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A actin, adenine

A surface area

ACE angiotensin converting enzyme

acetyl CoA acetyl coenzyme A

ACh acetylcholine

ACTH adrenocorticotropic hormone
(adrenocorticotropin,
corticotropin)

ADCC antibody-dependent cellular
cytotoxicity

ADH antidiuretic hormone
(vasopressin)

ADP adenosine diphosphate

AIDS acquired immune deficiency
syndrome

alv alveoli

AMP adenosine monophosphate

ANF atrial natriuretic factor

AP action potential

APC antigen-presenting cell

atm atmosphere

ATP adenosine triphosphate

AV atrioventricular

BM basement membrane
BMI body mass index
BMR basal metabolic rate

C Celsius (centigrade), creatine,
cytosine, carbon, capillary,
cervical

C clearance, concentration

Ca calcium (Ca®" calcium ion)

cal calorie

CAM cell adhesion molecule

cAMP cyclic 3',5'-adenosine
monophosphate

CCK cholecystokinin

Cc, creatinine clearance

cdc kinases cell division cycle kinases

CG chorionic gonadotropin

Cg glucose clearance

¢GMP cyclic 3',5'-guanosine
monophosphate

CGRP calcitonin gene-related peptide

C; intracellular concentration

CK creatine kinase

C; lung compliance

Cl chlorine (Cl™ chloride ion)

cm centimeter

CNS central nervous system

CO carbon monoxide, cardiac output

C, extracellular concentration

€O, carbon dioxide

CoA coenzyme A

—COOH carboxyl group (—COO™
carboxyl ion)

COX cyclooxygenase

Abbreviations Used in the
Text

CP creatine phosphate

CPK creatine phosphokinase

CPR cardiopulmonary resuscitation

Cr creatinine

CRH corticotropin releasing hormone

CSF cerebrospinal fluid, colony-
stimulating factor

CTP cytosine triphosphate

cyclic AMP cyclic 3',5'-adenosine
monophosphate

d dalton

DA dopamine

DAG diacylglycerol

A change

AE internal energy liberated
DHEA dihydroepiandrosterone
AP pressure difference

DKA diabetic ketoacidosis
dl deciliter

DNA deoxyribonucleic acid
DP diastolic pressure

DPG 2,3-diphosphoglycerate

e electron

E electric potential difference, voltage,
internal energy

E epinephrine, enzyme

ECF extracellular fluid

ECG electrocardiogram

ECL enterochromaffin-like cell

ECT electroconvulsive therapy

EDRF endothelium-derived relaxing
factor

EDV end-diastolic volume

EEG electroencephalogram

EF ejection fraction

EKG electrocardiogram

EP endogenous pyrogen

Epi epinephrine

EPP end-plate potential

EPSP excitatory postsynaptic potential

ES enzyme-substrate complex

ESV end systolic volume

ET-1 endothelin-1

7 (eta) fluid viscosity

F net flux, flow

FAD flavine adenine dinucleotide
Fe iron

FEV, forced expiratory volume in 1s
FFA free fatty acid

f; influx

f, efflux

FRC functional residual capacity
FSH follicle-stimulating hormone
ft feet

FVC forced vital capacity
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G guanine

g gram

Go phase “time out” phase of cell
cycle

G, phase first gap phase of cell cycle

G, phase second gap phase of cell
cycle

GABA gamma-aminobutyric acid

GDP guanosine diphosphate

GFR glomerular filtration rate

GH growth hormone

GHRH growth hormone releasing
hormone

G; inhibitory G protein

Gl gastrointestinal

GIP glucose-dependent insulinotropic
peptide

GLP-1 glucagon-like peptide-1

GMP guanosine monophosphate

GnRH gonadotropin releasing
hormone

G, stimulating G protein

GTP guanosine triphosphate

H hydrogen (H* hydrogen ion)

H heat

h hour

Hb deoxyhemoglobin

HbH deoxyhemoglobin

HbO, oxyhemoglobin

HCI hydrochloric acid

HCO;  bicarbonate ion

HDL high-density lipoprotein

HGF hematopoietic growth factor

HIV human immunodeficiency virus

H;0, hydrogen peroxide

HPO,%", H,PO,  phosphate ion,
inorganic orthophosphate

HR heart rate

5-HT serotonin, 5-hydroxytryptamine

Hz hertz, or cycles per second

I current

IDDM insulin-dependent diabetes
mellitus

IF interstitial fluid

Ig immunoglobulin

IGF-1 insulin-like growth factor I

IGF-Il insulin-like growth factor II

IL-1 interleukin 1

IL-2 interleukin 2

IL-6 interleukin 6

In inulin

in inch

IP; inositol trisphosphate

IPSP inhibitory postsynaptic potential

IUD intrauterine device
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JG juxtaglomerular
JGA juxtaglomerular apparatus

K potassium (K™ potassium ion)
kcal kilocalorie

kg kilogram

km/h kilometer per hour

k, permeability constant

L liter, lumbar

L tube length

Ib pound

LDH lactate dehydrogenase
LDL low-density lipoprotein
LH luteinizing hormone

l, optimal length

LSD lysergic acid diethylamide
LTD long-term depression

LTP long-term potentiation

m meter, milli-

M molar, myosin

M° activated myosin

M phase mitosis phase of cell cycle

MAC membrane attack complex

MAP mean arterial pressure

mEq milliequivalent

MES microsomal enzyme system

mg milligram

Mg magnesium (Mg®" magnesium
ion)

MHC major histocompatibility
complex

mi mile

mi/h miles per hour

MIS Miillerian inhibiting substance

min minute

miu milli international units

ml milliliter

mM millimolar

mmol millimol

mm millimeter

mmHg millimeters of mercury

mol mole

mOsm milliosmolar

mOsmol milliosmol

mRNA messenger RNA

ms millisecond

ig microgram

wl microliter

wm micrometer

M micromolar

pmol micromol

rV microvolt

mV millivolt

n any whole number

N nitrogen

Na sodium (Na* sodium ion)

NAD" nicotinamide adenine
dinucleotide

Abbreviations Used in the
Text

NE norepinephrine
NFP net filtration pressure
ng nanogram

—NH; amino group (—NH;" ionized

amino group)

NH; ammonia

NH," ammonium ion

NIDDM noninsulin-dependent
diabetes mellitus

NK cell natural killer cell

nm nanometer

nM nanomolar

nmol nanomol

NO nitric oxide

NPY neuropeptide Y

NREM nonrapid eye movement

NSAIDs nonsteroidal anti-
inflammatory drugs

0, oxygen

0,-~ superoxide anion

—OH"~ hydroxyl group

OH- hydroxyl radical

1,25-(0H),D; 1,25-dihydroxyvitamin
Ds

Osm osmolar

P pico

P product

P partial pressure, pressure,
permeability, plasma
concentration of a substance

PAH para-aminohippurate

P, alveolar pressure

Paum atmospheric pressure

Pgs Bowman's space pressure

Poc glomerular capillary pressure

PF platelet factor

Pg picogram

PGA prostaglandin of the A type

PGE prostaglandin of the E type

PGE, prostaglandin E,

PGI, prostacyclin, prostaglandin I,

PHI peptide histidine isoleucine

PHM peptide histidine methionine

P; inorganic phosphate

PIH prolactin inhibiting hormone

P,, intrapleural pressure

PIP, phosphatidylinositol
bisphosphate

pM picomolar

PMDD premenstrual dysphoric
disorder

PMS premenstrual syndrome

PRF prolactin releasing factor

PRG primary response gene

P, plasma concentration of substance s

R remainder of molecule, resistance
r inside radius of tube
REM rapid eye movement
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RNA ribonucleic acid
RQ respiratory quotient
rRNA ribosomal RNA

s second, sacral

S substrate, substance

S phase synthesis phase of cell cycle

SA sinoatrial

SAD seasonal affective disorder

SE substrate-enzyme complex

SERM selective estrogen receptor
modulator

“SH sulfhydryl group

$0,2" sulfate ion

SP systolic pressure

SR sarcoplasmic reticulum

SRY sex-determining region on the Y
chromosome

$S somatostatin

SSRIs serotonin-specific reuptake
inhibitors

STD sexually transmitted disease

SV stroke volume

T thymine, thoracic

T triiodothyronine

T4 thyroxine

TENS transcutaneous electric nerve
stimulation

t-PA tissue plasminogen activator

T tubule transverse tubule

TBW total body water

TFPI tissue factor pathway inhibitor

TH thyroid hormones

TIA transient ischemic attack

T, transport maximum

TNF tumor necrosis factor

TPR total peripheral resistance

TRH thyrotropin releasing hormone

tRNA transfer RNA

TSH thyroid-stimulating hormone

U uracil
U urine concentration of a substance
UTP uracil triphosphate

V volume, volume of urine per unit
time

VIP vasoactive intestinal peptide

Vi lung volume

VLDL very low density lipoprotein

Vozmax maximal oxygen
consumption

VWF von Willebrand factor

W work

x general term for any substance
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Preface

The purpose of this book remains what it was in the
first seven editions: to present the fundamental prin-
ciples and facts of human physiology in a format that
is suitable for undergraduate students, regardless of
academic backgrounds or fields of study: liberal arts,
biology, nursing, pharmacy, or other allied health pro-
fessions. The book is also suitable for dental students,
and many medical students have also used previous
editions to lay the foundation for the more detailed
coverage they receive in their courses.

The most significant feature of this book is its clear,
up-to-date, accurate explanations of mechanisms,
rather than the mere description of facts and events.
Because there are no limits to what can be covered in
an introductory text, it is essential to reinforce over and
over, through clear explanations, that physiology can
be understood in terms of basic themes and principles.
As evidenced by the very large number of flow dia-
grams employed, the book emphasizes understanding
based on the ability to think in clearly defined chains
of causal links. This approach is particularly evident
in our emphasis of the dominant theme of human
physiology and of this book—homeostasis as achieved
through the coordinated function of homeostatic con-
trol systems.

To repeat, we have attempted to explain, integrate,
and synthesize information rather than simply to
describe, so that students will achieve a working
knowledge of physiology, not just a memory bank of
physiological facts. Since our aim has been to tell a co-
herent story, rather than to write an encyclopedia, we
have been willing to devote considerable space to the
logical development of difficult but essential concepts;
examples are second messengers (Chapter 7), mem-
brane potentials (Chapter 8), and the role of intrapleural
pressure in breathing (Chapter 15).

In keeping with our goals, the book progresses
from the cell to the body, utilizing information and
principles developed previously at each level of com-
plexity. One example of this approach is as follows:
the characteristics that account for protein specificity are
presented in Part One (Chapter 4), and this concept is
used there to explain the “recognition” process exhib-
ited by enzymes. It is then used again in Part Two

(Chapter 7) for membrane receptors, and again in Part
Three (Chapter 20) for antibodies. In this manner, the
student is helped to see the basic foundations upon
which more complex functions such as homeostatic
neuroendocrine and immune responses are built.
Another example: Rather than presenting, in a
single chapter, a gland-by-gland description of all
the hormones, we give a description of the basic
principles of endocrinology in Chapter 10, but then
save the details of individual hormones for later
chapters. This permits the student to focus on the
functions of the hormones in the context of the home-
ostatic control systems in which they participate.

Given the inevitable restrictions of time, our organi-
zation permits a variety of sequences and ap-
proaches to be adopted. Chapter 1 should definitely
be read first as it introduces the basic themes that
dominate the book. Depending on the time available,
the instructor’s goals, and the students’ backgrounds
in physical science and cellular and molecular biol-
ogy, the chapters of Part One can be either worked
through systematically at the outset or be used more
selectively as background reading in the contexts of
Parts Two and Three.

In Part Two, the absolutely essential chapters
are, in order, Chapters 7, 8, 10, and 11, for they
present the basic concepts and facts relevant to
homeostasis, intercellular communication, signal
transduction, nervous and endocrine systems, and
muscle. This material, therefore, is critical for an un-
derstanding of Part Three.

We believe it is best to begin the coordinated
body functions of Part Three with circulation (Chap-
ter 14), but otherwise the chapters of Part Three, as
well as Chapters 9, 12, and 13 of Part Two, can be re-
arranged and used or not used to suit individual in-
structor’s preferences and time availability.

