicals
and triggering chain reactions that destroy still more mole-
cules. Among the damages caused by free radicals are some
forms of cancer and myocardial infarction, the death of heart
tissue. One theory of aging is that it results in part from life-
long cellular damage by free radicals.

Because free radicals are so common and destructive,
we have multiple mechanisms for neutralizing them. An
antioxidant is a chemical that neutralizes free radicals.
The body produces an enzyme called superoxide dismu-
tase (SOD), for example, that converts superoxide into
oxygen and hydrogen peroxide. Selenium, vitamin E
(o-tocopherol), vitamin C (ascorbic acid), and carotenoids
(such as B-carotene) are some antioxidants obtained from
the diet. Dietary deficiencies of antioxidants have been
associated with increased incidence of heart attacks,
sterility, muscular dystrophy, and other disorders.

Molecules and Chemical Bonds

Molecules are chemical particles composed of two or
more atoms united by a chemical bond. The atoms may be
identical, as in nitrogen (N,), or different, as in glucose
(Ce¢H,,04). Molecules composed of two or more different
elements are called compounds. Oxygen (0O,) and carbon
dioxide (CO,) are both molecules, because they consist of
at least two atoms; but only CO, is a compound, because
it has atoms of two different elements.

Molecules can be represented by molecular formulae
that identify their constituent elements and show how
many atoms of each are present. Molecules with identical
molecular formulae but different arrangements of their
atoms are called isomers* of each other. For example, both
ethanol (grain alcohol) and ethyl ether have the molecular
formula C,HyO, but they are certainly not interchangeable!
To show the difference between them, we use structural
formulae that show the location of each atom (fig. 2.5).

The molecular weight (MW) of a compound is the sum
of the atomic weights of its atoms. Rounding the atomic
mass units (amu) to whole numbers, we can calculate the
approximate MW of glucose (CgH,,04), for example, as

6 Catoms X 12amueach = 72amu
12 Hatoms X 1 amu each = 12 amu
6 Oatoms X 16 amueach = 96 amu
Molecular weight (MW) = 180 amu

Molecular weight is needed to compute some measures of
concentration, as we shall see later.

A molecule is held together, and molecules are
attracted to one another, by forces called chemical bonds.
The bonds of greatest physiological interest are ionic
bonds, covalent bonds, hydrogen bonds, and van der
Waals forces (table 2.3).

4iso = same + mer = part
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Condensed
Structural structural Molecular
formulae formulae formulae

T
Ethanol H—(|3—C|:—OH CH4CH,OH CoH0

Ethyl ether CH3OCH3 C,HgO

FIGURE 2.5 Structural Isomers, Ethanol and Ethyl Ether.
The molecular formulae are identical, but the structures and
chemical properties are different.

An ionic bond is the attraction of a cation to an anion.
Sodium (Na*) and chloride (Cl™) ions, for example, are
attracted to each other and form the compound sodium
chloride (NaCl), common table salt. Ionic compounds can
be composed of more than two ions. Calcium has two

TABLE 2.3 Types of Chemical Bonds

Bond Type Definition and Remarks

lonic bond Relatively weak attraction between an
anion and a cation. Easily disrupted

in water, as when salt dissolves.

Covalent bond Sharing of one or more pairs of

electrons between nuclei.

Single covalent Sharing of one electron pair.

Double covalent Sharing of two electron pairs. Often
occurs between carbon atoms,
between carbon and oxygen, and

between carbon and nitrogen.

Covalent bond in which electrons are
equally attracted to both nuclei. May
be single or double. Strongest type
of chemical bond.

Nonpolar covalent

Covalent bond in which electrons are
more attracted to one nucleus than
to the other, resulting in slightly
positive and negative regions in one
molecule. May be single or double.

Polar covalent

Hydrogen bond Weak attraction between polarized
molecules or between polarized
regions of the same molecule.
Important in the three-dimensional
folding and coiling of large
molecules. Easily disrupted by

temperature and pH changes.

Weak, brief attraction due to random
disturbances in the electron clouds of
adjacent atoms. Weakest of all bonds.

Van der Waals force
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valence electrons. It can become stable by donating one
electron to one chlorine atom and the other electron to
another chlorine, thus producing a calcium ion (Ca®*) and
two chloride ions. The result is calcium chloride, CaCl,.
Ionic bonds are weak and easily dissociate (break up) in
the presence of something more attractive, such as water.
The ionic bonds of NaCl break down easily as salt
dissolves in water, because both Na* and Cl~ are more
attracted to water molecules than they are to each other.

[ Think About It

Do you think ionic bonds are common in the human
body? Explain your answetr.

Covalent bonds form by the sharing of electrons. For
example, two hydrogen atoms share valence electrons to
form a hydrogen molecule, H, (fig. 2.6a). The two elec-
trons, one donated by each atom, swarm around both
nuclei in a dumbbell-shaped cloud. A single covalent
bond is the sharing of a single pair of electrons. It is sym-
bolized by a single line between atomic symbols, for
example H—H. A double covalent bond is the sharing of
two pairs of electrons. In carbon dioxide, for example, a
central carbon atom shares two electron pairs with each
oxygen atom. Such bonds are symbolized by two lines—
for example, O=C=0 (fig. 2.6b).

When shared electrons spend approximately equal
time around each nucleus, they form a nonpolar covalent

@ - @ — @] @

H—H
Hydrogen molecule (Hy)

Hydrogen atom  Hydrogen atom

(a)

Carbon atom

Oxygen atom Oxygen atom

6p*
‘sgo :
O=—C=—=0

Carbon dioxide molecule (CO,)

(b)

FIGURE 2.6 Covalent Bonding. (a) Two hydrogen atoms share
a single pair of electrons to form a hydrogen molecule. (b) A carbon
dioxide molecule, in which a carbon atom shares two pairs of
electrons with each oxygen atom, forming double covalent bonds.

4 How is the octet rule illustrated by the CO, molecule?
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Nonpolar covalent

C—C bond
(a)
i Polar covalent
O—H bond
o J o+
(b)

FIGURE 2.7 Nonpolar and Polar Covalent Bonds.

(@) A nonpolar covalent bond between two carbon atoms,
formed by electrons that spend an equal amount of time around
each nucleus, as represented by the symmetric blue cloud.

(b) A polar covalent bond, in which electrons orbit one nucleus
significantly more than the other, as represented by the asym-
metric cloud. This results in a slight negative charge (6—) in the
region where the electrons spend most of their time, and a slight
positive charge (3+) at the other pole.

bond (fig. 2.7a), the strongest of all chemical bonds.
Carbon atoms bond to each other with nonpolar covalent
bonds. If shared electrons spend significantly more time
orbiting one nucleus than they do the other, they lend
their negative charge to the region where they spend the
most time, and they form a polar covalent bond (fig. 2.7b).
When hydrogen bonds with oxygen, for example, the elec-
trons are more attracted to the oxygen nucleus and orbit it
more than they do the hydrogen. This makes the oxygen
region of the molecule slightly negative and the hydrogen
regions slightly positive. The Greek delta (3) is used to
symbolize a charge less than that of one electron or proton.
A slightly negative region of a molecule is represented 8-
and a slightly positive region is represented 8+.

A hydrogen bond is a weak attraction between a
slightly positive hydrogen atom in one molecule and a
slightly negative oxygen or nitrogen atom in another.
Water molecules, for example, are weakly attracted to
each other by hydrogen bonds (fig. 2.8). Hydrogen bonds
also form between different regions of the same molecule,
especially in very large molecules such as proteins and
DNA. They cause such molecules to fold or coil into
precise three-dimensional shapes. Hydrogen bonds are
represented by dotted or broken lines between atoms:
—C=0---H—N—. Hydrogen bonds are relatively weak,
but they are enormously important to physiology.
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Covalent bond

Hydrogen bond ——

Water molecule

Yy

FIGURE 2.8 Hydrogen Bonding of Water. The polar covalent
bonds of water molecules enable each oxygen to form a hydrogen
bond with a hydrogen of a neighboring molecule. Thus, the water
molecules are weakly attracted to each other.

4 Why would this behavior raise the boiling point of water above
that of a nonpolar liquid?

Van der Waals® forces are weak, brief attractions
between neutral atoms. When electrons orbit an atom’s
nucleus, they do not maintain a uniform distribution but
show random fluctuations in density. If the electrons
briefly crowd toward one side of an atom, they render
that side slightly negative and the other side slightly
positive for a moment. If another atom is close enough to
this one, the second atom responds with disturbances in
its own electron cloud. Oppositely charged regions of
the two atoms then attract each other for a very short
instant in time.

A single van der Waals attraction is only about 1% as
strong as a covalent bond, but when two surfaces or large
molecules meet, the van der Waals attractions between
large numbers of atoms can create a very strong attraction.
This is how plastic wrap clings to food and dishes; flies
and spiders walk across a ceiling; and even a 100-g lizard,
the Tokay gecko, can run up a windowpane. Van der Waals
forces also have a significant effect on the boiling points of
liquids. In human structure, they are especially important
in protein folding, the binding of proteins to each other and
to other molecules such as hormones, and the association

5Johannes Diderik van der Waals (1837-1923), Dutch physicist
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of lipid molecules with each other. Some of these molecular

behaviors are described later in this chapter.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

1. Consider iron (Fe), hydrogen gas (H,), and ammonia
(NH3). Which of these is or are atoms? Which of them is
or are molecules? Which of them is or are compounds?
Explain each answetr.

2. Why is the biological half-life of a radioisotope shorter
than its physical half-life?

3. Where do free radicals come from? What harm do they
do? How is the body protected from free radicals?

4. How does an ionic bond differ from a covalent bond?

5. What is a hydrogen bond? Why do hydrogen bonds
depend on the existence of polar covalent bonds?

2.2 Water and Mixtures

Objectives
When you have completed this section, you should be
able to

* define mixture and distinguish between mixtures and
compounds;

« describe the biologically important properties of
water;

¢ show how three kinds of mixtures differ from each
other;

* discuss some ways in which the concentration of a
solution can be expressed, and explain why different
expressions of concentration are used for different
purposes; and

« define acid and base and interpret the pH scale.

Our body fluids are complex mixtures of chemicals. A
mixture consists of substances that are physically blend-
ed but not chemically combined. Each substance retains
its own chemical properties. To contrast a mixture with
a compound, consider sodium chloride again. Sodium is
a lightweight metal that bursts into flame if exposed to
water, and chlorine is a yellow-green poisonous gas that
was used for chemical warfare in World War 1. When
these elements chemically react, they form common table
salt. Clearly, the compound has properties much different
from the properties of its elements. But if you were to put
a little salt on your watermelon, the watermelon would
taste salty and sweet because the sugar of the melon and
the salt you added would merely form a mixture in which
each compound retained its individual properties.
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FIGURE 2.9 Water and Hydration Spheres. (a) A water molecule showing its bond angle and polarity. (b) Water molecules aggregate
around a sodium ion with their negatively charged oxygen poles facing the Na* and aggregate around a chloride ion with their positively

charged hydrogen poles facing the CI-.

Water

Most mixtures in our bodies consist of chemicals dis-
solved or suspended in water. Water constitutes 50% to
75% of your body weight, depending on age, sex, fat
content, and other factors. Its structure, simple as it is, has
profound biological effects. Two aspects of its structure
are particularly important: (1) its atoms are joined by
polar covalent bonds, and (2) the molecule is V-shaped,
with a 105° bond angle (fig. 2.9a). This makes the molecule
as a whole polar, with a slight negative charge (5—) on the
oxygen and a slight positive charge (8+) on each hydrogen.
Like little magnets, water molecules are attracted to one
another by hydrogen bonds (see fig. 2.8). This gives water
a set of properties that account for its ability to support
life: solvency, cohesion, adhesion, chemical reactivity,
and thermal stability.

Solvency is the ability to dissolve other chemicals.
Water is sometimes called the universal solvent because
it dissolves a broader range of substances than any other
liquid. Substances that dissolve in water, such as sugar, are
said to be hydrophilic® (HY-dro-FILL-ic); the relatively
few substances that do not, such as fats, are hydrophebic”
(HY-dro-FOE-bic). Virtually all metabolic reactions depend
on the solvency of water. Biological molecules must be dis-
solved in water to move freely, come together, and react.
The solvency of water also makes it the body’s primary
means of transporting substances from place to place.

To be soluble in water, a molecule must be polarized
or charged so that its charges can interact with those

Shydro = water + philic = loving, attracted to
"phobic = fearing, avoiding

of water. When NaCl is dropped into water, for example,
the ionic bonds between Na* and Cl~ are overpowered
by the attraction of each ion to water molecules. Water
molecules form a cluster, or hydration sphere, around
each sodium ion with the O®" pole of each water molecule
facing the sodium ion. They also form a hydration sphere
around each chloride ion, with the H*" poles facing it.
This isolates the sodium ions from the chloride ions and
keeps them dissolved (fig. 2.9b).

Adhesion is the tendency of one substance to cling to
another, whereas cohesion is the tendency of molecules of
the same substance to cling to each other. Water adheres to
thebody’stissues and forms a lubricating film on membranes
such as the pleura and pericardium. This helps reduce fric-
tion as the lungs and heart contract and expand and rub
against these membranes. Water also is a very cohesive
liquid because of its hydrogen bonds. This is why, when
you spill water on the floor, it forms a puddle and evapo-
rates slowly. By contrast, if you spill a nonpolar substance
such as liquid nitrogen, it dances about and evaporates in
seconds, like a drop of water in a hot dry skillet. This is
because nitrogen molecules have no attraction for each
other, so the little bit of heat provided by the floor is
enough to disperse them into the air. The cohesion of water
is especially evident at its surface, where it forms an elastic
layer called the surface film held together by a force called
surface tension. This force causes water to hang in drops
from a leaky faucet and travel in rivulets down a window.

The chemical reactivity of water is its ability to par-
ticipate in chemical reactions. Not only does water ionize
many other chemicals such as acids and salts, but water
itself ionizes into H* and OH™. These ions can be incor-
porated into other molecules, or released from them, in
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the course of chemical reactions such as hydrolysis and
dehydration synthesis, described later in this chapter.

The thermal stability of water helps to stabilize the
internal temperature of the body. It results from the high
heat capacity of water—the amount of heat required to
raise the temperature of 1 g of a substance by 1°C. The base
unit of heat is the calorie® (cal)—1 cal is the amount of heat
that raises the temperature of 1 g of water 1°C. The same
amount of heat would raise the temperature of a nonpolar
substance such as nitrogen about four times as much. The
difference stems from the presence or absence of hydrogen
bonding. To increase in temperature, the molecules of a
substance must move around more actively. The hydrogen
bonds of water molecules inhibit their movement, so water
can absorb a given amount of heat without changing tem-
perature (molecular motion) as much.

The high heat capacity of water also makes it a very
effective coolant. When it changes from a liquid to a vapor,
water carries a large amount of heat with it. One milliliter
of perspiration evaporating from the skin removes about
500 cal of heat from the body. This effect is very apparent
when you are sweaty and stand in front of a fan.

[ Think About It

Why are heat and temperature not the same thing?

Solutions, Colloids, and Suspensions

Mixtures of other substances in water can be classified as
solutions, colloids, and suspensions.

A solution consists of particles of matter called the
solute mixed with a more abundant substance (usually
water) called the solvent. The solute can be a gas, solid,
or liquid—as in a solution of oxygen, sodium chloride, or
alcohol in water, respectively. Solutions are defined by
the following properties:

e The solute particles are under 1 nanometer (nm) in
size. The solute and solvent therefore cannot be
visually distinguished from each other, even with a
microscope.

e Such small particles do not scatter light noticeably,
so solutions are usually transparent (fig. 2.10a).

e The solute particles will pass through most
selectively permeable membranes, such as dialysis
tubing and cell membranes.

e The solute does not separate from the solvent when
the solution is allowed to stand.

The most common colloids® in the body are mixtures
of protein and water, such as the albumin in blood
plasma. Many colloids can change from liquid to gel
states—gelatin desserts, agar culture media, and the fluids
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8calor = heat
9collo = glue + oid = like, resembling
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FIGURE 2.10 A Solution, a Colloid, and a Suspension.

Top row: Photographs of a representative solution, colloid,
and suspension. Bottom row: Symbolic representation of the
particle sizes in each mixture. (a) In a copper sulfate solution,
the solute particles are so small they remain permanently
mixed and the solution is transparent. (b) In milk, the protein
molecules are small enough to remain permanently mixed,
but large enough to scatter light, so the mixture is opaque.
(c) In blood, the red blood cells scatter light and make the
mixture opaque. (d) Red blood cells are too large to

remain evenly mixed, so they settle to the bottom as in

this blood specimen that stood overnight.
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within and between our cells, for example. Colloids are
defined by the following physical properties:

e The colloidal particles range from 1 to 100 nm in size.

e Particles this large scatter light, so colloids are
usually cloudy (fig. 2.10b).

e The particles are too large to pass through most
selectively permeable membranes.

e The particles are still small enough, however, to
remain permanently mixed with the solvent when
the mixture stands.

The blood cells in our blood plasma exemplify a
suspension. Suspensions are defined by the following
properties:

e The suspended particles exceed 100 nm in size.

e Such large particles render suspensions cloudy or
opaque.

e The particles are too large to penetrate selectively
permeable membranes.

e The particles are too heavy to remain permanently
suspended, so suspensions separate on standing. If
allowed to stand, blood cells settle to the bottom of
a tube, for example (fig. 2.10c, d).

An emulsion is a suspension of one liquid in another,
such as oil-and-vinegar salad dressing. The fat in breast
milk is an emulsion, as are medications such as Kaopectate
and milk of magnesia.

A single mixture can fit into more than one of these
categories. Blood is a perfect example—it is a solution of
sodium chloride, a colloid of protein, and a suspension
of cells. Milk is a solution of calcium, a colloid of protein,
and an emulsion of fat. Table 2.4 summarizes the types of
mixtures and provides additional examples.

Measures of Concentration

Solutions are often described in terms of their concentra-
tion—how much solute is present in a given volume of
solution. Concentration is expressed in different ways for
different purposes, some of which are explained here.

2. The Chemistry of Life
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The table of symbols and measures in appendix D may be
helpful as you study this section.

Weight per Volume

A simple way to express concentration is the weight
of solute in a given volume of solution. For example,
intravenous (I.V.) saline typically contains 8.5 grams of
NaCl per liter of solution (8.5 g/L). For many biological
purposes, however, we deal with smaller quantities
such as milligrams per deciliter (mg/dL; 1 dL. = 100 mL).
For example, a typical serum cholesterol concentration
may be 200 mg/dL, also expressed 200 mg/100 mL or
200 milligram-percent (mg-%).

Percentages

Percentage concentrations are also simple to compute, but
it is necessary to specify whether the percentage refers to
the weight or to the volume of solute in a given volume of
solution. For example, if we begin with 5 g of dextrose (an
isomer of glucose) and add enough water to make 100 mL
of solution, the resulting concentration will be 5% weight
per volume (w/v). A common intravenous fluid is D5W,
which stands for 5% w/v dextrose in distilled water. If the
solute is a liquid, such as ethanol, percentages refer to
volume of solute per volume of solution. Thus, 70 mL of
ethanol diluted with water to 100 mL of solution pro-
duces 70% volume per volume (70% v/v) ethanol.

Molarity

Percentage concentrations are easy to prepare, but that unit
of measurement is inadequate for many purposes. The
physiological effect of a chemical depends on how many
molecules of it are present in a given volume, not the
weight of the chemical. Five percent glucose, for example,
contains almost twice as many glucose molecules as the
same volume of 5% sucrose (fig. 2.11a). Each solution con-
tains 50 g of sugar per liter, but glucose has a molecular
weight (MW) of 180 and sucrose has a MW of 342. Since
each molecule of glucose is lighter, 50 g of glucose contains
more molecules than 50 g of sucrose.

TABLE 2.4 Types of Mixtures

Solution
Particle Size <1nm
Appearance Clear
Will particles settle out? No
Will particles pass through a selectively Yes

permeable membrane?

Examples
0O, in water

Saline solutions
Sugar in coffee

Glucose in blood

Colloid Suspension

1-100 nm >100 nm

Often cloudy Cloudy-opaque

No Yes

No No

Proteins in blood Blood cells
Intracellular fluid Cornstarch in water
Milk protein Fats in blood
Gelatin Kaopectate
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(b) Solutions of equal molar concentration

FIGURE 2.11 Comparison of Percentage and Molar
Concentrations. (a) Solutions with the same percentage concen-
trations can differ greatly in the number of molecules per volume
because of differences in molecular weights of the solutes. Fifty
grams of sucrose has about half as many molecules as 50 g of
glucose, for example. (b) Solutions with the same molarity have
the same number of molecules per volume because molarity
takes differences in molecular weight into account.

To produce solutions with a known number of mole-
cules per volume, we must factor in the molecular weight.
If we know the MW and weigh out that many grams of
the substance, we have a quantity known as its gram
molecular weight, or 1 mole. One mole of glucose is 180 g
and 1 mole of sucrose is 342 g. Each quantity contains the
same number of molecules of the respective sugar—
a number known as the Avogadro!® number, 6.023 X 10%°.
Such a large number is hard to imagine. If each molecule
were the size of a pea, 6.023 X 10%* molecules would cover
60 earth-size planets 3 m (10 ft) deep!

Molarity (M) is the number of moles of solute per liter
of solution. A one-molar (1.0 M) solution of glucose con-
tains 180 g/L, and 1.0 M solution of sucrose contains

10Amedeo Avogadro (1776—1856), Italian chemist
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342 g/L. Both have the same number of solute molecules
in a given volume (fig. 2.11b). Body fluids and laboratory
solutions usually are less concentrated than 1 M, so biolo-
gists and clinicians more often work with millimolar
(mM) and micromolar (pM) concentrations—10~° and
1076 M, respectively.

Electrolyte Concentrations

Electrolytes are important for their chemical, physical
(osmotic), and electrical effects on the body. Their electri-
cal effects, which determine such things as nerve, heart,
and muscle actions, depend not only on their concentration
but also on their electrical charge. A calcium ion (Ca%*)
has twice the electrical effect of a sodium ion (Na*), for
example, because it carries twice the charge. When we
measure electrolyte concentrations, we must therefore
take the charges into account.

One equivalent (Eq) of an electrolyte is the amount
that would electrically neutralize 1 mole of hydrogen ions
(H*) or hydroxide ions (OH7). For example, 1 mole
(58.4 g) of NaCl yields 1 mole, or 1 Eq, of Na* in solution.
Thus, an NaCl solution of 58.4 g/L contains 1 equivalent
of Na* per liter (1 Eq/L). One mole (98 g) of sulfuric acid
(H,S0,) yields 2 moles of positive charges (H*). Thus, 98 g
of sulfuric acid per liter would be a solution of 2 Eq/L.

The electrolytes in our body fluids have concentra-
tions less than 1 Eq/L, so we more often express their
concentrations in milliequivalents per liter (mEq/L). If
you know the millimolar concentration of an electrolyte,
you can easily convert this to mEq/L by multiplying it by
the valence of the ion:

1mMNa* = 1mEq/L
1 mM Ca?* = 2 mEq/L
1 mM Fe3* = 3 mEq/L

Acids, Bases, and pH

Most people have some sense of what acids and bases are.
Advertisements are full of references to excess stomach
acid and pH-balanced shampoo. We know that drain
cleaner (a strong base) and battery acid can cause serious
chemical burns. But what exactly do “acidic” and “basic”
mean, and how can they be quantified?

An acid is any proton donor, a molecule that releases
a proton (H*) in water. A base is a proton acceptor. Since
hydroxide ions (OH™) accept H*, many bases are sub-
stances that release hydroxide ions—sodium hydroxide
(NaOH), for example. A base does not have to be a hydrox-
ide donor, however. Ammonia (NHj,) is also a base. It does
not release hydroxide ions, but it readily accepts hydro-
gen ions to become the ammonium ion (NH,").

Acidity is expressed in terms of pH, a measure derived
from the molarity of H*. Molarity is represented by square
brackets, so the molarity of H* is symbolized [H*]. pH is
the negative logarithm of hydrogen ion molarity—that is,
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. Pure water ) Household
] Bread, saliva Egg white leach Household
Wine, black  (6.3-6.6) ) i Bl
o vinegar Bananas, coffee : (10.5-11.0)
Gastric juice (24-35)  tomatoes . (50 ’ :
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juice l
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hydrochloric hydroxide
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pH = —log [H']. In pure water, 1 in 10 million molecules
ionizes into hydrogen and hydroxide ions: H,0 = H* +
OH™. Pure water has a neutral pH because it contains equal
amounts of H" and OH". Since 1 in 10 million molecules
ionize, the molarity of H* and the pH of water are

[H*] = 0.0000001 molar = 1077 M
log [H*] = -7
pH = —log [H'] =7

The pH scale (fig. 2.12) was invented in 1909 by
Danish biochemist and brewer Séren Sérensen to mea-
sure the acidity of beer. The scale extends from 0.0 to
14.0. A solution with a pH of 7.0 is neutral; solutions
with pH below 7 are acidic; and solutions with pH above
7 are basic (alkaline). The lower the pH value, the more
hydrogen ions a solution has and the more acidic it is.
Since the pH scale is logarithmic, a change of one whole
number on the scale represents a 10-fold change in H*
concentration. In other words, a solution with pH 4 is 10
times as acidic as one with pH 5 and 100 times as acidic
as one with pH 6.

Slight disturbances of pH can seriously disrupt phys-
iological functions and alter drug actions (see Insight 2.2),
so it is important that the body carefully control its pH.
Blood, for example, normally has a pH ranging from 7.35
to 7.45. Deviations from this range cause tremors, faint-
ing, paralysis, or even death. Chemical solutions that
resist changes in pH are called buffers. Buffers and pH
regulation are considered in detail in chapter 24.

[ Think About It

A pH of 7.20 is slightly alkaline, yet a blood pH of 7.20
is called acidosis. Why do you think it is called this?

14
FIGURE 2.12 The pH scale. The pH is shown within the colored bar. H* molarity increases 10-fold for every step down the scale.

INSIGHT 2.2 Clinical Application

pH and Drug Action

The pH of our body fluids has a direct bearing on how we react
to drugs. Depending on pH, drugs such as aspirin, phenobarbi-
tal, and penicillin can exist in charged (ionized) or uncharged
forms. Whether a drug is charged or not can determine wheth-
er it will pass through cell membranes. When aspirin is in the
acidic environment of the stomach, for example, it is uncharged
and passes easily through the stomach lining into the blood-
stream. Here it encounters a basic pH, whereupon it ionizes. In
this state, it is unable to pass back through the membrane, so it
accumulates in the blood. This effect, called ion trapping or pH
partitioning, can be controlled to help clear poisons from the
body. The pH of the urine, for example, can be manipulated so
that poisons become trapped there and thus rapidly excreted
from the body.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

6. What is the difference between a mixture and
a compound?

7. What are hydrophilic and hydrophobic substances?
Give an example of each.

8. Why would the cohesion and thermal stability of water
be less if water did not have polar covalent bonds?

9. How do solutions, colloids, and suspensions differ
from each other? Give an example of each in the
human body.
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10. What is one advantage of percentage over molarity as
a measure of solute concentration? What is one advan-
tage of molarity over percentage?

71. If solution A had an H* concentration of 10-8 M, what
would be its pH? If solution B had 1,000 times this H*
concentration, what would be its pH? Would solution
A be acidic or basic? What about solution B?

-2-3 Energy and Chemical
Reactions

Objectives
When you have completed this section, you should be
able to

» define energy and work, and describe some types
of energy;

* understand how chemical reactions are symbolized
by chemical equations;

¢+ list and define the fundamental types of chemical
reactions;

* identify the factors that govern the speed and
direction of a reaction;

* define metabolism and its two subdivisions; and

* define oxidation and reduction and relate these to
changes in the energy content of a molecule.

Energy and Work

Energy is the capacity to do work. To do work means to
move something, whether it is a muscle or a molecule.
Some examples of physiological work are breaking chem-
ical bonds, building molecules, pumping blood, and con-
tracting skeletal muscles. All of the body’s activities are
forms of work.

Energy is broadly classified as potential or kinetic
energy. Potential energy is energy contained in an object
because of its position or internal state but that is not
doing work at the time. Kinetic energy is energy of motion,
energy that is doing work. It is observed in musculoskel-
etal movements, the flow of ions into a cell, and vibration
of the eardrum, for example. The water behind a dam has
potential energy because of its position. Let the water
flow through, and it exhibits kinetic energy that can be
tapped for generating electricity. Like water behind a
dam, ions concentrated on one side of a cell membrane
have potential energy that can be released by opening
gates in the membrane. As the ions flow through the
gates, their kinetic energy can be tapped to create a nerve
signal or make the heart beat.

Within the two broad categories of potential and
kinetic energy, several forms of energy are relevant to
human physiology. Chemical energy is potential energy
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stored in the bonds of molecules. Chemical reactions
release this energy and make it available for physiological
work. Heat is the kinetic energy of molecular motion. The
temperature of a substance is a measure of rate of this
motion, and adding heat to a substance increases this rate.
Electromagnetic energy is the kinetic energy of moving
“packets” of radiation called photons. The most familiar
form of electromagnetic energy is light. Electrical energy
has both potential and kinetic forms. It is potential energy
when charged particles have accumulated at a point such
as a battery terminal or on one side of a cell membrane; it
becomes kinetic energy when these particles begin to
move and create an electrical current—for example, when
electrons move through your household wiring or sodium
ions move through a cell membrane.