There were two major goals for this revision: (1) to
redo the entire illustration program (and give the
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general layout of the book a “face-lift”) for greater
teaching effectiveness, clarity, consistency, and esthetic
appeal; and (2) to update all material and assure the
greatest accuracy possible.

Hlustration Program

Almost all the figures have been redone to some ex-
tent, ranging from a complete redrawing of the figure
to simply changing the labeling of graph axes for
greater clarity. Figures 20—1 and 20-10 (Figure 20-9 in
the previous edition) provide examples of how a more
realistic three-dimensional perspective has been added
to many of the figures, and Figure 20-13 (Figure
20-12 in the previous edition) shows how the pictur-
ing of complex events has been improved. Also, even
when a specific part of the text has not required revi-
sion, we have added some new figures (for example,
Figure 20-7) to illustrate the text, particularly in the
case of material we know to be difficult.

Of course, the extensive use of flow diagrams,
which we introduced in our first edition, has been
continued. Conventions, which have been expanded
in this edition, are used in these diagrams through-
out the book to enhance learning. Look, for example,
at Figure 16-28. The beginning and ending boxes of
the flow diagram are in green, and the beginning is
further clarified by the use of a “Begin” logo. Blue
three-dimensional boxes are used to denote events
that occur inside organs and tissues (identified by
bold-faced underlined labels in the upper right of the
boxes), so that the reader can easily pick out the
anatomic entities that participate in the sequences of
events. The participation of hormones in the se-
quences stand out by the placing of changes in their
plasma concentrations in reddish /orange boxes. Sim-
ilarly, changes in urinary excretion are shown in yel-
low boxes. All other boxes are purple. Thus, color is
used in these diagrams for particular purposes, not
just for the sake of decoration.

Other types of color coding are also now used con-
sistently throughout the book. Thus, to take just a few
examples, there are specific colors for the extracellular
fluid, the intracellular fluid, muscle, particular mole-
cules (the two strands of DNA, for example), and the
lumen of the renal tubules and GI tract. Even a quick
perusal of Chapter 20 will reveal how consistent use
of different colors for the different types of lympho-
cytes, as well as macrophages, should help learning.

Updating of Material

Once again, we have considerably rewritten material
to improve clarity of presentation. In addition, as noted
above, most figures have been extensively redone, and
new figures have been added (only a few of these are
listed below). Finally, as a result of new research or in
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response to suggestions by our colleagues, many top-
ics have either been significantly altered or added for
the first time in this edition; the following is a partial
list of these topics.

Chapter 1 Introductory section: “The Scope of Human
Physiology”

Chapter 2 New figures: Hemoglobin molecule, DNA
double helix base pairings, purine-pyrimidine
hydrogen bond pairings

Chapter 3 Cholesterol in membrane function
Procedures for studying cell organelles
Endosomes
Peroxisomes

Chapter 5 Mitochondrial DNA
Preinitiation complex
Factors altering the activity of specific cell proteins
Protein delivery and entry into mitochondria
Regulation of cell division at checkpoints in mitotic
cycle

Chapter 6 Patch clamping
Primary active-transport mechanisms
Digitalis and inhibition of Na,K-ATPase
Cystic fibrosis chloride channel
Endocytosis
New figures illustrating transporter conformational
changes

Chapter 7 Paracrine/autocrine agents
Melatonin and brain pacemakers
Receptors as tyrosine kinases and guanylyl cyclase
JAK kinases and receptors
Phospholipase, diacylglycerol, and inositol
trisphosphate
Calcium-induced calcium release
Receptor inactivation

Chapter 8 Regeneration of neurons
Comparison of voltage-gated sodium and potassium
channels
Information on neurotransmitters
Functional anatomy of the central nervous system

Chapter 9 Pain
Olfaction

Chapter 10 Diagnosis of the site of a hormone
abnormality

Chapter 11 Passive elastic properties and role of titan
Factors causing fatigue
Role of nitric oxide in relaxing smooth muscle

Chapter 12 Cortical control of motor behavior
Parkinson’s disease
Effect of the corticospinal pathways on local-level
neurons
Walking

Chapter 13 Electroencephalogram
Sleep
Binding problem
Emotions
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Schizophrenia
Serotonin-specific reuptake inhibitors (SSRIs)
Learning and memory, and their neural bases
Chapter 14 Erythropoietin mechanism of action
Anti-angiogenic factors in treatment of cancer
Capillary filtration coefficient
Shock
Static exercise and blood pressure
Aging and heart rate
Drug therapy for hypertension, heart failure, and
coronary artery disease
Dysfunctional endothelium in atherosclerosis
Homocysteine, folate, and vitamin E in atherosclerosis
Coronary stents
Nitric oxide and peripheral veins
Platelet receptors for fibrinogen
Therapy of stroke with t-PA
Chapter 15 Pulmonary vessels and gravitational /physical
forces
Hemoglobin cooperativity
Carbon monoxide and oxygen carriage
Emphysema
Chapter 16 Mesangial cells and glomerular filtration
coefficient
Channels, transporters, and genetic renal diseases
Micturition, including role of sympathetic neurons
Aquaporins
Medullary circulation and urinary concentration
Pressure natriuresis
Calcitonin
Bisphosphonates and osteoporosis
Chapter 17 Colipase and fat digestion
HCl secretion and inhibitory role of somatostatin
Intestinal fluid secretion and absorption
Chapter 18 Inhibition of glucagon secretion by insulin
Roles of HDL and LDL
IGF-T and fetal growth
IGF-II
Mechanism of calorigenic effect of thyroid hormones
Leptin effects on hypothalamus and anterior
pituitary
Overweight and obesity
Fever and neural pathways from liver
Endogenous cryogens
Chapter 19 Dehydroepiandrosterone (DHEA)
Viagra (mechanism of action)
Therapy of prostate cancer with blockers of
dihydrotestosterone formation
Mechanism of dominant follicle selection and function
Mechanism of corpus luteum regression
Estrogen effect in males
Cause of premenstrual tension, syndrome, and
dysphoric disorder
Estrogen, learning, and Alzheimer’s disease
Oxytocin and sperm transport
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Parturition and placental corticotropin releasing
hormone
Postcoital contraception
Lack of crossing-over in X and Y chromosomes
ACTH and onset of puberty
Leptin and onset of puberty
Tamoxifen and selective estrogen receptor modulators
(SERMs)

Chapter 20 Carbohydrates and lipids as nonspecific
markers on foreign cells
C-reactive protein and other nonspecific opsonins
Apoptosis of immune cells
Mechanism by which diversity arises in lymphocytes
Tumor necrosis factor and lymphocyte activation
Roles of acute phase proteins
Mechanisms of immune tolerance
Psychological stress and disease

Also, our coverage of pathophysiology, everyday ap-
plications of physiology, exercise physiology, and mol-
ecular biology have again been expanded.

Despite many additions, a ruthless removal of ma-
terial no longer deemed essential has permitted us to
maintain the text size unchanged from the previous
edition.

Finally, The Dynamic Human CD-ROM is correlated
to several figures. A Dynamic Human (dancing man)
icon § appears in appropriate figure legends. The
WCB Life Science Animations Videotape Series is also
correlated to several figure legends, and videotape
icons [y appear in relevant figure legends.

A variety of pedagogical aids are utilized:

1. Bold-faced key terms throughout each chapter.
Clinical terms are designated by bold-faced
italics.

2. The illustration program is described earlier in
the preface.

3. Summary tables. We have increased the number
of reference and summary tables in this edition.
Some summarize small or moderate amounts of
information (for example, the summary of the
major hormones influencing growth in Table
18-6), whereas others bring together large
amounts of information that may be scattered
throughout the book (for example, the reference
figure of liver functions in Chapter 17). In
several places, mini-glossaries are included as
reference tables in the text (for example, the list
of immune-system cells and chemical mediators
in Chapter 20). Because the tables complement
the figures, these two learning aids taken
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together provide a rapid means of reviewing the
most important material in a chapter.

4. End-of-section or chapter study aids

a. Extensive summaries in outline form

b. Key-term lists of all bold-faced words in the
section/chapter (excluding the clinical terms)

c. Comprehensive review questions in essay
format. These review questions, in essence,
constitute a complete list of learning objectives.
d. Clinical term lists of all bold-face italicized
words in the chapter. This serves to remind the
student of how the physiology has been applied
to clinical examples in the chapter.

e. Thought questions that challenge the student
to go beyond the memorization of facts to solve
problems, often presented as case histories or
experiments. Complete Answers to Thought
Questions are given in Appendix A.

The chapter summaries, key-term definition lists,

and review questions appear at the ends of the sec-
tions in those chapters that are broken into sections.
These aids appear at the ends of nonsectioned chap-
ters. Clinical term lists and thought questions are al-
ways at the ends of chapters.

5

6.

. A very extensive glossary, with pronunciation
guides, is provided in Appendix B.
Appendixes C and D present, respectively,
English-metric interconversions and
Electrophysiology equations. Appendix E is an
outline index of exercise physiology.

7. A complete alphabetized list of all abbreviations

used in the text is given on the endpapers (the
insides of the book’s covers).

. Essential Study Partner (007-235897-1). This
CD-ROM is an interactive study tool packed
with hundreds of animations and learning
activities, including quizzes, and interactive
diagrams. A self-quizzing feature allows students
to check their knowledge of a topic before
moving on to a new module. Additional unit
exams give students the opportunity to review
coverage after completing entire units. A large
number of anatomical supplements are also
included. The ESP is packaged free with
textbooks.

. Online Learning Center (http://www.mhhe.com/
biosci/ap/vander8e/). Students and instructors
gain access to a world of opportunities through
this Web site. Students will find quizzes,
activities, links, suggested readings, and much
more. Instructors will find all the enhancement

10.
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tools needed for teaching on-line, or for
incorporating technology in the traditional
course.

. The Student Study Guide is now available as part

of the Online Learning Center. Written by
Donna Van Wynsberghe of the University of
Wisconsin—Milwaukee, it contains a large
variety of study aids, including learning hints
and many test questions with answers.

. Instructor’s Manual and Test Item File (007-290803-3)

by Sharon Russell of the University of
California—Berkeley contains suggestions for
teaching, as well as a complete test item file.

. MicroTest 1II testing software. Available in

Windows (007-290805-X) and Macintosh (007-
290804-1). A computerized test generator for use
with the text allows for quick creation of tests
based on questions from the test item file and
requires no programming experience.

. Overhead transparencies (007-290806-8). A set of

200 full-color transparencies representing the
most important figures from the book is
available to instructors.

. McGraw-Hill Visual Resource Library (007-290807-6).

A CD-ROM containing all of the line art from the
text with an easy-to-use interface program
enabling the user to quickly move among the
images, show or hide labels, and create a
multimedia presentation.

. The Dynamic Human CD-ROM (0697-38935-9)

illustrates the important relationships between
anatomical structures and their functions in the
human body. Realistic computer visualization
and three-dimensional visualizations are the
premier features of this CD-ROM. Various
figures throughout this text are correlated to
modules of The Dynamic Human. See pages xxvi—
xxvii for a detailed listing of figures.

. The Dynamic Human Videodisc (0-667-38937-5)

contains all the animations (200+) from the
CD-ROM. A bar code directory is also available.
Life Science Animations Videotape Series is a series
of five videotapes containing 53 animations that
cover many of the key physiological processes.
Another videotape containing similar animations
is also available, entitled Physiological Concepts of
Life Science. Various figures throughout this text
are correlated to animations from the Life Science
Animations. See pages xxvii—xxviii for a detailed
listing of figures.
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Tape 1: Chemistry, The Cell, Energetics (0-697-
25068-7)

Tape 2: Cell Division, Heredity, Genetics,
Reproduction and Development (0-697-25069-5)
Tape 3: Animal Biology I (0-697-25070-9)

Tape 4: Animal Biology II (0-697-25071-7)

Tape 5: Plant Biology, Evolution, and Ecology
(0-697-26600-1)

Tape 6: Physiological Concepts of Life Science
(0-697-21512-1)

11. Life Science Animations 3D CD-ROM
(007-234296-X). More than 120 animations that
illustrate key biological processes are available at
your fingertips on this exciting CD-ROM. This
CD contains all of the animations found on the
Essential Study Partner and much more. The
animations can be imported into presentation
programs, such as PowerPoint. Imagine the
benefit of showing the animations during lecture.

12. Life Science Animations 3D Videotape (007-290652-9).
Featuring 42 animations of key biologic
processes, this tape contains 3D animations and
is fully narrated. Various figures throughout this
text are correlated to video animations. See page
xxviii for a detailed listing of figures.

13. Life Science Living Lexicon CD-ROM (0-697-37993-0
hybrid) contains a comprehensive collection of
life science terms, including definitions of their
roots, prefixes, and suffixes as well as audio
pronunciations and illustrations. The Lexicon is
student-interactive, featuring quizzing and
notetaking capabilities.

14. The Virtual Physiology Lab CD-ROM (0-697-37994-9
hybrid) containing 10 dry labs of the most
common and important physiology experiments.

15. Anatomy and Physiology Videodisc (0-697-27716-X)
is a four-sided videodisc containing more than
30 animations of physiological processes, as well
as line art and micrographs. A bar code directory
is also available.

16. Anatomy and Physiology Video Series consists of
the following:

a. Internal Organs and the Circulatory System of
the Cat (0-697-13922-0)

b. Blood Cell Counting, Identification &
Grouping (0-697-11629-8)

c. Introduction to the Human Cadaver and
Prosection (0-697-11177-6)

d. Introduction to Cat Dissection: Musculature
(0-697-11630-1)

17. Study Cards for Anatomy and Physiology (007-
290818-1) by Van De Graaff, et al., is a boxed set
of 300 3-by-5 inch cards. It serves as a well-
organized and illustrated synopsis of the
structure and function of the human body. The
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Study Cards offer a quick and effective way for
students to review human anatomy and
physiology.

18. Coloring Guide to Anatomy and Physiology (0-697-
17109-4) by Robert and Judith Stone emphasizes
learning through the process of color association.
The Coloring Guide provides a thorough review
of anatomical and physiological concepts.

19. Atlas of the Skeletal Muscles (0-697-13790-2) by
Robert and Judith Stone is a guide to the
structure and function of human skeletal
muscles. The illustrations help students locate
muscles and understand their actions.

20. Laboratory Atlas of Anatomy and Physiology (0-697-
39480-8) by Eder, et al., is a full-color atlas
containing histology, human skeletal anatomy,
human muscular anatomy, dissections, and
reference tables.

21. Case Histories in Human Physiology, third edition,
by Donna Van Wynesberghe and Gregory Cooley
is a web-based workbook that stimulates
analytical thinking through case studies and
problem solving; includes an instructor’s answer
key. (www.mhhe.com /biosci/ap/vanwyn/).

22. Survey of Infectious and Parasitic Diseases (0-697-
27535-3) by Kent M. Van De Graaff is a black-
and-white booklet that presents the essential
information on 100 of the most common and
clinically significant diseases.

We are grateful to those colleagues who read one or
more chapters during various stages of this revision:

Jennifer Carr Burtwistle
Northeast Community College

Nicholas G. Despo
Thiel College

Jean-Pierre Dujardin
The Ohio State University

David A. Gapp
Hamilton College

H. Maurice Goodman
University of Massachusetts Medical School

David L. Hammerman
Long Island University

Dona Housh
University of Nebraska Medical Center

Sarah N. Jerome
University of Central Arkansas
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Fred Karsch
University of Michigan

Stephanie Burdine King
Wood College

Steven L. Kunkel
University of Michigan Medical School

Michael G. Levitzky
Louisiana State University Medical Center

Joseph V. Martin
Rutgers University

John L. McCarthy
Southern Methodist University

Kerry McDonald
University of Missouri

Philip Nelson
Barstow College

C. S. Nicoll
University of California, Berkeley

Colleen J. Nolan
St. Mary’s University

David Quadagno
Florida State University

Sharon M. Russell
University of California, Berkeley

Allen F. Sanborn
Barry University

David J. Saxon
Morehead State University

Amanda Starnes
Emory University

Edward K. Stauffer
University of Minnesota
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Leeann Sticker
Northwestern State University of Louisiana

James D. Stockand
Emory University

Richard Stripp
Arnold and Marie Schwartz College of Pharmacy,
Long Island University

Donna Van Wynsberghe
University of Wisconsin-Milwaukee

Samuel J. Velez
Dartmouth College

Benjamin Walcott
SUNY at Stony Brook

Curt Walker
Dixie College

R. Douglas Watson
University of Alabama at Birmingham

Scott Wells
Missouri Southern State College

Eric P. Widmaier
Boston University

Judy Williams
Southeastern Oklahoma State University

John Q. Zhang
Sherman College of Straight Chiropractic

Their advice was very useful in helping us to be
accurate and balanced in our coverage. We hope that
they will be understanding of the occasions when we
did not heed their advice, and we are, of course, solely
responsible for any errors that have crept in. We would
like to express our appreciation to Kris Tibbetts, Spon-
soring Editor; Pat Anglin, Developmental Editor; and
Peggy Selle, Project Manager.

To our parents, and to Judy, Peggy,
and Joe without whose understanding

it would have been impossible




Vander et al.: Human Front Matter Visual Tour © The McGraw-Hill

Physiology: The Companies, 2001
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The Mechanisms of
Body Function

Visual Tour

Beautifully Rendered
Full-color A
The Kidneys and Regulation of Water uii-colo I’t
and Inorganic lons Almost all of the figures have been
redone in this edition, ranging from a
complete redrawing of the figure to

SECTION A Renal Sodium Regulation SECTION D

v “ontrol of Sodium Reabsorption Sources of Irogen-ion Gain
] e e TR simple labeling changes. A realistic
Structure of the Kidneys and T e Buffering of Hydrogen fons

in the Body

i s A three-dimensional perspective has

T A sty s g been added to many of the figures for

Metabolism by the Tubules Thirst and Salt Appetite Additon of New Bicarbonate to the

o s o R R greater clarity and understanding of
REFAT. D g the concept

SECTION D sUMMARY
CALCIUM REGULATION SECTION D REVIEW QUESTIONS.
Effector Sites for Calcium

SECTION A SUMMARY
SECTION A REVIEW QUESTIONS

SECTION E
SECTION B Homeostasis
REGULATION OF SODIUM, WATER,  Bone ::"’:::’ DL

AND POTASSIUM BALANCE Kidneys s e ks of e Bty .
Total-Body Balance of Sodium Gastrointestina Tract ETD nse Mecharisms of the Body CHAPTER TWEN

and Water emodalyss, Peritonca

! Hormonal Controls (b
Basic Renal Processes for Sodium py U0 o
Water secrion € summAry

@
Primary Active Sodium Reabsorption CHAPTER 16 CLINICAL (Bcell receptor)

* igen © Immunogiobuiin
ragment
Caiconin .
Coupling of Watr Resbsoption to e e et - e
Sodium Reabsorption Metabolic Bghe Diseases o
secrion cfbummay s <> P iger

The
Countercurrent Multple System secrion £ kev Tems
secriof ¢ review questions

Macrophige /H;\pg‘;
ooy
Heler T ol ———

Nucieus

Chapter Outline

Before you begin a chapter, it is e e e e Ty 0 )3
. . ot
important to have a broad overview of

. resent antigen to helper T cells is a second function of Antigen-presenting cell
what it covers. Each chapter has an Bl i reponse o antigenc simation, he eher /- foempresentng !

being the differentiation of the B cells into antibody-
. . secreting plasma cells.
outline that permits you to see at a The tnding bebween hlper Tl receptr and
R . an:g:;:n:m:? :’l:ss 1 MHC proteins on an APC is
glance how the chapter is organized aton However
el advaton i

and what major topics are included. ot s o e 7]

and these providean —
tivation (Figure 20-1 [
Finally, the antig PC o the G 1
T cell, along with th e APC to g
secrete large amount rleukin 1
(IL-1) and tumor nec ich act as
paracrine agents on | 2l to pro-
vide yet another imp vation.
‘Thus, the APC pa sapo-
T cell in three ways: a0
vision of a costimulu hing
antigenic plasma-me: sec -1
of IL-1 and TNF (Fig s are reqied for activa
‘The activated hel relco .. presentation of the antigen bound
fous cytokines that h ctson the  On an antigen-presenting cel (APC.
helper T cell and par it B cells  matching nonantigenic proteins in
and any nearby cytc . and still ~ of the APC and the helper T cell; a
other cell types; we 1 25 in later “he cytokines interleukin 1 (
sections. 1), which act on the help

(- <A =
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bone, Kidneys, and gastrointestinal tract—are subject,
directly or indirectly, to control by a protein hormone
called " parathyroid hormone, ~produced by  the
parathyroid glands. These glands are in the neck, em-
bedded in the surface of the thyroid gland, but are
distinct from it. Parathyroid hormone production is
controlled by the extracellular calcium concentration
acting directly on the secretory cells (via a plasma-
membrane calcium receptor). Decreased plasma cal-
cium concentration stimulates parathyroid hormone

Tarathyrord Rormone exerts muliple actons that
increase extracellular calcium  concentration,  thus
compensating for the decreased concentration  that
originally stimulated ~secretion of ~this hormone
(Figure 16-2).
1.t directly increaes he resorption of bone by
, which results in the movement of
o (.md phosphate) from bone into
extracellular fluid.

Color-coded lllustrations

Color-coding is effectively used to
promote learning. For example, there
are specific colors for the extracellular
fluid, the intracellular fluid, muscle,
and the lumen of the renal tubules and

he net mov
tration and the

the active-transp
the affinity of the
that it has a highe
membrane than
ter the rates at
porter is shifted
Torepeat,in {
concentration (1o
tration (higher f
Therefore, active
multaneous flow
energy level toa
pling an energy flp

(2) the use of an
‘membrane to dr
transport.

Primary Active T
a transporter p

transport. The tr
that catalyzes 1

Gl tract.

the extracellular fluid and has a high affinity because
the protein has been phosphorylated on its intracellu-
lar surface by ATP. This phosphorylation occurs only
‘when the transporter is in the conformation shown on
the left side of the figure. (2) The transported solute in
the extracellular fluid binds to the high-affinity bind-
ing site. Random thermal oscillations repeatedly ex-
pose the binding site to one side of the membrane, then
to the other, independent of the protein’s phosphory-
lation. (3) Removal of the phosphate group from the
transporter decreases the affinity of the binding site,
leading to (4) the release of the transported solute into
the inracellular fluid. When the low-affinity site is re-
turned to the extracellular face of the membrane by the
random oscillation of the transporter (5), it is in a con-
formation which again permits phosphorylation, and
the cycle can be repeatt

o see why this will lead to movement from low
to higher concentration (that is, uphill movement),
consider the flow of solute through the transporter at
jual on the

ment from lower to higher concen-
aintenance of a higher steady-state
one side of a membrane can be
the continuous input of energy into
it process. This energy can (1) alter
[binding site on the transporter such
¥ affinity when facing one side of the
then facing the other side; or (2) al-
hich the binding site on the trans-
om one surface to the other.

rder to move molecules from a lower
ver energy state) to a higher concen-
ergy state), energy must be added
Fransport must be coupled to the si-
f some energy source from a higher
wer energy level. Two means of cou-
w to transporters are known: (1) the

e the process in secondary active

ansport  The hydrolysis of ATP by
vides the energy for primary active
nsporter is an cnzyme (an ATPase)

reakdown of ATP and, in the

to the high-affinity site at the extracellular surface of
the membrane than to the low-affinity site on the in-
tracellular surface. Thus more solute will move in than
out when the lranspcner oscillates between sides.

rocess,
transporter prote}
affinity of the tra
6-11 illustrates
active transport (
concentration) of
binding site for,

\

of the
1mvalem mod\danon) changes the
sporter’s solute binding site. Figure

e sequence of events leading to the

hat is, transport from low to highe

a solute into a cell. (1) Initially, the

?’ transported solute is exposed to

in most cels are (1) NaX- ATl’ase, (2) Ca-ATPase; (3)
H-ATPase; and (4) HK-ATPas:

Na K-ATPase is present in o plasma membranes,
‘The pumping activity of this primary active-transport
protein leads to the characteristic distribution of high
intracellular potassium and low intracellular sodium

Intracellular luid

o
P

—_—
Parathyrod glands.
 Parathyroid hormone secretion

+ Plasma parathyroid hormone

L

Kidneys.

1 Calcium
orpton

+1.25-(0H)D;
Tomaton

+ Utnary excretion
of phosphate.