Free energy is the potential energy available in a sys-
tem to do useful work. In human physiology, the most
relevant free energy is the energy stored in the chemical
bonds of organic molecules.

Classes of Chemical Reactions

A chemical reaction is a process in which a covalent or
ionic bond is formed or broken. The course of a chemical
reaction is symbolized by a chemical equation that typi-
cally shows the reactants on the left, the products on the
right, and an arrow pointing from the reactants to the
products. For example, consider this common occur-
rence: If you open a bottle of wine and let it stand for
several days, it turns sour. Wine “turns to vinegar”
because oxygen gets into the bottle and reacts with etha-
nol to produce acetic acid and water. Acetic acid gives the
tart flavor to vinegar and spoiled wine. The equation for
this reaction is

CH,CH,OH + O,
Ethanol

- CH,COOH + H,0

Oxygen Acetic acid Water

Ethanol and oxygen are the reactants, and acetic acid and
water are the products of this reaction. Not all reactions
are shown with the arrow pointing from left to right. In
complex biochemical equations, reaction chains are often
written vertically or even in circles.

Chemical reactions can be classified as decomposi-
tion, synthesis, or exchange reactions. In decomposition
reactions, a large molecule breaks down into two or more
smaller ones (fig. 2.13a); symbolically, AB - A + B.
When you eat a potato, for example, digestive enzymes
decompose its starch into thousands of glucose molecules,
and most cells further decompose glucose to water and
carbon dioxide. Starch, a very large molecule, ultimately
yields about 36,000 molecules of H,O and CO,.

Synthesis reactions are just the opposite—two or
more small molecules combine to form a larger one;
symbolically, A + B — AB (fig. 2.13b). When the body
synthesizes proteins, for example, it combines several
hundred amino acids into one protein molecule.



@ ‘ Saladin: Anatomy & 1. Organization of the Body

Physiology: The Unity of
Form and Function, Fifth

Edition
66 PART ONE Organization of the Body
- ot ! @ - *
s P
Soa?® i @J o
9 o
e ¢ @
'
av
Amino acids
Starch molecule l
& o o *
- L ]
o &
® @

Glucose molecules

(a) Decomposition reaction

2. The Chemistry of Life

rﬂ@d..

Protein molecule

(b) Synthesis reaction

© The McGraw-Hill
Companies, 2010

® > -
]
00 AB +CD
&

(c) Exchange reaction

FIGURE 2.13 Decomposition, Synthesis, and Exchange Reactions. (a) In a decomposition reaction, large molecules are broken
down into simpler ones. (b) In a synthesis reaction, smaller molecules are joined to form larger ones. (c) In an exchange reaction,

two molecules exchange atoms.
4 To which of these categories does the digestion of food belong?

In exchange reactions, two molecules exchange
atoms or groups of atoms; AB + CD — AC + BD (fig.
2.13c). For example, when stomach acid (HCI) enters the
small intestine, the pancreas secretes sodium bicarbon-
ate (NaHCO,) to neutralize it. The reaction between the
two is NaHCO; + HCI — NaCl + H,CO,. We could say
the sodium atom has exchanged its bicarbonate group
(—HCQO,) for a chlorine atom.

Reversible reactions can go in either direction under
different circumstances and are represented with paired
arrows. For example, carbon dioxide combines with
water to produce carbonic acid, which in turn decom-
poses into bicarbonate ions and hydrogen ions:

COo, + H,0 = H,CO, = HCO;~ + HY
Carbon Water Carbonic Bicarbonate Hydrogen
dioxide acid ion ion

This reaction appears in this book more often than any
other, especially as we discuss respiratory, urinary, and
digestive physiology.

The direction in which a reversible reaction goes is
determined by the relative abundance of substances on
each side of the equation. If there is a surplus of CO,,
this reaction proceeds to the right and produces bicar-
bonate and hydrogen ions. If bicarbonate and hydrogen
ions are present in excess, the reaction proceeds to the
left and generates CO, and H,O. Reversible reactions
follow the law of mass action: they proceed from the
side with the greater quantity of reactants to the side

with the lesser quantity. This law will help to explain
processes discussed in later chapters, such as why
hemoglobin binds oxygen in the lungs yet releases it to
muscle tissue.

In the absence of upsetting influences, reversible reac-
tions exist in a state of equilibrium, in which the ratio of
products to reactants is stable. The carbonic acid reaction,
for example, normally maintains a 20:1 ratio of bicarbon-
ate ions to carbonic acid molecules. This equilibrium can
be upset, however, by a surplus of hydrogen ions, which
drive the reaction to the left, or adding carbon dioxide
and driving it to the right.

Reaction Rates

The basis for chemical reactions is molecular motion and
collisions. All molecules are in constant motion, and
reactions occur when mutually reactive molecules collide
with sufficient force and the right orientation. The rate of
a reaction depends on the nature of the reactants and on
the frequency and force of these collisions. Some factors
that affect reaction rates are

¢ Concentration. Reaction rates increase when the reac-
tants are more concentrated. This is because the mole-
cules are more crowded and collide more frequently.

e Temperature. Reaction rate increases as the tempera-
ture rises. This is because heat causes molecules to
move more rapidly and collide with greater force
and frequency.
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TABLE 2.5 Energy-Transfer Reactions in the Human Body

Exergonic Reactions

Oxidation

Reactions in which there is a net release of energy. The products have less total free energy than the reactants did.

An exergonic reaction in which electrons are removed from a reactant. Electrons may be removed one or two at a

time and may be removed in the form of hydrogen atoms (H or H,). The product is then said to be oxidized.

Decomposition
Catabolism

Endergonic Reactions

Reduction
Synthesis
larger one.
Anabolism The sum of all synthesis reactions in the body.

e Catalysts (CAT-uh-lists). These are substances that
temporarily bind to reactants, hold them in a
favorable position to react with each other, and may
change the shapes of reactants in ways that make
them more likely to react. By reducing the element
of chance in molecular collisions, a catalyst speeds
up a reaction. It then releases the products and is
available to repeat the process with more reactants.
The catalyst itself is not permanently consumed or
changed by the reaction. The most important
biological catalysts are enzymes, discussed later
in this chapter.

Metabolism, Oxidation, and Reduction

All the chemical reactions in the body are collectively called
metabolism. Metabolism has two divisions: catabolism and
anabolism. Catabolism!! (ca-TAB-oh-lizm) consists of energy-
releasing decomposition reactions. Such reactions break cova-
lent bonds, produce smaller molecules from larger ones, and
release energy that can be used for other physiological work.
Energy-releasing reactions are called exergonic'? reactions. If
you hold a beaker of water in your hand and pour sulfuric
acid into it, for example, the beaker will get so hot you may
have to put it down. If you break down energy-storage mole-
cules to run a race, you too will get hot. In both cases, the heat
signifies that exergonic reactions are occurring.

Anabolism'® (ah-NAB-oh-lizm) consists of energy-
storing synthesis reactions, such as the production of
protein or fat. Reactions that require an energy input,
such as these, are called endergonic' reactions. Anabolism
is driven by the energy that catabolism releases, so ender-
gonic and exergonic processes, anabolism and catabolism,
are inseparably linked.

Oxidation is any chemical reaction in which a mole-
cule gives up electrons and releases energy. A molecule is

cato = down, to break down
2ex, exo = out + erg = work
Bana = up, to build up

end, endo = in + erg = work

A reaction such as digestion and cell respiration, in which larger molecules are broken down into smaller ones.
The sum of all decomposition reactions in the body.

Reactions in which there is a net input of energy. The products have more total free energy than the reactants did.
An endergonic reaction in which electrons are donated to a reactant. The product is then said to be reduced.

A reaction such as protein and glycogen synthesis, in which two or more smaller molecules are combined into a

oxidized by this process, and whatever molecule takes the
electrons from it is an oxidizing agent (electron acceptor).
The term oxidation stems from the fact that oxygen is
often involved as the electron acceptor. Thus, we can
sometimes recognize an oxidation reaction from the fact
that oxygen has been added to a molecule. The rusting of
iron, for example, is a slow oxidation process in which
oxygen is added to iron to form iron oxide (Fe,0,). Many
oxidation reactions, however, do not involve oxygen at
all. For example, when yeast ferments glucose to alcohol,
no oxygen is required; indeed, the alcohol contains less
oxygen than the sugar originally did, but it is more oxi-
dized than the sugar:

C¢H,,04 — 2CH,CH,OH +
Glucose Ethanol

2 CO,
Carbon dioxide

Reduction is a chemical reaction in which a molecule
gains electrons and energy. When a molecule accepts
electrons, it is said to be reduced; a molecule that donates
electrons to another is therefore called a reducing agent
(electron donor). The oxidation of one molecule is always
accompanied by the reduction of another, so these elec-
tron transfers are known as oxidation-reduction (redox)
reactions.

It is not necessary that only electrons be transferred in
a redox reaction. Often, the electrons are transferred in
the form of hydrogen atoms. The fact that a proton (the
hydrogen nucleus) is also transferred is immaterial to
whether we consider a reaction oxidation or reduction.

Table 2.5 summarizes these energy-transfer reactions.
We can symbolize oxidation and reduction as follows,
letting A and B symbolize arbitrary molecules and letting
e~ represent one or more electrons:

Ae” + B - A + Be~
High-energy Low-energy  Low-energy High-energy
reduced oxidized oxidized reduced
state state state state

Ae~ is a reducing agent because it reduces B, and B is an
oxidizing agent because it oxidizes Ae™.
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e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

12. Define energy. Distinguish potential energy from
kinetic energy.

13. Define metabolism, catabolism, and anabolism.

14. What does oxidation mean? What does reduction mean?
Which of them is endergonic and which is exergonic?

15. When sodium chloride forms, which element—sodium
or chlorine—is oxidized? Which one is reduced?

2.4 Organic Compounds

Objectives
When you have completed this section, you should be able to

+ explain why carbon is especially well suited to serve
as the structural foundation of many biological
molecules;

+ identify some common functional groups of organic
molecules from their formulae;

+ discuss the relevance of polymers to biology and
explain how they are formed and broken by
dehydration synthesis and hydrolysis;

* discuss the types and functions of carbohydrates;
» discuss the types and functions of lipids;

* discuss protein structure and function;

* explain how enzymes function;

» describe the structure, production, and function
of ATP;

* identify other nucleotide types and their functions; and
+ identify the principal types of nucleic acids.

Carbon Compounds
and Functional Groups

Organic chemistry is the study of compounds of carbon.
By 1900, biochemists had classified the organic molecules
of life into four primary categories: carbohydrates, lipids,
proteins, and nucleic acids. We examine the first three in
this chapter but describe the details of nucleic acids,
which are concerned with genetics, in chapter 4.

Carbon is an especially versatile atom that serves as
the basis of a wide variety of structures. It has four valence
electrons, so it bonds with other atoms that can provide it
with four more to complete its valence shell. Carbon
atoms readily bond with each other and can form long
chains, branched molecules, and rings—an enormous
variety of carbon backbones for organic molecules.

2. The Chemistry of Life
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Carbon also forms covalent bonds with hydrogen, oxygen,
nitrogen, sulfur, and other elements.

Carbon backbones carry a variety of functional
groups—small clusters of atoms that determine many of
the properties of an organic molecule. For example,
organic acids bear a carboxyl (car-BOC-sil) group, and
ATP is named for its three phosphate groups. Other com-
mon functional groups include hydroxyl, methyl, and
amino groups (fig. 2.14).

Monomers and Polymers

Since carbon can form long chains, some organic mol-
ecules are gigantic macromolecules with molecular
weights that range from the thousands (as in starch and

ENIR Al Structure Occurs in
Symbol

Hydroxyl

(—OH) Sugars, alcohols
Fats, oils,

M_egyil steroids,

( 3) amino acids

Carboxyl Amino acids,

(—COOH) sugars, proteins

Amino Amino acids,

(—NH,) proteins

Phosphate . .
Nucleic acids, ATP

(—HaPOy)

FIGURE 2.14 Functional Groups of Organic Molecules.
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proteins) to the millions (as in DNA). Most macromol-
ecules are polymers!’>—molecules made of a repetitive
series of identical or similar subunits called monomers
(MON-oh-murs). Starch, for example, is a polymer of
about 3,000 glucose monomers. In starch, the mono-
mers are identical, whereas in other polymers they
have a basic structural similarity but differ in detail.
DNA, for example, is made of 4 different kinds of
monomers (nucleotides), and proteins are made of 20
kinds (amino acids).

The joining of monomers to form a polymer is called
polymerization. Living cells achieve this by means of a
reaction called dehydration synthesis (condensation)
(fig. 2.15a). A hydroxyl (—OH) group is removed from one
monomer and a hydrogen (—H) from another, producing
water as a by-product. The two monomers become joined
by a covalent bond, forming a dimer. This is repeated for
each monomer added to the chain, potentially leading to a
chain long enough to be considered a polymer.

The opposite of dehydration synthesis is hydrolysis'®
(fig. 2.15b). In hydrolysis, a water molecule ionizes into
OH™ and H*. A covalent bond linking one monomer to
another is broken, the OH™ is added to one monomer, and
the H* is added to the other one. All digestion consists of
hydrolysis reactions.

Carbohydrates

A carbohydrate'” is a hydrophilic organic molecule with
the general formula (CH,0),,, where n represents the num-
ber of carbon atoms. In glucose, for example, n = 6 and
the formula is CgH,,04. As the generic formula shows,
carbohydrates have a 2:1 ratio of hydrogen to oxygen.

Bpoly = many + mer = part
Shydro = water + lysis = splitting apart
7carbo = carbon + hydr = water
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Dimer

FIGURE 2.15 Synthesis and Hydrolysis
Reactions. (a) In dehydration synthesis, a
hydrogen atom is removed from one
monomer and a hydroxyl group is removed
from another. These combine to form water
as a by-product. The monomers become
joined by a covalent bond to form a dimer.
(b) In hydrolysis, a covalent bond between
two monomers is broken. Water donates a
hydrogen atom to one monomer and a
hydroxyl group to the other.

[ Think About It

Why is carbohydrate an appropriate name for this
class of compounds? Relate this name to the general
formula of carbohydrates.

The names of individual carbohydrates are often built
on the word root sacchar- or the suffix -ose, both of which
mean “sugar” or “sweet.” The most familiar carbohy-
drates are the sugars and starches.

The simplest carbohydrates are monomers called
monosaccharides'® (MON-oh-SAC-uh-rides), or simple
sugars. The three of primary importance are glucose,
fructose, and galactose, all with the molecular formula
CeH,,0q; they are isomers of each other (fig. 2.16). We
obtain these sugars mainly by the digestion of more
complex carbohydrates. Glucose is the “blood sugar” that
provides energy to most of our cells. Two other monosac-
charides, ribose and deoxyribose, are important compo-
nents of DNA and RNA.