+ Urinary excretion
of alcium into plas

1t Plasma  Release ofcalcium
1.25-(0H):D3 sma

4 Plasma phosphate.

otestine

+ Caloium absorption

\ e

FIGURE 16-28
Reflexes by which a red
hormone. See Figure 16

tion in plasma calcium concentration is restored toward normal via the actions of parathyroid
29 for a more complete description of 1,25-(OH);Ds.

Flow Diagrams

Long a hallmark of this book, extensive
use of flow diagrams have been
continued and expanded in this
edition. A bookmark has been included
with your book to give a further
explanation.

Binding ste

ot
protein gy -

Transported solute

-

Extracellular fluid

FIGURE 6-11
Primary active-transport model. Changes i the binding site affinty for a transported solute are produced by ph
and dephosphorylation of the transporter (covalent modulation) as it oscillates between two conformations. See
numbered sequence of events occurring during transport,

luminal surface of the intestinal lining cells, while oth-
ers are secreted by the pancreas and enter the intes-
tinal lumen. The products of digestion are absorbed
across the epithelial cells and enter the blood and/or
Iymph. Vitamins, minerals, and water, which do not
require enzymatic digestion, are also absorbed in the
small intestine.

“The Digestion and Absorption of Food CHAPTER SEVENTEEN g

the ~tuma(h hes both endocrin (Chapir 18 and ex
ocrine only the latter are directly in-
volved in gash intstnal function and are descibed
in this chapter. The exocrine portion of the pancreas
secretes (1) digestive enzymes and (2) a fluid rich in
bicarbonate fons. The high acidity of the chyme com-
ing from the stomach would inactivate the pancreatic

into
A inial shot segment, the duodemum, 5 followed
then by thelongest segment the
ileum. Normally, most of the chyme enterng b
Stomach 1 digested and absorbed i the frd quarter
of the small intestine, in the duodenum and jejunum.
major glands—the pancreas and liver—se-
crete substances that flow via ducts into the duode-
num. The pancreas, an elongated gland located behind

enzymes in
tralized by the bicarbonate ions in the pancreatic fluid.

‘The liver, a large gland located in the upper right
portion of the abdomen, has a variety of functions,
which are described in various chapters. This is a con-
venient place to provide, in Table 17-1, a comprehen-
sive reference list of these hepatic (the term means
“pertaining to the liver”) functions and the chapters in
which they are described. We will be concerned in this

TABLE 17-1 Summary of Liver Functions

Summary Tables

Some summary tables summarize small
or moderate amounts of information
whereas others bring together large

amounts of information that may be TR o g g, s o Gt
scattered throughou the book. The e
tables complement the accompanying e 1 s el (o) s (Capr 16, sther e e e
figures to provide a rapid means of ) wy’”gmf“;:(:?"“tum%”“M"“?Md oo
reviewing the most important material

in a chapter. .

A. Exocrine (digestive) functions (Chapter 1
Synthesizes and secretes bile sals, which are necessary fo adequate digestion and absorpion o fats.
2. Secretes into the bile a bicarbonate-rich solution, which helps neutralize acid in the duodenur.
B. Endocrine functions
1. In response to growth

hormone, secretes insulin-ike growth factor | (IGF-), which promotes growth by stimulating cell
8)

2. Conmm Lo acthion o viamin ter 16).
3. Forms triodott S L)

B by renin to form angiotensin | (Chapter 16).
5. Metabolizes hormones (Chapter 10).

6. Secretes cytokines invalved in immune defenses (Cha

Plasma proteins

fror d other postabsorpive period and
Teease the glocose nto the biood

ty acids ino ketones during fasting.
6. Produces urea, the major end product of amino acid (protein) catabolism, and refeases it into the bloo.

Cholesterol metabolism (Chapter 18)
1. Syntheseschleerlar nses o th oo
2. Secretes plasma

cholesterol nto.
3. Convms o ot s e

radative functions

‘and other bile pigments into the bile (Chapter 17),

2. Excretes,via the bile, many endogenous and foreign organic molecules as well as trace metals (Chapter 20).
3. Biotransforms many endogenous and foreign organic molecules (Chapter 20).

4. Destroys old erythrocytes (Chapter 14).
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Thought Questions

At the end of each chapter are
Thought Questions that challenge you
to go beyond the memorization of
facts to solve problems and encourage
you to stop and think more deeply
about the meaning or broader
significance of what you have

just read.
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SECTION D REVIEW QUESTIONS

1. State the geneic difference betsween males and
females and a method for identifying gencic sex.
Describe the sequence of events, the timing, and the
control of the development of the gonads and the
internal and external genital
3. What s the state of gonadotropin and sex hormone
Secretion before puberty?
4 What i the sate of estrgen and gonadtopin
cretion after menopause’
5. List the hormonal and anatomical changes that occur
after menopause

CHAPTER 19 CLINICAL TERMS

vasectomy eclampsia
erecile dysfunction pregnancy sickness
Viagra contraceptive
prostate cancer abortifacient
castration sexually transmitted discase
dysmenorrhea 1)
premenstrual tension oral contraceptive
premenstrual syndrome

PM: wer:
premenstrual dysphoric  intrauterine device

disorder (PMDD) 86
virilism in vitro fert
ectopic pregnancy testicular feminization
amniocentesis asteoporosis

chorionic villus sampling  tamoxifen

rome selective estrogen receptor
teratogen ‘modulators (SERMs)
preeclampsia

CHAPTER 19 THOUGHT QUESTIONS

(Answers are given in Appendix A)
1. What symptom will be common to a person whose
Leyig cells have been destroyed and to a person
whose Sertoli cells have been destroyed? What
symptom will not be common?

Regulation of Total-Body Energy Stores
L Energy storage as fat can be positive or negative
when the metabolic rate is less than or greater than,
respectively, the energy content of ingested food.
Energy shorage i rogulaled manly by refex
adjusiment of food inta
i, e metsbahe ot ncrevcsox
decreases to some extent when food intake is
chronically increased or decreased, respectively:
Food intake is controlled by leptin, secreted by
adipose-tissue cells, and a variety of satiety factors,
as summarized in Figure 15-17.
Being overweight or obese, the result of an
imbalance between food intake and metabolic rate,
increases the risk of many discases,

Regulation of Body Temperature

1 Core by temperature shows  iradian hyhm,
being the d

Regulation of Organic Metabolism, Growth, and Energy Balance  CHAPTER EIGHTEEN !

VIL The hyperthermia of exercise s due to the increased
t produced by the muscles

SECTION C KEY TERMS

Reproduction  CHAPTER NINETEEN !

A male athlete taking large amounts of an
andragenic steroid becomes sterile (unable to
produce sperm capable of causing fertilization).
Explain.

Aman who is sterile is found to have no evidence of
an increased blood concentration

, and a normal plasma concentration of LH.
‘What is the most likely basis of his sterility?
1f you were a scientist trying to develop a male
contraceptive acting on the anterior pituitary, would
you try to block the secretion of FSH or that of LH?
Explain the reason for your choice.

ar-old man has very small muscles, a sparse
ard, and a high-pitched voice. His plasma
concentration of LH is elevated. Explain the likely
cause of all these findings.
‘There are disorders of the adrenal cortex in which
excessive amounts of androgens are produced. If this
occurs in a woman, what will happen to her
menstrual cycles?
Women with inadequate secretion of GnRH are often
treated for their sterilty with drugs that mimic the.
action of this hormone. Can you suggest a possible.
reason that such treatment i often associated with
multple births?
Which of the following would be a signal that
ovlation is soon to oceur: the cervical mucus
becoming thick and sticky, an increase in body
temperature, a marked rise in plasma LH?
‘The absence of what phenomenon would interfere
with the ability of sperm obtained by masturbation
to fertilize an egg in a test tube?
I a woman 7 months pregnant s found to have a
marked decrease in plasma estrogen but a normal
plasma progesterone for that time of pregnancy,
what would you conclude?

‘might you work on if you were

trying to develop one to stop premature labor?
If a genetic male failed to produce MIS during in
utero lfe, what would the result be
Could the symptoms of menopause be treated by
injections of FSH and LH?

external work convection

internal work wind-chill index.

total energy expenditure  evaporation

iocslore(kca) peripheral thermoreceptor
olic rate central thermoreceptor

ol mesbalic ate shivering thermogenesis
R) nonshivering thermogenesis

calorigenic effect insensible water loss

food-induced thermo- sweat gland

genesis. thermoneutral zone.
leptin fever
saticty si endogenaus pyrogen (EP)

body mass s 6V e 1
interleukin 6 (1L-6)

11 i By enchangs hent it he xtenal
environment by radiation, conduction, convection,

and evaporation of water from the body surface.

The ypohalamus and othe bisn aress contin the

radiation endogenous cryogens
conduction hyperthermia

[ SToaen < veview avesTions

refloke, and both peripheral and contal
thermoreceptors participate in these reflexes.
Body temperature is regulated by altering heat
production and/or heat loss s0 as to change total
body heat content.
2. Heat production is altered by increasing muscle
tone, shivering, and voluntary activity.
b. Heat loss by radiation, conduction, and
convection depends on the difference between the
skin surface and the environment.
In response to cold, skin temperature is decreased
by decreasing skin blood flow through reflex
stimulation of the sympathetic nerves to the skin
In response to heat, skin temperature i increased
by inhibiting these nerves.
Behavioral responses such as putting on more
clothes also influence heat loss.
. Evaporation of water occurs all the time as
insensible loss from the skin and respiratory
lining, Additional water for evaporation is
supplied by sweat, stimulated by the sympathetic
nerves to the sweat glands.
Increased heat production is essential for
temperature regulation at environmental
temperatures belw the thermoneutralzone and

2

o

ing total energy expenditure,
and energy storage.

tabolic rate?

3. State the equation for total-body ener

Describe the three pnsslhle states of balance wi

4. What happens to the basal metabolic rate aftr a

rson has either lost or gained weight?

5. List five satiety signals.

6. List three beneficial effects of exercise in a weight-
loss program.

7. Compare and contrast the four mechanisms for heat

loss.

8. Describe the control of skin blood vessels during
exposure to cold or hea

9. With a diagram, summarize the reflex responses to
heat o cold. What are the dominant mechanisms for
temperature regulation in the thermoneutral zone
and in temperatures below and above this range?

10. What changes are exhibited by a heat-acclimatized
person?

11, Summarize the sequence of events leading to a fever
and contrast this to the sequence leading o
hyperthermia during exercise.

sweating is essential per we this

V. Temperature acclimatization to heat is achieved by
an earlier onset of sweating, an increased volume of
sweat, and a decreased sodium concentration of the.
sweal

Fever is due to a resetting of the temperature set
point so that heat production is increased and heat
loss is decreased in order to raise body temperature
to the new set point and keep it there. The stimulus.
is endogenous pyrogen, which is interleukin 1 and
other peptides as well

=

CHAPTER 18 CLINICAL TERMS

diabetes mellitus sulfonylureas
insulin-dependent diabetes  fasting hypoglycemia

‘mellitus (IDDM) atherosclerosis
noninsulin-dependent cancer

diabetes mellitus oncogene

(NIDDM) giantism

abetic ketoacidosis duwarfism
stance acromegaly

Chapter Summary

A summary, in outline form, at the
end of each chapter reinforces your
mastery of the chapter content.
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Glossary

A very extensive Glossary,
with pronunciation guides,
provided in Appendix B.

Front Matter

Answers to Thought
Questions
Complete answers to
Thought Questions are
given in Appendix A.

ANSWERS

Chapter 4

47 Adrugcould deesescd secationty () hinding o

ppendix A

O THOUGHT QUESTIONS

4.5 Phosphoprotein phosphatase removes the phosphate

o
swouldremin n s acivate sat. The ity to dcrsse
gula-

natural messengers from binding (competition); or
ing an allosteric effect on the binding sites, which we
crease the affinity of the sites that normally bind in
‘messengers or decrease the affinity of those sites
‘mally bind stimulatory messengers.

4-2 The reason for a lack of insulin effect could be
a decrease in the number of available binding sites to

bility, which does not involve insulin binding, would
defect in the way the binding site triggers a cell respol
once it s bound i

43 An increse i the concentation o compound A
Tead 02 decrease i the concentaton o compound 1
the route shown below. Sequential activations and inhib
tions of proteins of this general type are frequently encoun|
tered in physiological control systems.