Disaccharides are sugars composed of two monosac-
charides. The three of greatest importance are sucrose
(made of glucose + fructose), lactose (glucose + galac-
tose), and maltose (glucose + glucose) (fig. 2.17). Sucrose
is produced by sugarcane and sugar beets and used as
common table sugar. Lactose is milk sugar. Maltose is a
product of starch digestion and is present in a few foods
such as germinating wheat and malt beverages.

Polysaccharides (POL-ee-SAC-uh-rides) are long
chains of glucose. Some polysaccharides have molecular
weights of 500,000 or more (compared with 180 for a
single glucose). Three polysaccharides of interest to
human physiology are glycogen, starch, and cellulose.
Animals, including ourselves, make glycogen, while
starch and cellulose are plant products.

mono = one + sacchar = sugar
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Glucose CHoOH
O
H /4 H
Ho \ O H /" oH
H OH
Galactose CHoOH
O,
HO /4 H
HAH i/ oH
H OH
Fructose
O
HOCH, OH
HONE HO /" CH0H
OH H

FIGURE 2.16 The Three Major Monosaccharides. All three
have the molecular formula CgH,,04. Each angle in the rings
represents a carbon atom except the one where oxygen is
shown. This is a conventional way of representing carbon in
the structural formulae of organic compounds.

Glycogen'® is an energy-storage polysaccharide made
by cells of the liver, muscles, brain, uterus, and vagina. It is
a long branched glucose polymer (fig. 2.18). The liver
produces glycogen after a meal, when the blood glucose
level is high, and then breaks it down between meals to
maintain blood glucose levels when there is no food intake.
Muscle stores glycogen for its own energy needs, and the
uterus uses it in pregnancy to nourish the embryo.

Starch is the corresponding energy-storage polysac-
charide of plants. They store it when sunlight and nutri-
ents are available and draw from it when photosynthesis
is not possible (for example, at night and in winter, when
a plant has shed its leaves). Starch is the only significant
digestible polysaccharide in the human diet.

Cellulose is a structural polysaccharide that gives
strength to the cell walls of plants. It is the principal
component of wood, cotton, and paper. It consists of a
few thousand glucose monomers joined together, with
every other monomer “upside down” relative to the next.

2. The Chemistry of Life
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Sucrose
CH,0OH
CH,0H_O
H = 2
H
OH H o H HO
HO CH,OH
H OH OH H
Lactose
CH,OH H OH
HO © 0 — OH
H OH H
OH H H
H
H H o H
H OH CHoOH
Maltose
CHo0OH CH>0OH
H O\ H O\ oH
H H
OH H o OH H
HO H
H OH H OH

FIGURE 2.17 The Three Major Disaccharides.

(The CH,OH groups all face in the same direction in
glycogen and starch, but alternate between facing up and
down in cellulose.) Cellulose is the most abundant organ-
ic compound on earth and it is a common component of
the diets of humans and other animals—yet we have no
enzymes to digest it and thus derive no energy or nutri-
tion from it. Nevertheless, it is important as dietary
“fiber,” “bulk,” or “roughage.” It swells with water in the
digestive tract and helps move other materials through
the intestine.

Carbohydrates are, above all, a source of energy that
can be quickly mobilized. All digested carbohydrate is
ultimately converted to glucose, and glucose is oxidized
to make ATP, a high-energy compound discussed later.
But carbohydrates have other functions as well (table 2.6).
They are often conjugated?® with (covalently bound to)
proteins and lipids. Many of the lipid and protein mole-
cules at the external surface of the cell membrane have
chains of up to 12 sugars attached to them, thus forming

19glyco = sugar + gen = producing

20con = together + jug = join
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(a) (b)

FIGURE 2.18 Glycogen. This is the only polysaccharide found in human tissues. (a) Part of a glycogen molecule showing the
chain of glucose monomers and branching pattern. (b) Detail of the molecule at a branchpoint.

TABLE 2.6 Carbohydrate Functions

Type Function

Monosaccharides

Glucose Blood sugar—energy source for most cells

Galactose Converted to glucose and metabolized

Fructose Fruit sugar—converted to glucose and
metabolized

Disaccharides

Sucrose Cane sugar—digested to glucose and
fructose

Lactose Milk sugar—digested to glucose and
galactose; important in infant nutrition

Maltose Malt sugar—product of starch digestion,
further digested to glucose

Polysaccharides

Cellulose Structural polysaccharide of plants;
dietary fiber

Starch Energy storage in plant cells

Glycogen Energy storage in animal cells (liver,
muscle, brain, uterus, vagina)

Conjugated

Carbohydrates

Glycoprotein Component of the cell surface coat and

mucus, among other roles

Glycolipid Component of the cell surface coat

Proteoglycan Cell adhesion; lubrication; supportive filler

of some tissues and organs

glycolipids and glycoproteins, respectively. Among other
functions, glycoproteins are a major component of mucus,
which traps particles in the respiratory system, resists
infection, and protects the digestive tract from its own
acid and enzymes.

Proteoglycans (once called mucopolysaccharides) are
macromolecules in which the carbohydrate component is
dominant and a peptide or protein forms a smaller com-
ponent. Proteoglycans form gels that help hold cells and
tissues together, form a gelatinous filler in the umbilical
cord and eye, lubricate the joints of the skeletal system,
and account for the tough rubbery texture of cartilage.
Their structure and functions are further considered in
chapter 5.

When discussing conjugated macromolecules, it is
convenient to refer to each chemically different component
as a moiety?! (MOY-eh-tee). Proteoglycans have a protein
moiety and a carbohydrate moiety, for example.

Lipids

A lipid is a hydrophobic organic molecule, usually com-
posed only of carbon, hydrogen, and oxygen, with a high
ratio of hydrogen to oxygen. A fat called tristearin (tri-
STEE-uh-rin), for example, has the molecular formula
Cs;H,,00¢—more than 18 hydrogens for every oxygen.
Lipids are less oxidized than carbohydrates, and thus
have more calories per gram. Beyond these criteria, it is
difficult to generalize about lipids; they are much more
variable in structure than the other macromolecules we
are considering. We consider here the five primary types
of lipids in humans—fatty acids, triglycerides, phospho-
lipids, eicosanoids, and steroids (table 2.7).

A fatty acid is a chain of usually 4 to 24 carbon atoms
with a carboxyl group at one end and a methyl group at
the other. Fatty acids and the fats made from them are
classified as saturated or unsaturated. A saturated fatty
acid such as palmitic acid has as much hydrogen as it can
carry. No more could be added without exceeding four
covalent bonds per carbon atom; thus it is “saturated”

2'moiet = half
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TABLE 2.7 Lipid Functions

Type Function

Bile acids Steroids that aid in fat digestion and
nutrient absorption

Cholesterol Component of cell membranes; precursor
of other steroids

Eicosanoids Chemical messengers between cells

Fat-soluble Involved in a variety of functions including

vitamins blood clotting, wound healing, vision,

and calcium absorption

Fatty acids Precursor of triglycerides; source of

energy

Phospholipids Major component of cell members; aid in

fat digestion

Steroid hormones Chemical messengers between cells

Triglycerides Energy storage: thermal insulation; filling
space; binding organs together;

cushioning organs

with hydrogen. In unsaturated fatty acids such as linoleic
acid, however, some carbon atoms are joined by double
covalent bonds (fig. 2.19). Each of these could potentially
share one pair of electrons with another hydrogen atom
instead of the adjacent carbon, so hydrogen could be
added to this molecule. Polyunsaturated fatty acids are
those with many C=C bonds. Most fatty acids can be
synthesized by the human body, but a few, called essential
fatty acids, must be obtained from the diet because we
cannot synthesize them (see chapter 26).

A triglyceride (try-GLISS-ur-ide) is a molecule con-
sisting of three fatty acids covalently bonded to a three-
carbon alcohol called glycerol; triglycerides are more
correctly, although less widely, also known as triacylglyc-
erols. Each bond between a fatty acid and glycerol is
formed by dehydration synthesis (fig. 2.19). Once joined
to glycerol, a fatty acid can no longer donate a proton to
solution and is therefore no longer an acid. For this rea-
son, triglycerides are also called neutral fats. Triglycerides
are broken down by hydrolysis reactions, which split
each of these bonds apart by the addition of water.

Triglycerides that are liquid at room temperature are
also called oils, but the difference between a fat and oil is
fairly arbitrary. Coconut oil, for example, is solid at room
temperature. Animal fats are usually made of saturated
fatty acids, so they are called saturated fats. They are
solid at room or body temperature. Most plant triglycer-
ides are polyunsaturated fats, which generally remain
liquid at room temperature. Examples include peanut,
olive, corn, and linseed oils. Saturated fats contribute
more to cardiovascular disease than unsaturated fats, and
for this reason it is healthier to cook with vegetable oils
than with lard, bacon fat, or butter.
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The primary function of fat is energy storage, but
when concentrated in adipose tissue, it also provides
thermal insulation and acts as a shock-absorbing cushion
for vital organs (see chapter 5).

Phospholipids are similar to neutral fats except that,
in place of one fatty acid, they have a phosphate group
that, in turn, is linked to other functional groups. Lecithin
is a common phospholipid in which the phosphate is
bonded to a nitrogenous group called choline (CO-leen)
(fig. 2.20). Phospholipids have a dual nature. The two
fatty acid “tails” of the molecule are hydrophobic, but the
phosphate “head” is hydrophilic. Thus, phospholipids
are said to be amphiphilic??> (AM-fih-FIL-ic). Together, the
head and the two tails of a phospholipid give it a shape
like a clothespin. The most important function of phos-
pholipids is to serve as the structural foundation of cell
membranes (see chapter 3).

Eicosanoids?® (eye-CO-sah-noyds) are 20-carbon
compounds derived from a fatty acid called arachi-
donic (ah-RACK-ih-DON-ic) acid. They function pri-
marily as hormonelike chemical signals between cells.
The most functionally diverse eicosanoids are the
prostaglandins, in which five of the carbon atoms are
arranged in a ring (fig. 2.21). They were originally
found in the secretions of bovine prostate glands, hence
their name, but they are now known to be produced in
almost all tissues. They play a variety of signaling roles
in inflammation, blood clotting, hormone action, labor
contractions, control of blood vessel diameter, and
other processes (see chapter 17).

A steroid is a lipid with 17 of its carbon atoms
arranged in four rings (fig. 2.22). Cholesterol is the
“parent” steroid from which the other steroids are synthe-
sized. The others include cortisol, progesterone, estro-
gens, testosterone, and bile acids. These differ from each
other in the location of C=C bonds within the rings and
in the functional groups attached to the rings.

Cholesterol is synthesized only by animals (especially
in liver cells) and is not present in vegetable oils or other
plant products. The average adult contains over 200 g
(half a pound) of cholesterol. Cholesterol has a bad repu-
tation as a factor in cardiovascular disease (see Insight
2.3), and it is true that hereditary and dietary factors can
elevate blood cholesterol to dangerously high levels.
Nevertheless, cholesterol is a natural product of the body.
Only about 15% of our cholesterol comes from the diet;
the other 85% is internally synthesized. In addition to
being the precursor of the other steroids, cholesterol is an
important component of cell membranes and is required
for proper nervous system function.

The primary lipids and their functions are summarized
in table 2.7.

2amphi = both + philic = loving
Zeicosa = 20
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FIGURE 2.19 Triglyceride (Fat) Synthesis. Note the difference between saturated and unsaturated fatty acids and the production
of 3 H,0 as a by-product of this dehydration synthesis reaction.

Proteins Amino Acids and Peptides

The word protein is derived from the Greek word pro- A protein is a polymer of amino acids. An amino acid
teios, meaning “of first importance.” Proteins are the most has a central carbon atom with an amino (—NH,) and a
versatile molecules in the body, and many discussions in carboxyl (—COOH) group bound to it (fig. 2.23a). The
this book will draw on your understanding of protein 20 amino acids used to make proteins are identical

structure and behavior. except for a third functional group called the radical
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FIGURE 2.20 Lecithin, a Representative Phospholipid. (a) Structural formula. (b) A space-filling model that gives some idea of
the actual shape of the molecule. (c) A simplified representation of the phospholipid molecule used in diagrams of cell membranes.
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FIGURE 2.22 Cholesterol. All steroids have this basic four-
FIGURE 2.21 Prostaglandin. This is a modified fatty acid ringed structure, with variations in the functional groups and
with five of its carbon atoms arranged in a ring. locations of double bonds within the rings.
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INSIGHT 2.3 Clinical Application

“Good” and “Bad” Cholesterol

There is only one kind of cholesterol, and it does far more good
than harm. When the popular press refers to “good” and “bad”
cholesterol, it is actually referring to droplets in the blood called
lipoproteins, which are a complex of cholesterol, fat, phospholip-
ids, and protein. So-called bad cholesterol refers to low-density
lipoprotein (LDL), which has a high ratio of lipid to protein and
contributes to cardiovascular disease. So-called good cholesterol
refers to high-density lipoprotein (HDL), which has a lower ratio of
lipid to protein and may help to prevent cardiovascular disease.
Even when food products are advertised as cholesterol-free, they
may be high in saturated fat, which stimulates the body to produce
more cholesterol. Palmitic acid seems to be the greatest culprit in
stimulating elevated cholesterol levels, while linoleic acid has a
cholesterol-lowering effect. Both are shown in figure 2.19.
Cardiovascular disease is further discussed at the end of chapter
19, and LDLs and HDLs are more fully explained in chapter 26.

(R-group) attached to the central carbon. In the simplest
amino acid, glycine, R is merely a hydrogen atom, where-
as in the largest amino acids it includes rings of carbon.
Some radicals are hydrophilic and some are hydropho-
bic. Being composed of many amino acids, proteins as a
whole are therefore often amphiphilic. The 20 amino
acids involved in proteins are listed in table 2.8 along
with their abbreviations.

A peptide is any molecule composed of two or more
amino acids joined by peptide bonds. A peptide bond,
formed by dehydration synthesis, joins the amino group of
one amino acid to the carboxyl group of the next (fig. 2.23b).
Peptides are named for the number of amino acids they
have—for example, dipeptides have two and tripeptides
have three. Chains of fewer than 10 or 15 amino acids are
called oligopeptides,?* and chains larger than that are
called polypeptides. An example of an oligopeptide is the
childbirth-inducing hormone oxytocin, composed of 9
amino acids. A representative polypeptide is adrenocorti-
cotropic hormone (ACTH), which is 39 amino acids long.
A protein is a polypeptide of 50 amino acids or more. A
typical amino acid has a molecular weight of about 80
amu, and the molecular weights of the smallest proteins
are around 4,000 to 8,000 amu. The average protein
weighs in at about 30,000 amu, and some of them have
molecular weights in the hundreds of thousands.

Protein Structure

Proteins have complex coiled and folded structures that
are critically important to the roles they play. Even slight
changes in their conformation (three-dimensional shape)

2oligo = a few
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FIGURE 2.23 Amino Acids and Peptides. (a) Four represent-
ative amino acids. Note that they differ only in the R-group,
shaded in pink. (b) The joining of two amino acids by a peptide
bond, forming a dipeptide. Side groups R; and R, could be the
groups indicated in pink in part (a), among other possibilities.

can destroy protein function. Protein molecules have
three to four levels of complexity, from primary through
quaternary structure (fig. 2.24).