Enzyme C

oo T Protein kinase B —
losterc p
actaion e
1 Activiy of enzyme &
o——1tE
Alost
innibion

| Enzyme F aciviy

onversion of
Ergs ety L

4.4 (a) Acid secretion could be increased to 40 mmol/h
by (1) increasing the concentration of compound X from

as well as wity is essential to the ey
fon of physilogit! proceses.
4-6 The reactant molecules have a combined energy con-
tent of 55 + 93 = 148 keal/mol, and the products have 62 +
7= 9. Thus, theeney coment o the proccts sxcssds
al/mol, and.
o b adied oA o e products C and D,
“The reaction is reversible since the difference in energy
content between the reactants and products is small. When
the reaction reaches chemical equilibrium, there will be a
lighly igher concntaton of reactats than producs.
“The maximum rate at which the end product E can be
S motecin pr acond,the e of she o Homens

48 Under normal conditions, the concentration of oxygen
at the level of the mitochondia in cells, including muscle at
rest s suffcient o saturate the enzyme that combines oxy-

in the electron transport chain depend on the available con-
centrations of ADP and P;, which are combined to form ATF.
“Thus, increasing the oxygen concentration above nor-
mal levels will not increase ATP production. 1f a muscle is
contrcting, it will bresk down ATD into ADPand P, which
become the major rate-limiting substrates for increasing
production. With intense muscle activity, the level of- uxygen
may fall below saturating levels, limiting the rate
production, and intensely active muscles must use anaero-
ic glycolysis to provide additonal ATP. Under thee cir-

ill increase the rate of ATP production. As discussed in
hapter 14, it is not the concentration of oxygen in the blood

tis increased during exercise but the rate of blood flow
a muscle, resulting in greater quantities of oxygen deliv-

o the tissue.

chis the major fuel used by the brain, mus

Dusing starvation, i the abence of ingested shucose
#plycogenare rapidy deplcted.Glucose

[7cd irom other types of molecules Most of this newly

besyn

Visual Tour
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Appendix

ENGLISH AND METRIC UNITS

csly 5 it o o
o]

mETRIC
Length 1 meter = 39.37 inches.

1 centimeter (c

1 millimeter (mm)

1 micrometer

1 nanometer (nm) = 111000 micro
Mass 3.59 grams 1 kiogram (kg) = 1000 grams = 2.2 pounds

8.3 grams 1 0.035 ounce

1 milligram (ma) = 1/1000

1 microgram (ug) = 1/1000 millgram

1 nanogram (ng) = 1/1000 microgram

1 = m
Volume

Appendix D

ELECTROPHYSIOL

‘The Nernst equation describes the equilibrium
potential for any ion species —that is, the electric potential
Recessary to balance a given ionic concentration gradient
across a membrane so that the net passive flux of the fon s
zero. The Nernst equation s

where E = equilibrium potential for the particular
ion in question
G = intaclluar concntation o the ion
. £ ih

OGY EQUATIONS

Amembrane ot depends on e nrcallar
and extracellular concentrations of potassium, sodium, and
chloride (and other ions i they are in sufficient
concentrations) and on the relative permeabilites of the
membrane to these ions. The Goldman equation is used to
calculate the value of the membrane potential when the
potential is determined by more than one ion species. The
Goldman equation is

Vo BT P K+ Py X Na + P x

™7 F P K+ P X Nay + P X
here V= membrane ootential

valence of the ion (+1
potassium, +2 for calc

a5 constant (531491

absolute temperature ({

‘measured on the Kelvi

recs centigrade +2

F = Faraday (the quantity
contained in 1 mol of
96,4846 C/mol of cha

= logarithm taken to the;

Atrial pumping 393

Renal blood flow

Control mechanisms 44-5

Appendix

OUTLINE OF EXERCISE PHYSIOLOGY

Effects on Cardiovascular System 442-6 Pulmonary capillaris (dilate) 482

Ventilation (increases) 464, 477, 493
Breathing depth (increascs) 313, 477

\piraton 4
Candiac output (increases) 400, 442-6, 464 i
Disrition during exercie 129, 432, 423 gg;;;;:*“<*"t'==f=‘1 35,477

il 495

Effects on Skeletal Muscle
ation to exercise 315-9

re G
(decrnses) 42 45

2pM to8 pM, thercby increasing the number of binding
accupied; or (2) increasing the affinity of the binding
for compound X, thereby increasing the amount bound w|
out changing the concentration of compound X. (b) I
ing the concentration of compound X from 18 to 25 pM
not increase acid secretion because, at 18 pM, al the b
ing sitesare occupied (the system s saturated), and ther
o further binding sites available

A

Acell see alpha cell

absolute refrac riod time
during which an excitable
‘membrane cannot generate an
action potential in response to any
stimulus

absorption movement of materials
s n pithelal yerfom

ly cavity or compartment

oward th oo

absorptive state period during
which nutrients enter bloodstream
from gastrointestinal tract

accessory reproductive organ _duct
through which sperm or cgg is
transported, or a gland emptying
into such a duct (in the female,
the breasts are usually included)

acclimatization  (ah-climb-ah-tih-
ZAY-shun) environmentally.

iced improvement in

funcioning of o pysiloicl

system with no change in geneic
endowment
accommodation adjustment of eye

for viewing various distances by
changing shape o ler

acetyl coenzyme A (acs )
(ASSi-teel koh-EN-zime A, koh-
A) metabolic intermediate that
transfers acetyl groups to Krebs
cycle and various synthetic
pathways

acetyl group

acetylcholine (ACh) _(ass-ih-tecl-

Heleen) a neurotransmitter

released by pre-and post-
ganglionic parasympathetic
neurons, preganglionic
sympathetic neurons, somatic
neurons, and some CNS neurons

acetylcholinesterase _(ass-ih-tecl-
Kohlin-ES-ter-ase) enzyme that
breaks down acetylcholine into
acetic acid and choline

acid molccule capable of releasing a
hydrogen ion; Feolution having an
H* concentration greater than that
of pure water (tha is, pH less than
7);see also strong acid, weak acid.

Appendix B

GLOSSARY

acidity  concentration of free,

concentration, the greater the

acidit

acidosis _(ass-ih-DOHsis) any
situation in which arterial H*
concentration is elevated above
normal resting levels; see iso
metaboic cdoss,respratory

acrosome _ (AK-roh-sol
cytoplasmic vesicle containing
digestive enzymes and located at
head of

actin (AK-tin) globular contractile
protein to which myosin cross
bridges bind; located in muscle
thin flaments and in micro-
filaments of cytoskeletor

xﬂnn pmnn.l elecmc sl

scle

ot depulanuhm

of membrane polariy; h
reshold and riactory priod
and is conducted without
decrement

activated macrophage macrophage
whose killing ability has been
enhanced by cytokines,
partcularly 11-2 and interferon-

acthation. s lymphocyte actvation

activation energy cnergy necessary

o dirup existing heicl o

during a chemical reactor

acive hyperemia. (ny porEE-me-k)

active immunity  resistance to
reinfection acquired by contact
with microorganisms, their toxins,
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One cannot meaningfully analyze the complex activities of the
human body without a framework upon which to build, a set

of viewpoints to guide one’s thinking. It is the purpose of this

Stated most simply and broadly, physiology is the
study of how living organisms work. As applied to hu-
man beings, its scope is extremely broad. At one end
of the spectrum, it includes the study of individual
molecules—for example, how a particular protein’s
shape and electrical properties allow it to function as
a channel for sodium ions to move into or out of a cell.
At the other end, it is concerned with complex
processes that depend on the interplay of many widely
separated organs in the body—for example, how the
brain, heart, and several glands all work together to
cause the excretion of more sodium in the urine when
a person has eaten salty food.

What makes physiologists unique among biolo-
gists is that they are always interested in function and
integration—how things work together at various lev-
els of organization and, most importantly, in the entire
organism. Thus, even when physiologists study parts
of organisms, all the way down to individual mole-
cules, the intention is always ultimately to have what-
ever information is gained applied to the function of
the whole body. As the nineteenth-century physiolo-
gist Claude Bernard put it: “After carrying out an
analysis of phenomena, we must . . . always reconstruct
our physiological synthesis, so as to see the joint ac-
tion of all the parts we have isolated . .. .”

In this regard, a very important point must be
made about the present status and future of physiol-
ogy. It is easy for a student to gain the impression from
a textbook that almost everything is known about the
subject, but nothing could be farther from the truth for
physiology. Many areas of function are still only poorly
understood (for example, how the workings of the
brain produce the phenomena we associate with the
word “mind”).

Indeed, we can predict with certainty a coming ex-
plosion of new physiological information and under-
standing. One of the major reasons is as follows. As
you will learn in Chapters 4 and 5, proteins are mole-
cules that are associated with practically every func-
tion performed in the body, and the directions for the
synthesis of each type of protein are coded into a
unique gene. Presently, only a fraction of all the body’s
proteins has been identified, and the roles of these
known proteins in normal body function and disease
often remain incompletely understood. But recently,
with the revolution in molecular biology, it has become
possible to add or eliminate a particular gene from a
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chapter to provide such an orientation to the subject of

human physiology.

living organism (Chapter 5) in order to better study
the physiological significance of the protein for which
that gene codes. Moreover, the gaining of new physi-
ological information of this type will expand enor-
mously as the Human Genome Project (Chapter 5) con-
tinues its task of identifying all of the estimated 50,000
to 100,000 genes in the body, most of these genes cod-
ing for proteins whose functions are unknown.

Finally, a word should be said about the interac-
tion of physiology and medicine. Disease states can be
viewed as physiology “gone wrong,” or pathophysi-
ology, and for this reason an understanding of physi-
ology is absolutely essential for the study and practice
of medicine. Indeed, many physiologists are them-
selves actively engaged in research on the physiologi-
cal bases of a wide range of diseases. In this text, we
will give many examples of pathophysiology, always
to illustrate the basic physiology that underlies the
disease.

The mechanist view of life, the view taken by physi-
ologists, holds that all phenomena, no matter how
complex, can ultimately be described in terms of phys-
ical and chemical laws. In contrast, vitalism is the view
that some “vital force” beyond physics and chemistry
is required to explain life. The mechanist view has pre-
dominated in the twentieth century because virtually
all information gathered from observation and exper-
iment has agreed with it.

Physiologists should not be misunderstood when
they sometimes say that “the whole is greater than the
sum of its parts.” This statement in no way implies a
vital force but rather recognizes that integration of an
enormous number of individual physical and chemi-
cal events occurring at all levels of organization is re-
quired for biological systems to function.

A common denominator of physiological
processes is their contribution to survival. Unfortu-
nately, it is easy to misunderstand the nature of this
relationship. Consider, for example, the statement,
“During exercise a person sweats because the body
needs to get rid of the excess heat generated.” This type
of statement is an example of teleology, the explana-
tion of events in terms of purpose, but it is not an ex-
planation at all in the scientific sense of the word. It is
somewhat like saying, “The furnace is on because the
house needs to be heated.” Clearly, the furnace is on
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not because it senses in some mystical manner the
house’s “needs,” but because the temperature has
fallen below the thermostat’s set point and the electric
current in the connecting wires has turned on the
heater.

Of course, sweating really does serve a useful pur-
pose during exercise because the excess heat, if not
eliminated, might cause sickness or even death. But
this is totally different from stating that a need to avoid
injury causes the sweating. The cause of the sweating
is a sequence of events initiated by the increased heat
generation: increased heat generation — increased
blood temperature — increased activity of specific
nerve cells in the brain — increased activity of a series
of nerve cells — increased production of sweat by the
sweat-gland cells. Each step occurs by means of
physicochemical changes in the cells involved. In sci-
ence, to explain a phenomenon is to reduce it to a
causally linked sequence of physicochemical events.
This is the scientific meaning of causality, of the word
“because.”

This is a good place to emphasize that causal
chains can be not only long, as in the example just
cited, but also multiple. In other words, one should not
assume the simple relationship of one cause, one ef-
fect. We shall see that multiple factors often must in-
teract to elicit a response. To take an example from
medicine, cigarette smoking can cause lung cancer, but
the likelihood of cancer developing in a smoker de-
pends on a variety of other factors, including the way
that person’s body processes the chemicals in cigarette
smoke, the rate at which damaged molecules are re-
paired, and so on.