Primary structure is the protein’s sequence of amino
acids, which is encoded in the genes (see chapter 4).

Secondary structure is a coiled or folded shape held
together by hydrogen bonds between the slightly negative
C=0 group of one peptide bond and the slightly positive
N—H group of another one some distance away. The most
common secondary structures are a springlike shape
called the alpha (o) helix and a pleated, ribbonlike shape,
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TABLE 2.8 The 20 Amino Acids

I
Alanine Ala Leucine Leu
Arginine Arg Lysine Lys
Asparagine Asn Methionine Met
Aspartic acid Asp Phenylalanine Phe
Cysteine Cys Proline Pro
Glutamine GIn Serine Ser
Glutamic acid Glu Threonine Thr
Glycine Gly Tryptophan Trp
Histidine His Tyrosine Tyr
Isoleucine lle Valine Val

the beta (B) sheet (or B-pleated sheet). Many proteins have
multiple o-helical and B-pleated regions joined by short
segments with a less orderly geometry. A single protein
molecule may fold back on itself and have two or more
B-pleated regions linked to one other by hydrogen bonds.
Separate, parallel protein chains also may be hydrogen-
bonded to each other through their B-pleated regions.

Tertiary?® (TUR-she-air-ee) structure is formed by the
further bending and folding of proteins into various glob-
ular and fibrous shapes. It results from hydrophobic radi-
cals associating with each other and avoiding water, while
the hydrophilic radicals are attracted to the surrounding
water. Van der Waals forces play a significant role in sta-
bilizing tertiary structure. Globular proteins, somewhat
resembling a wadded ball of yarn, have a compact tertiary
structure well suited for proteins embedded in cell mem-
branes and proteins that must move around freely in the
body fluids, such as enzymes and antibodies. Fibrous pro-
teins such as myosin, keratin, and collagen are slender
filaments better suited for such roles as muscle contrac-
tion and providing strength to skin, hair, and tendons.

The amino acid cysteine (Cys), whose radical is
—CH,—SH (see fig. 2.23), often stabilizes a protein’s ter-
tiary structure by forming covalent disulfide bridges.
When two cysteines align with each other, each can
release a hydrogen atom, leaving the sulfur atoms to form
a disulfide (—S—S—) bridge. Disulfide bridges hold sepa-
rate polypeptide chains together in such molecules as
antibodies and insulin (fig. 2.25).

Quaternary?® (QUA-tur-nare-ee) structure is the asso-
ciation of two or more polypeptide chains by noncovalent
forces such as ionic bonds and hydrophilic-hydrophobic
interactions. It occurs in only some proteins. Hemoglobin,
for example, consists of four polypeptides: two identical
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alpha chains and two identical, slightly longer beta chains
(see fig. 2.24).

One of the most important properties of proteins is
their ability to change conformation, especially tertiary
structure. This can be triggered by such influences as
voltage changes on a cell membrane during the action of
nerve cells, the binding of a hormone to a protein, or the
dissociation of a molecule from a protein. Subtle, revers-
ible changes in conformation are important to processes
such as enzyme function, muscle contraction, and the
opening and closing of pores in cell membranes.
Denaturation is a more drastic conformational change in
response to conditions such as extreme heat or pH. It is
seen, for example, when you cook an egg and the egg
white (albumen) turns from clear and runny to opaque
and stiff. Denaturation is sometimes reversible, but often
it permanently destroys protein function.

Conjugated proteins have a non—amino acid moiety
called a prosthetic?” group covalently bound to them.
Hemoglobin, for example, not only has the four polypep-
tide chains described earlier, but each chain also has a
complex iron-containing ring called a heme moiety
attached to it (see fig. 2.24). Hemoglobin cannot trans-
port oxygen unless this group is present. In glycopro-
teins, as described earlier, the carbohydrate moiety is a
prosthetic group.

Protein Functions

Proteins have more diverse functions than other macro-
molecules. These include

e Structure. Keratin, a tough structural protein, gives
strength to the nails, hair, and skin surface. Deeper
layers of the skin, as well as bones, cartilage,
and teeth, contain an abundance of the durable
protein collagen.

¢ Communication. Some hormones and other
cell-to-cell signals are proteins, as are the receptors
to which the signal molecules bind in the receiving
cell. Any hormone or other molecule that reversibly
binds to a protein is called a ligand?® (LIG-and).

¢ Membrane transport. Some proteins form channels
in cell membranes that govern what passes through
the membranes and when. Others act as carriers that
briefly bind to solute particles and transport them to
the other side of the membrane. Among their other
roles, such proteins turn nerve and muscle activity
on and off.

e Catalysis. Most metabolic pathways of the body are
controlled by enzymes, which are globular proteins
that function as catalysts.

“tert = third
% quater = fourth

¥ prosthe = appendage, addition
#]ig = to bind
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¢ Recognition and protection.
The role of glycoproteins in
immune recognition was
mentioned earlier. Antibodies
and other proteins attack and
neutralize organisms that
invade the body. Clotting
proteins protect the body
against blood loss.

e Movement. Movement is
fundamental to all life, from
the intracellular transport of
molecules to the galloping
of a racehorse. Proteins, with
their special ability to change
shape repeatedly, are the
basis for all such movement.
Some proteins are called
molecular motors (motor
proteins) for this reason.

e Cell adhesion. Proteins bind
cells to each other, which
enables sperm to fertilize
eggs, enables immune cells
to bind to enemy cancer
cells, and keeps tissues
from falling apart.

Enzymes and
Metabolism

Enzymes are proteins that func-
tion as biological catalysts. They
permit biochemical reactions to
occur rapidly at normal body
temperatures. Enzymes were ini-
tially given somewhat arbitrary
names, some of which are still
with us, such as pepsin and tryp-
sin. The modern system of nam-
ing enzymes, however, is more
uniform and informative. It iden-
tifies the substance the enzyme
acts upon, called its substrate;
sometimes refers to the enzyme’s
action; and adds the suffix -ase.

FIGURE 2.24 Four Levels of
Protein Structure. The molecule
shown for quaternary structure is
hemoglobin, which is composed of
four polypeptide chains. The heme
groups are iron-containing nonpro-
tein moieties.
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FIGURE 2.25 Primary Structure of Insulin. Insulin is com-
posed of two polypeptide chains joined by disulfide bridges.

Thus, amylase digests starch (amyl- = starch) and car-
bonic anhydrase removes water (anhydr-) from carbonic
acid. Enzyme names may be further modified to distin-
guish different forms of the same enzyme found in differ-
ent tissues (see Insight 2.4).

To appreciate the effect of an enzyme, think of what
happens when paper burns. Paper is composed mainly of
glucose (in the form of cellulose). The burning of glucose
can be represented by the equation

CeH,,0, + 6 O, — 6 CO, + 6 H,0

Paper does not spontaneously burst into flame because few
of its molecules have enough kinetic energy to react.
Lighting the paper with a match, however, raises the kinet-
ic energy enough to initiate combustion (rapid oxidation).
The energy needed to get the reaction started, supplied by
the match, is called the activation energy (fig. 2.26a).

In the body, we carry out the same reaction and oxi-
dize glucose to water and carbon dioxide to extract its
energy. We could not tolerate the heat of combustion in
our bodies, however, so we must oxidize glucose in a
more controlled way at a biologically feasible and safe
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INSIGHT 2.4 Clinical Application

The Diagnostic Use of Isoenzymes

A given enzyme may exist in slightly different forms, called
isoenzymes, in different cells. Isoenzymes catalyze the same
chemical reactions but have enough structural differences
that they can be distinguished by standard laboratory tech-
niques. This is useful in the diagnosis of disease. When
organs are diseased, some of their cells break down and
release specific isoenzymes that can be detected in the
blood. Normally, these isoenzymes would not be present in
the blood or would have very low concentrations. An eleva-
tion in blood levels can help pinpoint what cells in the body
have been damaged.

For example, creatine kinase (CK) occurs in different forms
in different cells. An elevated serum level of CK-1 indicates a
breakdown of skeletal muscle and is one of the signs of muscu-
lar dystrophy. An elevated CK-2 level indicates heart disease,
because this isoenzyme comes only from cardiac muscle. There
are five isoenzymes of /actate dehydrogenase (LDH). High
serum levels of LDH-1 may indicate a tumor of the ovaries or
testes, whereas LDH-5 may indicate liver disease or muscular
dystrophy. Different isoenzymes of phosphatase in the blood
may indicate bone or prostate disease.

temperature. Enzymes make this happen by lowering the
activation energy—that is, by reducing the barrier to glu-
cose oxidation (fig. 2.26b)—and by releasing the energy in
small steps rather than a single burst of heat.

Enzyme Structure and Action

Figure 2.27 illustrates the action of an enzyme, using the
example of sucrase, an enzyme that breaks sucrose down
to glucose and fructose. The process occurs in three prin-
cipal steps:

@ A substrate molecule approaches a pocket on the
enzyme surface called the active site. Amino acid
side groups in this region of the enzyme are arranged
so as to bind functional groups on the substrate mol-
ecule. Many enzymes have two active sites, enabling
them to bind two different substrates so that they
can react with each other.

@ The substrate binds to the enzyme, forming an
enzyme-substrate complex. The fit between a partic-
ular enzyme and its substrate is often compared to
a lock and key. Just as only one key fits a particular
lock, sucrose is the only substrate that fits the active
site of sucrase. Sucrase cannot digest other disaccha-
rides such as maltose or lactose. This selectivity is
called enzyme-substrate specificity.
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FIGURE 2.26 Effect of an Enzyme on Activation Energy. (a) Without catalysts, some chemical reactions proceed slowly because of
the high activation energy needed to get molecules to react. (b) A catalyst facilitates molecular interaction, thus lowering the activation
energy and making the reaction proceed more rapidly.

€ Does an enzyme release more energy from its substrate than an uncatalyzed reaction would release?

® Sucrase breaks the covalent bond between the two
sugars of sucrose, adding H" and OH™~ groups from
water (see fig. 2.15b; not illustrated in fig. 2.27).
This hydrolyzes sucrose to two monosaccharides,
glucose and fructose, which are then released by
the enzyme as its reaction products. The enzyme
remains unchanged and is ready to repeat the
process if another sucrose is available.
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FIGURE 2.27 The Three Steps of an Enzymatic Reaction.

Since an enzyme is not consumed by the reaction it cata-
lyzes, one enzyme molecule can consume millions of
substrate molecules, and at astonishing speed. A single
molecule of carbonic anhydrase, for example, breaks car-
bonic acid (H,CO,) down to H,O and CO, at a rate of 36
million molecules per minute.

Factors that change the shape of an enzyme—notably
temperature and pH—tend to alter or destroy the ability
of the enzyme to bind its substrate. They disrupt the
hydrogen bonds and other weak forces that hold the
enzyme in its proper conformation, essentially changing
the shape of the “lock” (active site) so that the “key” (sub-
strate) no longer fits. Enzymes vary in optimum pH
according to where in the body they normally function.
Thus salivary amylase, which digests starch in the mouth,
functions best at pH 7 and is inactivated when it is
exposed to stomach acid; pepsin, which works in the
acidic environment of the stomach, functions best around
pH 2; and trypsin, a digestive enzyme that works in the
alkaline environment of the small intestine, has an opti-
mum pH of 9.5. Our internal body temperature is nearly
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the same everywhere, however, and all human enzymes
have a temperature optimum (that is, they produce their
fastest reaction rates) near 37°C.

[ Think About It
Why is homeostasis important for enzyme function?

Cofactors

About two-thirds of human enzymes require a nonprotein
partner called a cofactor. Inorganic cofactors include iron,
copper, zinc, magnesium, and calcium ions. Some of
these work by binding to the enzyme and inducing it to
fold into a shape that activates its active site. Coenzymes
are organic cofactors usually derived from niacin, ribofla-
vin, and other water-soluble vitamins. They accept elec-
trons from an enzyme in one metabolic pathway and
transfer them to an enzyme in another. For example, cells
partially oxidize glucose through a pathway called gly-
colysis. A coenzyme called NAD",?® derived from niacin,
shuttles electrons from this pathway to another one called
aerobic respiration, which uses energy from the electrons
to make ATP (fig. 2.28). If NAD" is unavailable, the gly-
colysis pathway shuts down.

Metabolic Pathways

A metabolic pathway is a chain of reactions with each
step usually catalyzed by a different enzyme. A simple
metabolic pathway can be symbolized

a B
A—->B—->C—-D

where A is the initial reactant, B and C are intermediates,
and D is the end product. The Greek letters above the reac-
tion arrows represent enzymes that catalyze each step of the
reaction. A is the substrate for enzyme o, B is the substrate
for enzyme B, and C for enzyme y. Such a pathway can be
turned on or off by altering the conformation of any of these
enzymes, thereby activating or deactivating them. This can
be done by such means as the binding or dissociation of a
cofactor, or by an end product of the pathway binding to an
enzyme at an earlier step (product D binding to enzyme o
and shutting off the reaction chain at that step, for example).
In these and other ways, cells are able to turn on metabolic
pathways when their end products are needed and shut
them down when the end products are not needed.

ATP, Other Nucleotides,
and Nucleic Acids

Nucleotides are organic compounds with three principal
components: a single or double carbon-nitrogen ring called
a nitrogenous base, a monosaccharide, and one or more

Znjcotinamide adenine dinucleotide
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Glycolysis Aerobic respiration
Glucose Pyruvic acid
+
Pyruvic acid COo + HO

FIGURE 2.28 The Action of a Coenzyme. A coenzyme such
as NAD™ acts as a shuttle that picks up electrons from one meta-
bolic pathway (in this case, glycolysis) and delivers them to
another (in this case, aerobic respiration).

phosphate groups. One of the best-known nucleotides is
ATP (fig. 2.29a), in which the nitrogenous base is a double
ring called adenine, the sugar is ribose, and there are three
phosphate groups.

Adenosine Triphosphate

Adenosine triphosphate (ATP) is the body’s most impor-
tant energy-transfer molecule. It briefly stores energy
gained from exergonic reactions such as glucose oxida-
tion and releases it within seconds for physiological work
such as polymerization reactions, muscle contraction,
and pumping ions through cell membranes. The second
and third phosphate groups of ATP are attached to the
rest of the molecule by high-energy covalent bonds
traditionally indicated by a wavy line (~) in the structural
formula. Since phosphate groups are negatively charged,
they repel each other. It requires a high-energy bond to
overcome that repellent force and hold them together—
especially to add the third phosphate group to a chain
that already has two negatively charged phosphates. Most
energy transfers to and from ATP involve adding or
removing that third phosphate.

Enzymes called adenosine triphosphatases (ATPases)
are specialized to hydrolyze the third high-energy phos-
phate bond, producing adenosine diphosphate (ADP) and
an inorganic phosphate group (P;). This reaction releases
7.3 kilocalories (kcal) of energy for every mole (505 g) of
ATP. Most of this energy escapes as heat, but we live on
the portion of it that does useful work. We can summarize
this as follows:

ATPase A Heat
ATP + H,O0 —— ADP + P; + Energy
~> Work

The free phosphate groups released by ATP hydrolysis
are often added to enzymes or other molecules to acti-
vate them. This addition of P;, called phosphorylation,
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FIGURE 2.29 Adenosine Triphosphate (ATP) and Cyclic Adenosine Monophosphate (cAMP). The last two P~O bonds in ATP,

indicated by wavy lines, are high-energy bonds.

is carried out by enzymes called kinases (phosphoki-
nases). The phosphorylation of an enzyme is sometimes
the “switch” that turns a metabolic pathway on or off.

ATP is a short-lived molecule, usually consumed within
60 seconds of its formation. The entire amount in the body
would support life for less than 1 minute if it were not con-
tinually replenished. At a moderate rate of physical activity,
a full day’s supply of ATP would weigh twice as much as
you do. Even if you never got out of bed, you would need
about 45 kg (99 Ib) of ATP to stay alive for a day. The reason
cyanide is so lethal is that it halts ATP synthesis.

ATP synthesis is explained in detail in chapter 26, but
you will find it necessary to become familiar with the gen-
eral idea of it before you reach that chapter—especially in
understanding muscle physiology (chapter 11). Much of
the energy for ATP synthesis comes from glucose oxidation
(fig. 2.30). The first stage in glucose oxidation (fig. 2.31) is
the reaction pathway known as glycolysis (gly-COLL-ih-sis).
This literally means “sugar splitting,” and indeed its major
effect is to split the six-carbon glucose molecule into two
three-carbon molecules of pyruvic acid. A little ATP is pro-
duced in this stage (a net yield of 2 ATP per glucose), but
most of the chemical energy of the glucose is still in the
pyruvic acid.

What happens to pyruvic acid depends on whether
oxygen is available. If not, pyruvic acid is converted to
lactic acid by a pathway called anaerobic®® (AN-err-OH-bic)

%an = without + aer = air + obic = pertaining to life

Glucose + 60, —recomvertedio 5o, + 6H,0

which releases
energy

which is used for

'

N

@P+®

which is then available for

|

Muscle contraction
Ciliary beating
Active transport
Synthesis reactions
Elc:

FIGURE 2.30 The Source and Uses of ATP.
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Glucose
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FIGURE 2.31 ATP Production. Glycolysis produces pyruvic
acid and a net gain of two ATPs. In the absence of oxygen, anaer-
obic fermentation is necessary to keep glycolysis running and
producing a small amount of ATP. In the presence of oxygen,
aerobic respiration occurs in the mitochondria and produces a
much greater amount of ATP.

fermentation. This pathway has two noteworthy disadvan-
tages: First, it does not extract any more energy from pyru-
vic acid; second, the lactic acid it produces is toxic, so most
cells can use anaerobic fermentation only as a temporary
measure. The only advantage to this pathway is that it
enables glycolysis to continue (for reasons explained in
chapter 26) and thus enables a cell to continue producing a
small amount of ATP.

If oxygen is available, a more efficient pathway called
aerobic respiration occurs. This breaks pyruvic acid down
to carbon dioxide and water and generates up to 36 more
molecules of ATP for each of the original glucose molecules.
The reactions of aerobic respiration are carried out in the
cell’s mitochondria (described in the chapter 3), so mito-
chondria are regarded as a cell’s principal “ATP factories.”

Other Nucleotides

Guanosine (GWAH-no-seen) triphosphate (GTP) is
another nucleotide involved in energy transfers. In some
reactions, it donates phosphate groups to other molecules.

2. The Chemistry of Life
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For example, it can donate its third phosphate group to
ADP to regenerate ATP.

Cyclic adenosine monophosphate (cAMP) (see fig.
2.29b) is a nucleotide formed by the removal of both the
second and third phosphate groups from ATP. In some
cases, when a hormone or other chemical signal (“first
messenger”) binds to a cell surface, it triggers an internal
reaction that converts ATP to cAMP. The cAMP then acts
as a “second messenger” to activate metabolic effects
within the cell.

Nucleic Acids

Nucleic (new-CLAY-ic) acids are polymers of nucleotides.
The largest of them, deoxyribonucleic acid (DNA), is
typically 100 million to 1 billion nucleotides long. It
constitutes our genes, gives instructions for synthesizing
all of the body’s proteins, and transfers hereditary
information from cell to cell when cells divide and from
generation to generation when organisms reproduce.
Three forms of ribonucleic acid (RNA), which range from
70 to 10,000 nucleotides long, carry out those instructions
and synthesize the proteins, assembling amino acids in
the right order to produce each protein “described” by
the DNA. The detailed structure of DNA and RNA and the
mechanisms of protein synthesis and heredity are
described in chapter 4.

e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

16. Which reaction—dehydration synthesis or hydrolysis—
converts a polymer to its monomers? Which one con-
verts monomers to a polymer? Explain your answer.

17. What is the chemical name of blood sugar? What
carbohydrate is polymerized to form starch and
glycogen?

18. What is the main chemical similarity between
carbohydrates and lipids? What are the main
differences between them?

19. Explain the statement, All proteins are polypeptides
but not all polypeptides are proteins.

20. Which is more likely to be changed by heating a
protein, its primary structure or its tertiary structure?
Explain.

21. Use the lock-and-key analogy to explain why exces-
sively acidic body fluids (acidosis) could destroy
enzyme function.

22. How does ATP change structure in the process of
releasing energy?

23. What advantage and disadvantage does anaerobic
fermentation have compared with aerobic respiration?

24. How is DNA related to nucleotides?
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INSIGHT 2.5 Clinical Application

Anabolic-Androgenic Steroids

The sex hormone testosterone stimulates muscular growth and
aggressive behavior, especially in males. In Nazi Germany,
testosterone was given to SS troops in an effort to make them
more aggressive, but with no proven success. In the 1950s,
pharmaceutical companies developed compounds related to
testosterone, called anabolic-androgenic® steroids, to treat
anemia, breast cancer, osteoporosis, and some muscle diseases
and to prevent the shrinkage of muscles in immobilized
patients. By the early 1960s, athletes were using anabolic-
androgenic steroids to stimulate muscle growth, accelerate the
repair of tissues damaged in training or competition, and
stimulate the aggressiveness needed to excel in some contact
sports such as football and boxing.

The doses used by athletes, however, are 10 to 1,000 times
higher than the doses prescribed for medical purposes, and
they can have devastating effects on one’s health. They raise
cholesterol levels, which promotes fatty degeneration of the
arteries (atherosclerosis). This can lead to coronary artery dis-
ease, heart and kidney failure, and stroke. Deteriorating blood
circulation also sometimes results in gangrene, which may
require amputation of the extremities. As the liver attempts to
dispose of the high concentration of steroids, liver cancer and
other liver diseases may ensue. In addition, steroids suppress
the immune system, so the user is more subject to infection and
cancer. They cause a premature end to bone elongation, so
people who use anabolic steroids in adolescence may never
attain normal adult height.

Anabolic-androgenic steroids have the same effect on the
brain as natural testosterone. Thus, when steroid levels are high,
the brain and pituitary gland stop producing the hormones that
stimulate sperm production and testosterone secretion. In men,
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this leads to atrophy of the testes, impotence (inability to achieve
or maintain an erection), low sperm count, and infertility.
Ironically, anabolic-androgenic steroids have feminizing effects
on men and masculinizing effects on women. Men may develop
enlarged breasts (gynecomastia), whereas in some female users
the breasts and uterus atrophy, the clitoris enlarges, and
ovulation and menstruation become irregular. Female users may
develop excessive facial and body hair and a deeper voice, and
both sexes show an increased tendency toward baldness.

Especially in men, steroid abuse can be linked to severe emo-
tional disorders. The steroids themselves stimulate heightened
aggressiveness and unpredictable mood swings, so the abuser
may vacillate between depression and violence (“roid rage”). It
surely doesn’t help matters that impotence, shrinkage of the
testes, infertility, and enlargement of the breasts are so incongru-
ous with the self-image of a male athlete who abuses steroids.

Partly because of the well-documented adverse health
effects, the use of anabolic-androgenic steroids in sports has
been condemned by the American Medical Association and
American College of Sports Medicine and banned by the
International Olympic Committee, National Football League,
Major League Baseball Players’ Association, and National
Collegiate Athletic Association. But in spite of such warnings
and bans, many athletes continue to use steroids and related
performance-enhancing drugs, which remain available through
unscrupulous coaches, physicians, Internet sources, and foreign
mail-order suppliers. By some estimates, as many as 80% of
weight lifters, 30% of college and professional athletes, and 20% of
male high school athletes now use anabolic-androgenic steroids.
The National Institutes of Health find increasing usage
among high school students in recent years, and increasing
denial that anabolic-androgenic steroids present a signifi-
cant health hazard.

Jlandro = male + genic = producing
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2.1 Atoms, Ions, and Molecules (p. 52)

1o

10.

11.

The simplest form of matter with
unique chemical properties is the
element. Twenty-four elements play
normal physiological roles in
humans. Those called trace elements
are needed in only tiny amounts.

An atom consists of a central
positively charged nucleus of protons
and usually neutrons, orbited by a
usually multilayered cloud of
negatively charged electrons.

. The outermost electrons, called

valence electrons, determine the
chemical behavior of an element.
Isotopes are variations of an element
that differ only in the number of
neutrons. Some are unstable
radioisotopes, which give off
radioactivity as they change to a
more stable isotope.

. Ions are particles with one or more

excess electrons or protons, and thus
a negative charge (anions) or positive
charge (cations). Oppositely charged
ions are attracted to each other and
tend to follow each other in the body.
Electrolytes are salts that ionize in
water to form solutions that conduct
electricity. These include salts of
sodium, potassium, chlorine,

phosphate, and bicarbonate (table 2.2).
. Free radicals are highly reactive

particles with an odd number of
electrons. They have very destructive
effects on cells and may contribute to
aging and cancer, but the body has
antioxidant chemicals that provide
some protection from them.

A molecule consists of two or more
atoms joined by chemical bonds. If
the elements are nonidentical, the
molecule is a compound.

. Isomers are molecules with the same

number and kinds of elements, but
different arrangements of them and
different chemical properties.

A molecule’s molecular weight is the
sum of the atomic weights of its
elements.

Molecules are held together by ionic,
covalent, or hydrogen bonds; van der
Waals forces; or a combination of
these.

2.2

2.3

Water and Mixtures (p. 59)

. The polarity and bond angle of water

result in the hydrogen bonding of
water molecules to one another.
Hydrogen bonding is responsible for
the diverse biologically important
properties of water.

A mixture is a combination of
substances that are physically
blended but not chemically
combined. Most mixtures in the body
are a combination of water and
various solutes.

Mixtures can be classified as
solutions, colloids, or suspensions
based on the size of their particles.
The concentration of a mixture is
expressed for differing purposes as
weight per volume, percentage,
molarity, or (for electrolytes)
milliequivalents per liter.

The concentration of hydrogen ions
in a solution is expressed as pH, with
arange from 1 to 14. A pH of 7 is
neutral (with equal quantities of H*
and OH7), a pH < 7.0 is acidic, and a
pH > 7.0 is basic.

Buffers are chemical solutions that
resist changes in pH when acid or
base is added to them.

Energy and Chemical

Reactions (p. 65)

Energy, the capacity to do work,
exists in potential and kinetic forms.
Chemical reactions can be
decomposition, synthesis, or
exchange reactions.

. Some chemical reactions are

reversible; their direction depends on
the relative amounts of reactants and
products present. Such reactions tend
to achieve an equilibrium state unless
disrupted by the addition of new
reactants or removal of products.

The rate of a chemical reaction is
influenced by concentration,
temperature, and catalysts.
Metabolism is the sum of all chemical
reactions in the body. It consists of
catabolism (breakdown of larger
molecules into smaller ones) and
anabolism (synthesis of larger
molecules).

2.4

. Oxidation is the removal of electrons

from a molecule; reduction is the
addition of electrons.

Organic Compounds (p. 68)

. Organic molecules contain carbon.

They often have carbon atoms
arranged in a backbone with attached
functional groups (carboxyl and
amino groups, for example) that
determine the chemical behavior of
the molecule.

. Many biologically important molecules

are polymers—large molecules
composed of a chain of identical or
similar subunits called monomers.

. The joining of monomers to form a

polymer, called polymerization, is
achieved by a dehydration synthesis
reaction that removes water from the
reactants. Polymers are broken up
into monomers by hydrolysis
reactions, which consume water to
add —H and —OH to the molecules.

. Carbohydrates are organic molecules

of carbon and a 2:1 ratio of H:O.

The major carbohydrates are the
monosaccharides (glucose, fructose,
galactose), disaccharides (sucrose,
lactose, maltose), and polysaccharides
(starch, cellulose, glycogen).

. Carbohydrates are good sources of

quickly mobilized energy but also
play structural and other roles
(table 2.6).

. Lipids are hydrophobic compounds

of carbon and a high ratio of H:O.
Major classes of lipids are fatty acids,
triglycerides, phospholipids,
eicosanoids, and steroids.

. Lipids serve for energy storage, as

chemical signals, and as structural
components of cells, among other
roles (table 2.7).