That a phenomenon is beneficial to a person, while
not explaining the mechanism of the phenomenon, is of
obvious interest and importance. Evolution is the key
to understanding why most body activities do indeed
appear to be purposeful, since responses that have sur-
vival value undergo natural selection. Throughout this
book we emphasize how a particular process con-
tributes to survival, but the reader must never confuse
the survival value of a process with the explanation of
the mechanisms by which the process occurs.

Cells: The Basic Units of Living Organisms

The simplest structural units into which a complex
multicellular organism can be divided and still retain
the functions characteristic of life are called cells. One
of the unifying generalizations of biology is that cer-
tain fundamental activities are common to almost all
cells and represent the minimal requirements for main-
taining cell integrity and life. Thus, for example, a hu-
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A Framework for Human Physiology CHAPTER ONE

man liver cell and an amoeba are remarkably similar
in their means of exchanging materials with their im-
mediate environments, of obtaining energy from or-
ganic nutrients, of synthesizing complex molecules, of
duplicating themselves, and of detecting and re-
sponding to signals in their immediate environment.

Each human organism begins as a single cell, a fer-
tilized egg, which divides to create two cells, each of
which divides in turn, resulting in four cells, and so
on. If cell multiplication were the only event occurring,
the end result would be a spherical mass of identical
cells. During development, however, each cell becomes
specialized for the performance of a particular func-
tion, such as producing force and movement (muscle
cells) or generating electric signals (nerve cells). The
process of transforming an unspecialized cell into a
specialized cell is known as cell differentiation, the
study of which is one of the most exciting areas in bi-
ology today. As described in Chapter 5, all cells in a
person have the same genes; how then is one unspe-
cialized cell instructed to differentiate into a nerve cell,
another into a muscle cell, and so on? What are the ex-
ternal chemical signals that constitute these “instruc-
tions,” and how do they affect various cells differently?
For the most part, the answers to these questions are
unknown.

In addition to differentiating, cells migrate to new
locations during development and form selective ad-
hesions with other cells to produce multicellular struc-
tures. In this manner, the cells of the body are arranged
in various combinations to form a hierarchy of organ-
ized structures. Differentiated cells with similar prop-
erties aggregate to form tissues (nerve tissue, muscle
tissue, and so on), which combine with other types of
tissues to form organs (the heart, lungs, kidneys, and
so on), which are linked together to form organ sys-
tems (Figure 1-1).

About 200 distinct kinds of cells can be identified
in the body in terms of differences in structure and
function. When cells are classified according to the
broad types of function they perform, however, four
categories emerge: (1) muscle cells, (2) nerve cells, (3)
epithelial cells, and (4) connective-tissue cells. In each
of these functional categories, there are several cell
types that perform variations of the specialized func-
tion. For example, there are three types of muscle
cells—skeletal, cardiac, and smooth—which differ
from each other in shape, in the mechanisms control-
ling their contractile activity, and in their location in
the various organs of the body.

Muscle cells are specialized to generate the me-
chanical forces that produce force and movement.
They may be attached to bones and produce move-
ments of the limbs or trunk. They may be attached to
skin, as for example, the muscles producing facial
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expressions. They may enclose hollow cavities so that
their contraction expels the contents of the cavity, as
in the pumping of the heart. Muscle cells also surround
many of the tubes in the body—blood vessels, for ex-
ample—and their contraction changes the diameter of
these tubes.

Nerve cells are specialized to initiate and conduct
electric signals, often over long distances. A signal may
initiate new electric signals in other nerve cells, or it
may stimulate secretion by a gland cell or contraction
of a muscle cell. Thus, nerve cells provide a major
means of controlling the activities of other cells. The
incredible complexity of nerve-cell connections and ac-
tivity underlie such phenomena as consciousness and
perception.

Epithelial cells are specialized for the selective se-
cretion and absorption of ions and organic molecules.
They are located mainly at the surfaces that either
cover the body or individual organs or else line the
walls of various tubular and hollow structures within
the body. Epithelial cells, which rest on a homogeneous
extracellular protein layer called the basement mem-
brane, form the boundaries between compartments
and function as selective barriers regulating the ex-
change of molecules across them. For example, the ep-
ithelial cells at the surface of the skin form a barrier
that prevents most substances in the external envi-
ronment—the environment surrounding the body—
from entering the body through the skin. Epithelial
cells are also found in glands that form from the in-
vagination of epithelial surfaces.

Connective-tissue cells, as their name implies,
have as their major function connecting, anchoring,
and supporting the structures of the body. These cells
typically have a large amount of material between
them. Some connective-tissue cells are found in the
loose meshwork of cells and fibers underlying most
epithelial layers; other types include fat-storing cells,
bone cells, and red blood cells and white blood cells.

Tissues

Most specialized cells are associated with other cells
of a similar kind to form tissues. Corresponding to the
four general categories of differentiated cells, there are
four general classes of tissues: (1) muscle tissue,
(2) nerve tissue, (3) epithelial tissue, and (4) connec-
tive tissue. It should be noted that the term “tissue” is
used in different ways. It is formally defined as an ag-
gregate of a single type of specialized cell. However,
it is also commonly used to denote the general cellu-
lar fabric of any organ or structure, for example, kid-
ney tissue or lung tissue, each of which in fact usually
contains all four classes of tissue.

We will emphasize later in this chapter that the im-
mediate environment of each individual cell in the
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body is the extracellular fluid. Actually this fluid is in-
terspersed within a complex extracellular matrix con-
sisting of a mixture of protein molecules (and, in some
cases, minerals) specific for any given tissue. The ma-
trix serves two general functions: (1) It provides a scaf-
fold for cellular attachments, and (2) it transmits to the
cells information, in the form of chemical messengers,
that helps regulate their migration, growth, and
differentiation.

The proteins of the extracellular matrix consist of
fibers—ropelike collagen fibers and rubberband-like
elastin fibers—and a mixture of other proteins that
contain chains of complex sugars (carbohydrates). In
some ways, the extracellular matrix is analogous to re-
inforced concrete. The fibers of the matrix, particularly
collagen, which constitutes one-third of all bodily pro-
teins, are like the reinforcing iron mesh or rods in the
concrete, and the carbohydrate-containing protein
molecules are the surrounding cement. However, these
latter molecules are not merely inert “packing mate-
rial,” as in concrete, but function as adhesion/recog-
nition molecules between cells and as important links
in the communication between extracellular messen-
ger molecules and cells.

Organs and Organ Systems

Organs are composed of the four kinds of tissues
arranged in various proportions and patterns: sheets,
tubes, layers, bundles, strips, and so on. For example,
the kidneys consist of (1) a series of small tubes, each
composed of a single layer of epithelial cells; (2) blood
vessels, whose walls contain varying quantities of
smooth muscle and connective tissue; (3) nerve-cell ex-
tensions that end near the muscle and epithelial cells;
(4) a loose network of connective-tissue elements that
are interspersed throughout the kidneys and also form
enclosing capsules; and (5) extracellular fluid and
matrix.

Many organs are organized into small, similar sub-
units often referred to as functional units, each per-
forming the function of the organ. For example, the
kidneys” 2 million functional units are termed neph-
rons (which contain the small tubes mentioned in the
previous paragraph), and the total production of urine
by the kidneys is the sum of the amounts formed by
the individual nephrons.

Finally we have the organ system, a collection of
organs that together perform an overall function. For
example, the kidneys, the urinary bladder, the tubes
leading from the kidneys to the bladder, and the tube
leading from the bladder to the exterior constitute the
urinary system. There are 10 organ systems in the body.
Their components and functions are given in Table 1-1.

To sum up, the human body can be viewed as a
complex society of differentiated cells structurally and

1. A Framework for Human
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functionally combined and interrelated to carry out the
functions essential to the survival of the entire organ-
ism. The individual cells constitute the basic units of
this society, and almost all of these cells individually
exhibit the fundamental activities common to all forms
of life. Indeed, many of the cells can be removed and
maintained in test tubes as free-living organisms (this
is termed in vitro, literally “in glass,” as opposed to in
vivo, meaning “within the body”).

There is a paradox in this analysis: How is it that
the functions of the organ systems are essential to the
survival of the body when each individual cell seems
capable of performing its own fundamental activities?
As described in the next section, the resolution of this
paradox is found in the isolation of most of the cells
of the body from the external environment and in the
existence of an internal environment.

An amoeba and a human liver cell both obtain their
energy by breaking down certain organic nutrients.
The chemical reactions involved in this intracellular
process are remarkably similar in the two types of cells
and involve the utilization of oxygen and the produc-
tion of carbon dioxide. The amoeba picks up oxygen
directly from the fluid surrounding it (its external
environment) and eliminates carbon dioxide into the
same fluid. But how can the liver cell and all other in-
ternal parts of the body obtain oxygen and eliminate
carbon dioxide when, unlike the amoeba, they are not
in direct contact with the external environment—the
air surrounding the body?

Figure 1-2 summarizes the exchanges of matter
that occur in a person. Supplying oxygen is the func-
tion both of the respiratory system, which takes up
oxygen from the external environment, and of the cir-
culatory system, which distributes the oxygen to all
parts of the body. In addition, the circulatory system
carries the carbon dioxide generated by all the cells of
the body to the lungs, which eliminate it to the exte-
rior. Similarly, the digestive and circulatory systems
working together make nutrients from the external en-
vironment available to all the body’s cells. Wastes other
than carbon dioxide are carried by the circulatory sys-
tem from the cells that produced them to the kidneys
and liver, which excrete them from the body. The kid-
neys also regulate the amounts of water and many es-
sential minerals in the body. The nervous and hor-
monal systems coordinate and control the activities of
all the other organ systems.

Thus the overall effect of the activities of organ sys-
tems is to create within the body an environment in



Vander et al.: Human 1. Basic Cell Functions
Physiology: The
Mechanism of Body

Function, Eighth Edition

CHAPTER ONE A Framework for Human Physiology

1. A Framework for Human
Physiology

© The McGraw-Hill
Companies, 2001

System

Circulatory

Respiratory

Musculoskeletal

Immune

Nervous

Endocrine

Reproductive

Major Organs or Tissues

Heart, blood vessels, blood (Some
classifications also include lymphatic vessels
and lymph in this system.)

Nose, pharynx, larynx, trachea, bronchi, lungs

Digestive Mouth, pharynx, esophagus, stomach,
intestines, salivary glands, pancreas, liver,
gallbladder

Urinary Kidneys, ureters, bladder, urethra

Cartilage, bone, ligaments, tendons, joints,
skeletal muscle

White blood cells, lymph vessels and nodes,
spleen, thymus, and other lymphoid tissues

Brain, spinal cord, peripheral nerves and
ganglia, special sense organs

All glands secreting hormones: Pancreas,
testes, ovaries, hypothalamus, kidneys,
pituitary, thyroid, parathyroid, adrenal,
intestinal, thymus, heart, and pineal, and
endocrine cells in other locations

Male: Testes, penis, and associated ducts and

Primary Functions

Transport of blood throughout the body’s
tissues

Exchange of carbon dioxide and oxygen;
regulation of hydrogen-ion concentration

Digestion and absorption of organic nutrients,
salts, and water

Regulation of plasma composition through
controlled excretion of salts, water, and
organic wastes

Support, protection, and movement of the
body; production of blood cells

Defense against foreign invaders; return of
extracellular fluid to blood; formation of white
blood cells

Regulation and coordination of many activities
in the body; detection of changes in the
internal and external environments; states of
consciousness; learning; cognition

Regulation and coordination of many activities
in the body

glands

mammary glands

Integumentary Skin

Female: Ovaries, uterine tubes, uterus, vagina,

Production of sperm; transfer of sperm to
female

Production of eggs; provision of a nutritive
environment for the developing embryo and
fetus; nutrition of the infant

Protection against injury and dehydration;
defense against foreign invaders; regulation of
temperature

which all cells can survive and function. This fluid en-
vironment surrounding each cell is called the internal
environment. The internal environment is not merely
a theoretical physiological concept. It can be identified
quite specifically in anatomical terms. The body’s in-
ternal environment is the extracellular fluid (literally,
fluid outside the cells), which bathes each cell.