. Proteins are polymers of amino acids.
. An amino acid is a small organic

molecule with an amino (—NH,)
and a carboxyl (—COOH) group.
They can join together through
peptide bonds to form peptides
from two to thousands of amino
acids long. Proteins are generally
regarded as peptides of 50 or more
amino acids.
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10. Proteins have four levels of structure: ~ 13. Proteins have a wide range of phosphate groups. It is essential to
primary (amino acid sequence), structural, communication, transport, many physiological processes, and life
secondary (an alpha helix or beta catalytic, and other functions ends in seconds in the absence of ATP.
sheet), tertiary (further bending and 14. Enzymes are proteins that function as  19. Small amounts of ATP are generated
folding), and sometimes quaternary biological catalysts. The substances by glycolysis linked, in the absence
(attraction of two or more they act upon are called their of oxygen, to anaerobic fermentation.
polypeptide chains to each other). substrates, and bind to an enzyme at Much larger amounts are generated

11. Protein function depends strongly on specific locations called active sites. when oxygen is available and
three-dimensional shape, or 15. Enzymes accelerate chemical glycolysis is linked to aerobic
conformation. Denaturation is a reactions by lowering their activation respiration.
destructive change in conformation, energy. 20. The nucleic acids, DNA and RNA, are
usually caused by temperature or pH  16. An enzyme generally reacts only with polymers of ATP-like nucleotides.
changes. specific substrates that fit its active They are responsible for heredity and

12. Conjugated proteins require a site. the control of protein synthesis.
nonprotein component such as a 17. Enzymatic reactions are often linked
carbohydrate or an inorganic ion together to form metabolic pathways.
attached to them in order to function.  18. Adenosine triphosphate (ATP) is a
The nonprotein moiety is called the universal energy-transfer molecule
prosthetic group. composed of adenine, ribose, and three

Testing Your Recall

1. A substance that is considered 6. A carboxyl group is symbolized 11. When an atom gives up an electron
to be a chemical compound. a. —OH. and acquires a positive charge, it is
a. contains at least two different b. —NH,. called a/an
eleme.nts ¢. —CH,. 12. Dietary antioxidants are important
b. contains at least two atoms d. —CH,OH. because they neutralize
c. has a chemical bond e. —COOH.
d. has a stable valence shell . . 13. Any substance that increases the rate
e. has covalent bonds 7 The only pdyS&CCh?nde synthesized of a reaction without being consumed
in the human body is by it is a/an In the human
2. An ionic bond is formed when a. cellulose. by : s .
X ody, serve this function.
a. two anions meet. b. glycogen.
b. two cations meet. c. cholesterol. 14. All the synthesis reactions in the
c. an anion meets a cation. d. starch. body form a division of metabolism
d. electrons are unequally shared e. prostaglandin. called .
between nuclei. 8. The arrangement of a polypeptide 15. A chemical reaction that joins two
e. electrons transfer completely from into a fibrous or globular shape is organic molecules into a larger one
one atom to another. called its and produces water as a by-product
3. The ionization of a sodium atom to a. primary structure. is called
produ'ce Na* is an example of b. sect?ndary structure. 16. The suffix denotes a sugar,
a. 0x1dat1.0n. c. tertiary structure. while the suffix denotes
b. reduction. d. quaternary structure. an enzyme.
c. catabolism. e. conjugated structure. o
d. anabolism. s . 9. Which of the following functions is 17. The amphiphilic lipids of coll
e. a decomposition reaction. h - membranes are called
more characteristic of carbohydrates
4. The weakest and most temporary of than of proteins? 18. A chemical named is derived
the following chemical bonds are a. contraction from ATP and widely employed as a
a. polar covalent bonds. b. energy storage “second messenger” in cellular
b. nonpolar covalent bonds. c. catalyzing reactions signaling.
c. hydrogen bonds. d. immune defense 19. When oxygen is unavailable, cells
d. ionic bonds. e. intercellular communication employ a metabolic pathway called
é. double covalent bonds. 10. The feature that most distinguishes to produce ATP.
5. A substance capable of dissolving a lipid from a carbohydrate is that a 20. A substance acted upon and changed

freely in water is

hydrophilic.

. hydrophobic.
hydrolyzed.

. hydrated.
amphiphilic.

® 0 o

lipid has

. more phosphate.

. more sulfur.

. a lower ratio of carbon to oxygen.
. a lower ratio of oxygen to hydrogen.
. a greater molecular weight.

O A0 o

by an enzyme is called the enzyme’s

Answers in appendix B
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Determine which five of the following 4. If a pair of shared electrons are more 8. The higher the temperature is, the
statements are false, and briefly explain attracted to one nucleus than to the faster an enzyme works.
why. other, they form a polar covalent bond. 9. Two percent sucrose and 2% sodium

1. The monomers of a polysaccharide 5. Amino acids are joined by a unique bicarbonate have the same number of
are called amino acids. type of bond called a peptide bond. molecules per liter of solution.

2. An emulsion is a mixture of two lig- 6. A saturated fat is defined as a fat to 10. A solution of pH 8 has one-tenth the
uids that separate from each other on which no more carbon can be added. hydrogen ion concentration of a solu-
standing. 7. Organic compounds get their unique tion with pH 7.

3. Two molecules with the same atoms chemical characteristics more from Answers in appendix B
arranged in a different order are their functional groups than from
called isotopes. their carbon backbones.

Testing Your Comprehension
1. Suppose a pregnant woman with will have on his blood pH. (Hint: 5. Some metabolic conditions such as

severe morning sickness has been
vomiting steadily for several days.
How will her loss of stomach acid
affect the pH of her body fluids?
Explain.

2. Suppose a person with a severe
anxiety attack hyperventilates and
exhales CO, faster than his body
produces it. Consider the carbonic
acid reaction on page 66 and explain
what effect this hyperventilation

Remember the law of mass action.)

In one form of nuclear decay, a
neutron breaks down into a proton
and electron and emits a gamma ray.
Is this an endergonic or exergonic
reaction, or neither? Is it an anabolic
or catabolic reaction, or neither?
Explain both answers.

4. How would the body’s metabolic rate

be affected if there were no such
thing as enzymes? Explain.

Improve Your Grade at www.mhhe.com/saladin5

diabetes mellitus cause disturbances
in the acid—base balance of the body,
which gives the body fluids an
abnormally low pH. Explain how this
could affect enzyme—substrate
reactions and metabolic pathways in

the body.

Answers at www.mhhe.com/saladin5
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[l organisms, from the simplest to the most
A complex, are composed of cells—whether the

single cell of a bacterium or the trillions of
cells that constitute the human body. These cells are
responsible for all structural and functional properties
of a living organism. A knowledge of cells is therefore
indispensable to any true understanding of the
workings of the human body, the mechanisms of
disease, and the rationale of therapy. Thus, this
chapter and the next one introduce the basic cell
biology of the human body, and subsequent chapters
expand upon this information as we examine the
specialized cellular structure and function of
specific organs.

3.1 Concepts of Cellular Structure

Objectives
When you have completed this section, you should be
able to

» discuss the development and modern tenets of the
cell theory;

» describe cell shapes from their descriptive terms;

+ state the size range of human cells and discuss
factors that limit cell size;

* discuss the way that developments in microscopy
have changed our view of cell structure; and

* outline the major components of a cell.

Development of the Cell Theory

Cytology,' the scientific study of cells, was born in 1665
when Robert Hooke observed the empty cell walls of cork
and coined the word cellulae (“little cells”) to describe
them. Soon he studied thin slices of fresh wood and saw
living cells “filled with juices”—a fluid later named pro-
toplasm.? Two centuries later, Theodor Schwann studied
a wide range of animal tissues and concluded that all
animals are made of cells.

Schwann and other biologists originally believed that
cells came from nonliving body fluid that somehow con-
gealed and acquired a membrane and nucleus. This idea
of spontaneous generation—that living things arise from
nonliving matter—was rooted in the scientific thought of

leyto = cell + logy = study of
*proto = first + plasm = formed
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the times. For centuries, it seemed to be simple common
sense that decaying meat turned into maggots, stored
grain into rodents, and mud into frogs. Schwann and his
contemporaries merely extended this idea to cells. The
idea of spontaneous generation wasn’t discredited until
some classic experiments by French microbiologist Louis
Pasteur in 1859. By the end of the nineteenth century, it
was established beyond all reasonable doubt that cells
arise only from other cells.

The development of biochemistry from the late nine-
teenth to the twentieth century made it further apparent
that all physiological processes of the body are based on
cellular activity and that the cells of all species exhibit
remarkable biochemical unity. Thus emerged the general-
izations that constitute the modern cell theory:

1. All organisms are composed of cells and cell products.

2. The cell is the simplest structural and functional
unit of life. There are no smaller subdivisions of a
cell or organism that, in themselves, are alive. An
enzyme molecule, for example, is not alive, although
the life of a cell depends on the activity of numerous
enzymes.

3. An organism’s structure and all of its functions are
ultimately due to the activities of its cells.

4. Cells come only from preexisting cells, not from
nonliving matter. All life, therefore, traces its
ancestry to the same original cells.

5. Because of this common ancestry, the cells of all
species have many fundamental similarities in their
chemical composition and metabolic mechanisms.

Cell Shapes and Sizes

There are about 200 types of cells in the human body, and
they vary greatly in appearance (fig. 3.1). Squamous®
(SQUAY-mus) cells are thin, flat, and often have a bulge
where the nucleus is—much like the shape of a fried egg
“sunny side up.” Such cells line the esophagus and cover
the skin. Polygonal® cells have irregularly angular shapes
with four, five, or more sides. Some nerve cells have mul-
tiple extensions that give them a starlike, or stellate,’
shape. Cuboidal® cells are squarish and approximately as
tall as they are wide; liver cells are a good example.
Columnar cells, such as those lining the intestines, are
markedly taller than wide. Egg cells and fat cells are spher-
oid to ovoid (round to oval). Red blood cells are discoid
(disc-shaped). Smooth muscle cells are fusiform’ (FEW-
zih-form)—thick in the middle and tapered toward
the ends. Skeletal muscle cells are described as fibrous

3squam = scale + ous = characterized by
4poly = many + gon = angles

Sstell = star + ate = characterized by
Scub = cube + oidal = like, resembling
fusi = spindle + form = shape
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Columnar

Polygonal

Discoid

FIGURE 3.1 Common Cell Shapes.

because of their threadlike shape. Some of these shapes
refer to the way a cell looks in typical tissue sections,
not to the complete three-dimensional shape of the cell.
A cell that looks squamous, cuboidal, or columnar in a
tissue section, for example, usually looks polygonal if
viewed from its upper surface.

Most human cells range from 10 to 15 micrometers (um)
in diameter. (See appendix D for units of measurement.) The
human egg cell, an exceptionally large 100 wm in diameter,
is barely visible to the naked eye. The longest human cells
are nerve cells (sometimes over a meter long) and muscle
cells (up to 30 cm long), but both are too slender to be seen
with the naked eye.

There is a limit to how large a cell can be, partly due
to the relationship between its volume and surface area.
The surface area of a cell is proportional to the square of
its diameter, while volume is proportional to the cube of
its diameter. Thus, for a given increase in diameter, vol-
ume increases much more than surface area. Picture a
cuboidal cell 10 wm on each side (fig 3.2). It would have
a surface area of 600 pm? (10 pm X 10 pm X 6 sides) and
a volume of 1,000 pm? (10 X 10 X 10 pm). Now, suppose
it grew by another 10 pwm on each side. Its new surface
area would be 20 pm X 20 wm X 6 = 2,400 wm?2, and
its volume would be 20 X 20 X 20 pm = 8,000 pm?.

FIGURE 3.2 The Relationship Between Cell Surface Area
and Volume. As a cell doubles in diameter, its volume increases
eightfold, but its surface area increases only fourfold. A cell that
is too large may have too little plasma membrane to serve the
metabolic needs of its increased volume of cytoplasm.

Stellate

Fusiform (spindle-shaped)

Spheroid

Fibrous

20 um

Large cell

Diameter =20 um
Surface area = 20 um X 20 um X 6 = 2,400 um?2
Volume =20 um X 20 um X 20 um = 8,000 um3

Small cell

Diameter =10 um
Surface area = 10 um X 10 um X 6 = 600 um2
Volume =10 pm X 10 pm X 10 pum = 1,000 um3

Effect of cell growth:
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The 20 pm cell has eight times as much protoplasm need-
ing nourishment and waste removal, but only four times
as much membrane surface through which wastes and
nutrients can be exchanged. A cell that is too big cannot
support itself. In addition, an overly large cell is at risk of
rupturing like an overfilled water balloon.

[ Think About It

Can you conceive of some other reasons for an organ
to consist of many small cells rather than fewer
larger ones?

General Cell Structure

In Schwann’s time, little was known about cells except that
they were enclosed in a membrane and contained a nucle-
us. The fluid between the nucleus and surface membrane,
called cytoplasm, was thought to be little more than a
gelatinous mixture of chemicals and vaguely defined par-
ticles. The transmission electron microscope (TEM),
invented in the mid-twentieth century, radically changed
this concept. Using a beam of electrons in place of light, the
TEM enabled biologists to see a cell’s ultrastructure
(fig. 3.3), a fine degree of detail extending even to the
molecular level. The most important thing about a good

Nucleus

—_
2.0 um

FIGURE 3.3 Ultrastructure of a White Blood Cell (TEM).
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microscope is not magnification but resolution—the ability
to reveal detail. Any image can be photographed and
enlarged as much as we wish, but if enlargement fails to
reveal any more useful detail, it is empty magnification. A
big fuzzy image is not nearly as informative as one that is
small and sharp. The TEM reveals far more detail than the
light microscope (LM), even at the same magnification
(fig. 3.4). A later invention, the scanning electron micro-
scope (SEM), produces dramatic three-dimensional images
at high magnification and resolution (see fig. 3.11a), but
can only view surface features.

Table 3.1 gives the sizes of some cells and subcellular
objects relative to the resolution of the naked eye, light
microscope, and TEM. You can see why the very exis-
tence of cells was unsuspected until the light microscope
was invented, and why little was known about their inter-
nal components until the TEM became available.
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FIGURE 3.4 Magnification Versus Resolution.
These cells were photographed at the same magnifi-

cation (about x 750) through (a) a light microscope
and (b) a transmission electron microscope.
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TABLE 3.1 Sizes of Biological Structures

in Relation to the Resolution

of the Eye, Light Microscope,
and Transmission Electron
Microscope

Object Size

Visible to the Naked Eye (Resolution 70-100 um)
Human egg, diameter 100 pm

Visible with the Light Microscope (Resolution 200 nm)

Most human cells, diameter 10-15 pm
Cilia, length 7-10 um
Mitochondria, width X length 0.2 X 4 um
Bacteria (Escherichia coli), length 1-3 um
Microvilli, length 1-2 pm

Lysosomes, diameter 0.5 pm = 500 nm

Visible with the Transmission Electron Microscope
(Resolution 0.5 nm)

Nuclear pores, diameter 30-100 nm
Centriole, diameter X length 20 X 50 nm
Polio virus, diameter 30 nm
Ribosomes, diameter 15 nm
Globular proteins, diameter 5-10 nm
Plasma membrane, thickness 7.5 nm
DNA molecule, diameter 2.0 nm
Plasma membrane channels, diameter 0.8 nm

Figure 3.5 shows some major constituents of a
typical cell. The cell is surrounded by a plasma (cell)
membrane made of proteins and lipids. The composi-
tion and functions of this membrane can differ signifi-
cantly from one region of a cell to another, especially
among the basal, lateral, and apical (upper) surfaces of
cells like the one pictured.

The cytoplasm is crowded with fibers, tubules, pas-
sageways, and compartments (see photograph on p. 87
and fig. 3.26). It includes several kinds of organelles and
a supportive framework called the cytoskeleton—all of
which we will study in this chapter. A cell may have
10 billion protein molecules, including potent enzymes
with the potential to destroy the cell if they are not con-
tained and isolated from other cellular components. You
can imagine the enormous problem of keeping track of
all this material, directing molecules to the correct desti-
nations, and maintaining order against the incessant
trend toward disorder. Cells maintain order partly by
compartmentalizing their contents in the organelles.