In other words, the environment in which each cell
lives is not the external environment surrounding the
entire body but the local extracellular fluid surround-
ing that cell. It is from this fluid that the cells receive
oxygen and nutrients and into which they excrete
wastes. A multicellular organism can survive only as
long as it is able to maintain the composition of its in-
ternal environment in a state compatible with the sur-

vival of its individual cells. In 1857, Claude Bernard
clearly described the central importance of the extra-
cellular fluid: “It is the fixity of the internal environment
that is the condition of free and independent life. . . . All the
vital mechanisms, however varied they may be, have only
one object, that of preserving constant the conditions of life
in the internal environment.”

The relative constancy of the internal environment
is known as homeostasis. Changes do occur, but the
magnitudes of these changes are small and are kept
within narrow limits. As emphasized by the twentieth-
century American physiologist, Walter B. Cannon,
such stability can be achieved only through the oper-
ation of carefully coordinated physiological processes.
The activities of the cells, tissues, and organs must be



Vander et al.: Human 1. Basic Cell Functions
Physiology: The
Mechanism of Body

Function, Eighth Edition

Physiology

1. A Framework for Human

© The McGraw-Hill
Companies, 2001

A Framework for Human Physiology CHAPTER ONE

Nutrients —=
Salts
Water
Respiratory
system

Oy in ——>

COp «—,
out —

Digestive system

Circulatory
system

—> Unabsorbed
matter

Blood (cells + plasma)

Cell —

Interstitial fluid

ol

Urinary
system
-—> Organic waste
Salts
Water
——>
Internal External

environment environment

Exchanges of matter occur between the external environment and the circulatory system via the digestive, respiratory, and
urinary systems. Extracellular fluid (plasma and interstitial fluid) is the internal environment of the body. The external

environment is the air surrounding the body.

regulated and integrated with each other in such a way
that any change in the extracellular fluid initiates a re-
action to minimize the change.

A collection of body components that functions to
keep a physical or chemical property of the internal
environment relatively constant is termed a homeo-
static control system. As will be described in detail in
Chapter 7, such a system must detect changes in the
magnitude of the property, relay this information to an
appropriate site for integration with other incoming in-
formation, and elicit a “command” to particular cells
to alter their rates of function in such a way as to re-
store the property toward its original value.

The description at the beginning of this chapter of
how sweating is brought about in response to in-
creased heat generation during exercise is an example
of a homeostatic control system in operation; the
sweating (more precisely, the evaporation of the sweat)
removes heat from the body and keeps the body tem-
perature relatively constant even though more heat is
being produced by the exercising muscles.

Here is another example: A mountaineer who as-
cends to high altitude suffers a decrease in the con-
centration of oxygen in his or her blood because of the
decrease in the amount of oxygen in inspired air; the
nervous system detects this change in the blood and
increases its signals to the skeletal muscles responsible
for breathing. The result is that the mountaineer
breathes more rapidly and deeply, and the increase in
the amount of air inspired helps keep the blood oxy-

gen concentration from falling as much as it otherwise
would.

We emphasized at the beginning of this chapter
the intimate relationship between physiology and
medicine. Another way of putting it is that physicians,
for the most part, diagnose and treat disease-induced
disruptions of homeostasis.

To summarize, the activities of every individual
cell in the body fall into two categories: (1) Each cell
performs for itself all those fundamental basic cellular
processes—movement of materials across its mem-
brane, extraction of energy, protein synthesis, and so
on—that represent the minimal requirements for
maintaining its own individual integrity and life; and
(2) each cell simultaneously performs one or more spe-
cialized activities that, in concert with the activities per-
formed by the other cells of its tissue or organ system,
contribute to the survival of the body by maintaining
the stable internal environment required by all cells.

To repeat, the internal environment can be equated
with the extracellular fluid. It was not stated earlier
that extracellular fluid exists in two locations—sur-
rounding cells and inside blood vessels. Approxi-
mately 80 percent of the extracellular fluid surrounds
all the body’s cells except the blood cells. Because it
lies “between cells,” this 80 percent of the extracellular
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fluid is known as interstitial fluid. The remaining 20
percent of the extracellular fluid is the fluid portion of
the blood, the plasma, in which the various blood cells
are suspended.

As the blood (plasma plus suspended blood cells)
flows through the smallest of blood vessels in all parts
of the body, the plasma exchanges oxygen, nutrients,
wastes, and other metabolic products with the inter-
stitial fluid. Because of these exchanges, concentrations
of dissolved substances are virtually identical in the
plasma and interstitial fluid, except for protein con-
centration. With this major exception—higher protein
concentration in plasma than in interstitial fluid—the
entire extracellular fluid may be considered to have a
homogeneous composition. In contrast, the composi-
tion of the extracellular fluid is very different from that
of the intracellular fluid, the fluid inside the cells. (The
actual differences will be presented in Chapter 6,
Table 6-1.)

In essence, the fluids in the body are enclosed in
“compartments.” The volumes of the body-fluid com-
partments are summarized in Figure 1-3 in terms of
water, since water is by far the major component of the
fluids. Water accounts for about 60 percent of normal
body weight. Two-thirds of this water (28 L in a typi-
cal normal 70-kg person) is intracellular fluid. The re-
maining one-third (14 L) is extracellular and as de-
scribed above, 80 percent of this extracellular fluid is
interstitial fluid (11 L) and 20 percent (3 L) is plasma.

Compartmentalization is an important general
principle in physiology. (We shall see in Chapter 3 that
the inside of cells is also divided into compartments.)

1. A Framework for Human

Total body water (TBW)
Volume =42 L, 60% body weight
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Compartmentalization is achieved by barriers between
the compartments. The properties of the barriers de-
termine which substances can move between contigu-
ous compartments. These movements in turn account
for the differences in composition of the different com-
partments. In the case of the body-fluid compartments,
the intracellular fluid is separated from the extracellu-
lar fluid by membranes that surround the cells; the
properties of these membranes and how they account
for the profound differences between intracellular and
extracellular fluid are described in Chapter 6. In con-
trast, the two components of extracellular fluid—the
interstitial fluid and the blood plasma—are separated
by the cellular wall of the smallest blood vessels, the
capillaries. How this barrier normally keeps 80 percent
of the extracellular fluid in the interstitial compartment
and restricts proteins mainly to the plasma is described
in Chapter 14.

This completes our introductory framework. With
it in mind, the overall organization and approach of
this book should easily be understood. Because the
fundamental features of cell function are shared by vir-
tually all cells and because these features constitute the
foundation upon which specialization develops, we
devote Part 1 of the book to an analysis of basic cell
physiology.

Part 2 provides the principles and information re-
quired to bridge the gap between the functions of in-
dividual cells and the integrated systems of the body.
Chapter 7 describes the basic characteristics of home-
ostatic control systems and the required cellular com-
munications. The other chapters of Part 2 deal with the

Extracellular fluid (ECF)
(Internal environment)
Volume =14 L, 1/3 TBW

Intracellular fluid
Volume =28 L, 2/3 TBW

Interstitial fluid Plasma
Volume =11L Volume =3 L
80% of ECF 20% of ECF

Fluid compartments of the body. Volumes are for an average 70-kg (154-Ib) person. TBW = total body water;

ECF = extracellular fluid.
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specific components of the body’s control systems:
nerve cells, muscle cells, and gland cells.

Part 3 describes the coordinated functions (circu-

lation, respiration, and so on) of the body, emphasiz-
ing how they result from the precisely controlled and
integrated activities of specialized cells grouped to-
gether in tissues and organs. The theme of these de-
scriptions is that each function, with the obvious ex-

ception of reproduction,

serves to keep some

important aspect of the body’s internal environment
relatively constant. Thus, homeostasis, achieved by
homeostatic control systems, is the single most im-
portant unifying idea to be kept in mind in Part 3.

SUMMARY

IL

1L

1L

II.

Iv.

1L

Physiology is the study of how living organisms
work. Physiologists are unique among biologists in
that they are always interested in function.

Disease states are physiology “gone wrong”

(pathophysiology).

The mechanist view of life, the view taken by
physiologists, holds that all phenomena can be
described in terms of physical and chemical laws.
Vitalism holds that some additional force is required
to explain the function of living organisms.

Cells are the simplest structural units into which a

complex multicellular organism can be divided and

still retain the functions characteristic of life.

Cell differentiation results in the formation of four

categories of specialized cells.

a. Muscle cells generate the mechanical activities
that produce force and movement.

b. Nerve cells initiate and conduct electric signals.

c. Epithelial cells selectively secrete and absorb ions
and organic molecules.

d. Connective-tissue cells connect, anchor, and
support the structures of the body.

Specialized cells associate with similar cells to form

tissues: muscle tissue, nerve tissue, epithelial tissue,

and connective tissue.

Organs are composed of the four kinds of tissues

arranged in various proportions and patterns; many

organs contain multiple small, similar functional

units.

An organ system is a collection of organs that

together perform an overall function.

The body’s internal environment is the extracellular
fluid surrounding cells.

The function of organ systems is to maintain the
internal environment relatively constant—

1. A Framework for Human
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homeostasis. This is achieved by homeostatic control
systems.

Each cell performs the basic cellular processes
required to maintain its own integrity plus
specialized activities that help achieve homeostasis.

The body fluids are enclosed in compartments.

a. The extracellular fluid is composed of the
interstitial fluid (the fluid between cells) and the
blood plasma. Of the extracellular fluid, 80
percent is interstitial fluid, and 20 percent is
plasma.

b. Interstitial fluid and plasma have essentially the
same composition except that plasma contains a
much higher concentration of protein.

c. Extracellular fluid differs markedly in
composition from the fluid inside cells—the
intracellular fluid.

d. Approximately one-third of body water is in the
extracellular compartment, and two-thirds is
intracellular.

II. The differing compositions of the compartments
reflect the activities of the barriers separating them.
KEY TERMS

physiology muscle tissue
pathophysiology nerve tissue
mechanist view epithelial tissue
vitalism connective tissue
teleology extracellular matrix
cell fiber
cell differentiation collagen fiber
tissue elastin fiber
organ functional unit
organ system internal environment

muscle cell

nerve

epithelial cell

basement membrane
external environment
connective-tissue cell

extracellular fluid
homeostasis

homeostatic control system
interstitial fluid

plasma

intracellular fluid

cell

REVIEW QUESTIONS

Describe the levels of cellular organization and state
the four types of specialized cells and tissues.

List the 10 organ systems of the body and give one-
sentence descriptions of their functions.

Contrast the two categories of functions performed
by every cell.

Name two fluids that constitute the extracellular
fluid. What are their relative proportions in the body,
and how do they differ from each other in
composition?

State the relative volumes of water in the body-fluid
compartments.
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Atoms
Atomic Number
Atomic Weight
Atomic Composition of the Body
Molecules
Covalent Chemical Bonds
Molecular Shape
lons

Free Radicals

Polar Molecules
Hydrogen Bonds
Water

Solutions
Molecular Solubility
Concentration
Hydrogen lons and Acidity

Classes of Organic Molecules
Carbohydrates
Lipids
Proteins
Nucleic Acids
SUMMARY
KEY TERMS
REVIEW QUESTIONS
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Atoms and molecules are the chemical units of cell structure
and function. In this chapter we describe the distinguishing
characteristics of the major chemicals in the human body. The

specific roles of these substances will be discussed in

Atoms

The units of matter that form all chemical substances
are called atoms. The smallest atom, hydrogen, is ap-
proximately 2.7 billionths of an inch in diameter. Each
type of atom—carbon, hydrogen, oxygen, and so on—
is called a chemical element. A one- or two-letter sym-
bol is used as a shorthand identification for each ele-
ment. Although slightly more than 100 elements exist
in the universe, only 24 (Table 2-1) are known to be
essential for the structure and function of the human
body.

The chemical properties of atoms can be described
in terms of three subatomic particles—protons, neu-

TABLE 2-1 Essential Chemical Elements

in the Body

Element Symbol

MAJOR ELEMENTS: 99.3% OF TOTAL ATOMS

Hydrogen H (63%)
Oxygen O (26%)
Carbon C (9%)
Nitrogen N (1%)

MINERAL ELEMENTS: 0.7% OF TOTAL ATOMS

Calcium Ca

Phosphorus P

Potassium K (Latin kalium)
Sulfur S

Sodium Na (Latin natrium)
Chlorine Cl

Magnesium Mg

TRACE ELEMENTS: LESS THAN 0.01% OF
TOTAL ATOMS

Iron Fe (Latin ferrum)

lodine |

Copper Cu (Latin cuprum)
Zinc Zn

Manganese Mn

Cobalt Co

Chromium Cr

Selenium Se

Molybdenum Mo

Fluorine F

Tin Sn (Latin stannum)
Silicon Si

Vanadium \Y

2. Chemical Composition of
the Body
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subsequent chapters. This chapter is, in essence, an expanded
glossary of chemical terms and structures, and like a glossary,

it should be consulted as needed.

trons, and electrons. The protons and neutrons are
confined to a very small volume at the center of an
atom, the atomic nucleus, whereas the electrons re-
volve in orbits at various distances from the nucleus.
This miniature solar-system model of an atom is an
oversimplification, but it is sufficient to provide a con-
ceptual framework for understanding the chemical
and physical interactions of atoms.