The organelles and cytoskeleton are embedded in a
clear gel called the cytosol or intracellular fluid (ICF).
The fluid outside the cell is extracellular fluid (ECF).
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e Before You Go On

Answer the following questions to test your understanding
of the preceding section:

1. What are the basic principles of the cell theory?

2. What does it mean to say a cell is squamous, stellate,
columnar, or fusiform?

3. Why can cells not grow to unlimited size?
4. What is the difference between cytoplasm and
cytosol?

5. Define intracellular fluid (ICF) and extracellular
fluid (ECF).

3.2 The Cell Surface

Objectives
When you have completed this section, you should be
able to

* describe the structure of a plasma membrane;

* explain the functions of the lipid, protein, and
carbohydrate components of the plasma membrane;

* describe a second-messenger system and discuss its
importance in human physiology;

* describe the composition and functions of the
glycocalyx that coats cell surfaces; and

» describe the structure and functions of microvilli,
cilia, and flagella.

Throughout this book, you will find that many of the most
physiologically important processes occur at the surface
of a cell—such events as immune responses, the binding
of egg and sperm, cell-to-cell signaling by hormones, and
the detection of tastes and smells, for example. A substan-
tial part of this chapter is therefore concerned with the
cell surface. Before we venture into the interior of the cell,
we will examine the structure of the plasma membrane,
surface features such as cilia and microvilli, and methods
of transport through the membrane.

The Plasma Membrane

The electron microscope reveals that the cell and many of
the organelles within it are bordered by a unit membrane,
which appears as a pair of dark parallel lines with a total
thickness of about 7.5 nm (fig. 3.6a). The plasma mem-
brane is the unit membrane at the cell surface. It defines
the boundaries of the cell, governs its interactions with
other cells, and controls the passage of materials into and
out of the cell. The side that faces the cytoplasm is the
intracellular face of the membrane, and the side that faces
outward is the extracellular face.
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FIGURE 3.5 Structure of a Representative Cell.

Membrane Lipids

Figure 3.6b shows our current concept of the molecular
structure of the plasma membrane—an oily film of lipids
with diverse proteins embedded in it. Typically about
98% of the molecules in the membrane are lipids, and
about 75% of the lipids are phospholipids. These amphi-
philic molecules arrange themselves into a bilayer, with
their hydrophilic phosphate-containing heads facing the
water on each side of the membrane and their hydropho-
bic tails directed toward the center, avoiding the water.
The phospholipids drift laterally from place to place, spin
on their axes, and flex their tails. These movements keep
the membrane fluid.
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[ Think About It

What would happen if the plasma membrane were
made primarily of a hydrophilic substance such as
carbohydrate? Which of the major themes at the end
of chapter 1 does this point best exemplify?

Cholesterol molecules, found near the membrane sur-
faces amid the phospholipids, constitute about 20% of the
membrane lipids. By interacting with the phospholipids
and holding them still, cholesterol can stiffen the membrane
(make it less fluid) in spots. Higher concentrations of choles-
terol, however, can increase membrane fluidity by prevent-
ing phospholipids from becoming packed closely together.
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The remaining 5% of the membrane lipids are glyco-
lipids—phospholipids with short carbohydrate chains on
the extracellular face of the membrane. They help to form
the glycocalyx, a carbohydrate coating on the cell surface
with multiple functions described shortly.
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Membrane Proteins

Although proteins are only about 2% of the molecules of
the plasma membrane, they are larger than lipids and
constitute about 50% of the membrane weight. Some of
them, called transmembrane proteins, pass through the
membrane. They have hydrophilic regions in contact
with the cytoplasm and extracellular fluid, and hydro-
phobic regions that pass back and forth through the lipid
of the membrane (fig. 3.7). Most transmembrane proteins
are glycoproteins, which are conjugated with oligosaccha-
rides on the extracellular side of the membrane. Many of
the transmembrane proteins drift about freely in the phos-
pholipid film, like ice cubes floating in a bowl of water.
Others are anchored to the cytoskeleton—an intracellular
system of tubules and filaments discussed later. Peripheral
proteins do not protrude into the phospholipid layer but
adhere to one face of the membrane. A peripheral protein
is typically associated with a transmembrane protein and
tethered to the cytoskeleton.

FaiT
acellular
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FIGURE 3.6 The Plasma Membrane. (a) Plasma membranes of two adjacent cells (TEM). (b) Molecular structure of

the plasma membrane.
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FIGURE 3.7 Transmembrane Proteins. A transmembrane protein has hydrophobic regions embedded in the phospholipid bilayer
and hydrophilic regions projecting into the intracellular and extracellular fluids. The protein may cross the membrane once (left) or
multiple times (right). The intracellular regions are often anchored to the cytoskeleton by peripheral proteins.

The functions of membrane proteins include the

following:

Receptors (fig. 3.8a). Many of the chemical signals
by which cells communicate (epinephrine, for
example) cannot enter the target cell but bind to
surface proteins called receptors. Receptors are
usually specific for one particular messenger, much
like an enzyme that is specific for one substrate.

Second-messenger systems. When a messenger binds
to a surface receptor, it may trigger changes within
the cell that produce a second messenger in the cyto-
plasm. This process involves both transmembrane
proteins (the receptors) and peripheral proteins.
Second-messenger systems are discussed later in
more detail.

Enzymes (fig. 3.8b). Enzymes in the plasma mem-
brane carry out the final stages of starch and protein
digestion in the small intestine, help produce second
messengers, and break down hormones and other
signaling molecules whose job is done, thus stop-
ping them from excessively stimulating a cell.

Ton channels (fig. 3.8c). Ion channels are transmem-
brane proteins or protein clusters with pores that
allow water and dissolved ions to pass through the
membrane. Some channels are always open, while
others are gates that open and close under different
circumstances, thus determining when solutes can
pass (fig. 3.8d). These gates respond to three types of
stimuli: ligand-regulated gates respond to chemical
messengers, voltage-regulated gates to changes in
electrical potential (voltage) across the plasma mem-
brane, and mechanically regulated gates to physical
stress on a cell, such as stretch and pressure.

By controlling the movement of electrolytes through
the plasma membrane, gated channels play an
important role in the timing of nerve signals and
muscle contraction (see Insight 3.1).

e Carriers (see figs. 3.18 and 3.19). Carriers are trans-
membrane proteins that bind to glucose, electrolytes,
and other solutes and transfer them to the other side
of the membrane. Some carriers, called pumps,
consume ATP in the process.

e Cell-identity markers (fig. 3.8e). Glycoproteins
contribute to the glycocalyx, a carbohydrate surface
coating discussed shortly. Among other functions,
this acts like an “identification tag” that enables our
bodies to tell which cells belong to it and which are
foreign invaders.

e Cell-adhesion molecules (fig. 3.8f). Cells adhere to
one another and to extracellular material through
membrane proteins called cell-adhesion molecules
(CAMs). With few exceptions (such as blood cells
and metastasizing cancer cells), cells do not grow or
survive normally unless they are mechanically
linked to the extracellular material. Special events
such as sperm—egg binding and the binding of an
immune cell to a cancer cell also require CAMs.

Second Messengers

Second messengers are of such importance that they
require a closer look. You will find this information
essential for your later understanding of hormone and
neurotransmitter action. Let’s consider how the hormone
epinephrine stimulates a cell. Epinephrine, the “first mes-
senger,” cannot pass through the plasma membrane, so it
binds to a surface receptor. The receptor is linked on
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FIGURE 3.8 Some Functions of Membrane Proteins.

INSIGHT 3.1 Clinical Application

Calcium Channel Blockers

Calcium channel blockers are a class of drugs that show the
therapeutic relevance of understanding gated membrane chan-
nels. The walls of the arteries contain smooth muscle that con-
tracts or relaxes to change their diameter. These changes
modify the blood flow and strongly influence blood pressure.
Blood pressure rises when the arteries constrict and falls when
they relax and dilate. Excessive, widespread vasoconstriction
can cause hypertension (high blood pressure), and vasocon-
striction in the coronary blood vessels of the heart can cause
pain (angina) due to inadequate blood flow to the cardiac
muscle. In order to contract, a smooth muscle cell must open
calcium channels in its plasma membrane and allow calcium to
enter from the extracellular fluid. Calcium channel blockers
prevent these channels from opening, thereby relaxing the
arteries, relieving angina, and lowering blood pressure.

the intracellular side to a peripheral protein called a
G protein (fig. 3.9). G proteins are named for the ATP-like
chemical, guanosine triphosphate (GTP), from which they
get their energy. When activated by the receptor, a G pro-
tein relays the signal to another membrane protein, ade-
nylate cyclase (ah-DEN-ih-late SY-clase). Adenylate
cyclase removes two phosphate groups from ATP and
converts it to cyclic AMP (cAMP), the second messenger
(see fig. 2.29b). Cyclic AMP then activates enzymes called
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kinases (KY-nace-es) in the cytosol. Kinases add phos-
phate groups to other cellular enzymes. This activates
some enzymes and deactivates others, but either way, it
triggers a great variety of physiological changes within the
cell. Up to 60% of currently used drugs work by altering
the activity of G proteins.

The Glycocalyx

External to the plasma membrane, all animal cells have
a fuzzy coat called the glycocalyx® (GLY-co-CAY-licks)
(fig. 3.10), which consists of the carbohydrate moieties of
membrane glycolipids and glycoproteins. It is chemically
unique in everyone but identical twins, and acts like an
identification tag that enables the body to distinguish its
own healthy cells from transplanted tissues, invading
organisms, and diseased cells. Human blood types and
transfusion compatibility are determined by glycolipids.
The glycocalyx includes the cell-adhesion molecules that
enable cells to adhere to each other and guide the move-
ment of cells in embryonic development. The functions of
the glycocalyx are summarized in table 3.2.

Microvilli, Cilia, and Flagella

Many cells have surface extensions called microvilli,
cilia, and flagella. These aid in absorption, movement,
and sensory processes.

8glyco = sugar + calyx = cup, vessel
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FIGURE 3.9 A Second-Messenger System.

4 /s adenylate cyclase a transmembrane protein or a peripheral
protein? What about the G protein?

Microvilli

Microvilli® (MY-cro-VIL-eye; singular, microvillus) are
extensions of the plasma membrane that serve primarily
to increase a cell’s surface area (figs. 3.10 and 3.11a, c).
They are best developed in cells specialized for absorp-
tion, such as the epithelial cells of the intestines and

9micro = small + villi = hairs
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kidney tubules. They give such cells 15 to 40 times as
much absorptive surface area as they would have if their
apical surfaces were flat.

Individual microvilli cannot be distinguished very
well with the light microscope because they are only 1 to
2 pm long. On some cells, they are very dense and appear
as a fringe called the brush border at the apical cell sur-
face. With the scanning electron microscope, they resem-
ble a deep-pile carpet. With the transmission electron



Saladin: Anatomy &
Physiology: The Unity of
Form and Function, Fifth
Edition

1. Organization of the Body
Function

Actin
microfilaments

@ ' 1.0 um '

3. Cellular Form and

© The McGraw-Hill
Companies, 2010

CHAPTER 3 Cellular Form and Function 97

—_
(b) 0.1 um

FIGURE 3.10 Microvilli and the Glycocalyx (TEM). The microvilli are anchored by microfilaments of actin, which occupy the core of
each microvillus and project into the cytoplasm. (a) Longitudinal section, perpendicular to the cell surface. (b) Cross section.

TABLE 3.2 Functions of the Glycocalyx

Protection Cushions the plasma membrane
and protects it from physical
and chemical injury

Immunity to infection Enables the immune system to
recognize and selectively attack

foreign organisms

Defense against cancer Changes in the glycocalyx of
cancerous cells enable the
immune system to recognize

and destroy them

Transplant compatibility Forms the basis for compatibility
of blood transfusions, tissue

grafts, and organ transplants

Cell adhesion Binds cells together so tissues do
not fall apart
Fertilization Enables sperm to recognize and

bind to eggs
Embryonic development Guides embryonic cells to their

destinations in the body

microscope, microvilli typically look like finger-shaped
projections of the cell surface. They show little internal
structure, but some have a bundle of stiff filaments of a
protein called actin. Actin filaments attach to the inside
of the plasma membrane at the tip of the microvillus, and
at its base they extend a little way into the cell and anchor
the microvillus to a protein mesh called the terminal web.
When tugged by another protein in the cytoplasm, actin
can shorten a microvillus to milk its absorbed contents
downward into the cell.

In contrast to the long, shaggy microvilli of absorptive
cells, those on many other cells are little more than tiny
bumps on the surface. On cells of the taste buds and inner
ear, they are well developed but serve sensory rather than
absorptive functions.

Cilia

Cilia (SIL-ee-uh; singular, cilium?'®) (fig. 3.11) are hairlike
processes about 7 to 10 wm long. Nearly every human cell
has a single, nonmotile primary cilium a few micrometers
long. Its function in some cases is still a mystery, but

cilium = eyelash
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FIGURE 3.11 Cilia. (a) Inner surface of the trachea (SEM). Several nonciliated, mucus-secreting goblet cells are visible among the
ciliated cells. The goblet cells have short microvilli on their surface. (b) Three-dimensional structure of a cilium. (c) Cross section of
a few cilia and microvilli (TEM). (d) Cross-sectional structure of a cilium. Note the relative sizes of cilia and microvilli in parts (a) and (c).

apparently many of them are sensory, serving as the cell’s
“antenna” for monitoring nearby conditions. In the inner
ear, they play a role in the sense of balance; in the retina
of the eye, they are highly elaborate and form the light-
absorbing part of the receptor cells; and in the kidney,

they are thought to monitor the flow of fluid as it is pro-
cessed into urine. In some cases, they open calcium gates
in the plasma membrane, activating an informative signal
in the cell. Sensory cells in the nose have multiple non-
motile cilia that bind odor molecules.
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FIGURE 3.12 Ciliary Action. (a) Cilia of an epithelium moving mucus along a surface layer of saline. (b) Power and recovery strokes

of an individual cilium.

Motile cilia are less widespread, occurring in the
respiratory tract, uterine (fallopian) tubes, internal cavi-
ties (ventricles) of the brain, and short ducts (efferent
ductules) associated with the testes. There may be 50 to
200 cilia on the surface of one cell. They beat in waves
that sweep across the surface of an epithelium, always in
the same direction (fig. 3.12), propelling such materials as
mucus, an egg cell, or cerebrospinal fluid. Each cilium
bends stiffly forward and produces a power stroke that
pushes along the mucus or other matter. Shortly after a
cilium begins its power stroke, the one just ahead of it
begins, and the next and the next—collectively producing
a wavelike motion. After a cilium completes its power
stroke, it is pulled limply back by a recovery stroke that
restores it to the upright position, ready to flex again.

|—Think About It

How would the movement of mucus in the respiratory
tract be affected if cilia were equally stiff on both their
power and recovery strokes?

Cilia could not beat freely if they were embedded in
sticky mucus (see Insight 3.2). Instead, they beat within a
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