Each of the subatomic particles has a different elec-
tric charge: Protons have one unit of positive charge,
electrons have one unit of negative charge, and neu-
trons are electrically neutral (Table 2—-2). Since the pro-
tons are located in the atomic nucleus, the nucleus has
a net positive charge equal to the number of protons
it contains. The entire atom has no net electric charge,
however, because the number of negatively charged
electrons orbiting the nucleus is equal to the number
of positively charged protons in the nucleus.

Atomic Number

Every atom of each chemical element contains a spe-
cific number of protons, and it is this number that dis-
tinguishes one type of atom from another. This num-
ber is known as the atomic number. For example,
hydrogen, the simplest atom, has an atomic number of
1, corresponding to its single proton; calcium has an
atomic number of 20, corresponding to its 20 protons.
Since an atom is electrically neutral, the atomic num-
ber is also equal to the number of electrons in the atom.

Atomic Weight

Atoms have very little mass. A single hydrogen atom,
for example, has a mass of only 1.67 X 10~ %* g. The
atomic weight scale indicates an atom’s mass relative
to the mass of other atoms. This scale is based upon
assigning the carbon atom a mass of 12. On this scale,

TABLE 2-2 Characteristics of Major Subatomic

Particles
Mass Relative
to Electron Electric Location
Particle Mass Charge in Atom
Proton 1836 +1 Nucleus
Neutron 1839 0 Nucleus
Electron 1 =1l Orbiting the
nucleus
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a hydrogen atom has an atomic weight of approxi-
mately 1, indicating that it has one-twelfth the mass of
a carbon atom; a magnesium atom, with an atomic
weight of 24, has twice the mass of a carbon atom.

Since the atomic weight scale is a ratio of atomic
masses, it has no units. The unit of atomic mass is
known as a dalton. One dalton (d) equals one-twelfth
the mass of a carbon atom. Thus, carbon has an atomic
weight of 12, and a carbon atom has an atomic mass
of 12 daltons.

Although the number of neutrons in the nucleus
of an atom is often equal to the number of protons,
many chemical elements can exist in multiple forms,
called isotopes, which differ in the number of neutrons
they contain. For example, the most abundant form of
the carbon atom, ?C, contains 6 protons and 6 neu-
trons, and thus has an atomic number of 6. Protons and
neutrons are approximately equal in mass; therefore,
!2C has an atomic weight of 12. The radioactive car-
bon isotope '*C contains 6 protons and 8 neutrons, giv-
ing it an atomic number of 6 but an atomic weight of
14.

One gram atomic mass of a chemical element is
the amount of the element in grams that is equal to the
numerical value of its atomic weight. Thus, 12 g of car-
bon (assuming it is all '*C) is 1 gram atomic mass of
carbon. One gram atomic mass of any element contains the
same number of atoms. For example, 1 g of hydrogen
contains 6 X 10 atoms, and 12 g of carbon, whose
atoms have 12 times the mass of a hydrogen atom, also
has 6 X 10* atoms.

Atomic Composition of the Body

Just four of the body’s essential elements (Table 2—-1)—
hydrogen, oxygen, carbon, and nitrogen—account for
over 99 percent of the atoms in the body.

The seven essential mineral elements are the most
abundant substances dissolved in the extracellular and
intracellular fluids. Most of the body’s calcium and
phosphorus atoms, however, make up the solid matrix
of bone tissue.

The 13 essential trace elements are present in ex-
tremely small quantities, but they are nonetheless es-
sential for normal growth and function. For example,
iron plays a critical role in the transport of oxygen by
the blood. Additional trace elements will likely be
added to this list as the chemistry of the body becomes
better understood.

Many other elements, in addition to the 24 listed
in Table 2-1, can be detected in the body. These ele-
ments enter in the foods we eat and the air we breathe
but are not essential for normal body function and may
even interfere with normal body chemistry. For exam-
ple, ingested arsenic has poisonous effects.

2. Chemical Composition of
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Molecules

Two or more atoms bonded together make up a mol-
ecule. For example, a molecule of water contains two
hydrogen atoms and one oxygen atom, which can be
represented by H,O. The atomic composition of glu-
cose, a sugar, is CgH1,0s, indicating that the molecule
contains 6 carbon atoms, 12 hydrogen atoms, and 6
oxygen atoms. Such formulas, however, do not indi-
cate how the atoms are linked together in the mole-
cule.

Covalent Chemical Bonds

The atoms in molecules are held together by chemical
bonds, which are formed when electrons are trans-
ferred from one atom to another or are shared between
two atoms. The strongest chemical bond between two
atoms, a covalent bond, is formed when one electron
in the outer electron orbit of each atom is shared be-
tween the two atoms (Figure 2—-1). The atoms in most
molecules found in the body are linked by covalent
bonds.

The atoms of some elements can form more than
one covalent bond and thus become linked simulta-
neously to two or more other atoms. Each type of atom
forms a characteristic number of covalent bonds,
which depends on the number of electrons in its out-
ermost orbit. The number of chemical bonds formed
by the four most abundant atoms in the body are hy-
drogen, one; oxygen, two; nitrogen, three; and carbon,
four. When the structure of a molecule is diagramed,
each covalent bond is represented by a line indicating
a pair of shared electrons. The covalent bonds of the
four elements mentioned above can be represented as

\ \

A molecule of water H,O can be diagramed as

H— —0—

H—O—H

In some cases, two covalent bonds—a double bond—
are formed between two atoms by the sharing of two
electrons from each atom. Carbon dioxide (CO,) con-
tains two double bonds:

O=C=0

Note that in this molecule the carbon atom still forms
four covalent bonds and each oxygen atom only two.

Molecular Shape

When atoms are linked together, molecules with vari-
ous shapes can be formed. Although we draw dia-
grammatic structures of molecules on flat sheets of pa-
per, molecules are actually three-dimensional. When
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Methane
Hydrogen 0 1 & 190 (four covalent bonds)
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H
+ +

FIGURE 2-1

Each of the four hydrogen atoms in a molecule of methane (CH,4) forms a covalent bond with the carbon atom by sharing its
one electron with one of the electrons in carbon. Each shared pair of electrons—one electron from the carbon and one from

a hydrogen atom—forms a covalent bond.

more than one covalent bond is formed with a given
atom, the bonds are distributed around the atom in a
pattern that may or may not be symmetrical (Figure
2-2).

Molecules are not rigid, inflexible structures.
Within certain limits, the shape of a molecule can be
changed without breaking the covalent bonds linking
its atoms together. A covalent bond is like an axle
around which the joined atoms can rotate. As illus-
trated in Figure 2-3, a sequence of six carbon atoms
can assume a number of shapes as a result of rotations
around various covalent bonds. As we shall see, the
three-dimensional shape of molecules is one of the ma-
jor factors governing molecular interactions.

lons

A single atom is electrically neutral since it contains
equal numbers of negative electrons and positive pro-
tons. If, however, an atom gains or loses one or more
electrons, it acquires a net electric charge and becomes
an ion. For example, when a sodium atom (Na), which
has 11 electrons, loses 1 electron, it becomes a sodium
ion (Na*) with a net positive charge; it still has 11 pro-
tons, but it now has only 10 electrons. On the other
hand, a chlorine atom (Cl), which has 17 electrons, can
gain an electron and become a chloride ion (C1™) with
anet negative charge—it now has 18 electrons but only
17 protons. Some atoms can gain or lose more than 1
electron to become ions with two or even three units
of net electric charge (for example, calcium Ca*").
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Water (H,0)

Geometric configuration of covalent bonds around the carbon, nitrogen, and oxygen atoms bonded to hydrogen atoms.

Hydrogen atoms and most mineral and trace ele-
ment atoms readily form ions. Table 2-3 lists the ionic
forms of some of these elements. Ions that have a net
positive charge are called cations, while those that
have a net negative charge are called anions. Because
of their ability to conduct electricity when dissolved in
water, the ionic forms of the seven mineral elements
are collectively referred to as electrolytes.

The process of ion formation, known as ionization,
can occur in single atoms or in atoms that are cova-
lently linked in molecules. Within molecules two com-
monly encountered groups of atoms that undergo ion-
ization are the carboxyl group (—COOH) and the
amino group (—NH,). The shorthand formula when
indicating only a portion of a molecule can be written
as R—COOH or R—NH,, where R signifies the re-
maining portion of the molecule. The carboxyl group
ionizes when the oxygen linked to the hydrogen cap-
tures the hydrogen’s only electron to form a carboxyl
ion (R—COO™) and releases a hydrogen ion (H™):

R—COOH == R—COO~ + H*

The amino group can bind a hydrogen ion to form an
ionized amino group (R—NH;"):

R—NH, + H* == R—NH,"

The ionization of each of the above groups can be re-
versed, as indicated by the double arrows; the ionized
carboxyl group can combine with a hydrogen ion to
form an un-ionized carboxyl group, and the ionized
amino group can lose a hydrogen ion and become an
un-ionized amino group.

Free Radicals

The electrons that revolve around the nucleus of an
atom occupy regions known as orbitals, each of which
can be occupied by two electrons. An atom is most sta-
ble when each orbital is occupied by two electrons. An
atom containing a single electron in its outermost or-
bital is known as a free radical, as are molecules con-
taining such atoms. Most free radicals react rapidly
with other atoms, thereby filling the unpaired orbital;
thus free radicals normally exist for only brief periods
of time before combining with other atoms.
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Changes in molecular shape occur as portions of a molecule
rotate around different carbon-to-carbon bonds,
transforming this molecule’s shape, for example, from a
relatively straight chain into a ring.

Free radicals are diagramed with a dot next to the
atomic symbol. Examples of biologically important
free radicals are superoxide anion, O, « ~; hydroxyl
radical, OH . ; and nitric oxide, NO . . Note that a free
radical configuration can occur in either an ionized or
an un-ionized atom. A number of free radicals play im-
portant roles in the normal and abnormal functioning
of the body.
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Polar Molecules

As we have seen, when the electrons of two atoms in-
teract, the two atoms may share the electrons equally,
forming a covalent bond that is electrically neutral. Al-
ternatively, one of the atoms may completely capture
an electron from the other, forming two ions. Between
these two extremes are bonds in which the electrons
are not shared equally between the two atoms, but in-
stead reside closer to one atom of the pair. This atom
thus acquires a slight negative charge, while the other
atom, having partly lost an electron, becomes slightly
positive. Such bonds are known as polar covalent
bonds (or, simply, polar bonds) since the atoms at each
end of the bond have an opposite electric charge. For
example, the bond between hydrogen and oxygen in
a hydroxyl group (—OH) is a polar covalent bond in
which the oxygen is slightly negative and the hydro-
gen slightly positive:

(=) ()
R—O—H

(Polar bonds will be diagramed with parentheses
around the charges, as above.) The electric charge as-
sociated with the ends of a polar bond is considerably
less than the charge on a fully ionized atom. (For ex-
ample, the oxygen in the polarized hydroxyl group has
only about 13 percent of the negative charge associ-
ated with the oxygen in an ionized carboxyl group,
R—COQO™.) Polar bonds do not have a net electric
charge, as do ions, since they contain equal amounts
of negative and positive charge.

Atoms of oxygen and nitrogen, which have a rel-
atively strong attraction for electrons, form polar
bonds with hydrogen atoms; in contrast, bonds be-
tween carbon and hydrogen atoms and between two
carbon atoms are electrically neutral (Table 2—4).

Different regions of a single molecule may contain
nonpolar bonds, polar bonds, and ionized groups.
Molecules containing significant numbers of polar
bonds or ionized groups are known as polar mole-
cules, whereas molecules composed predominantly of
electrically neutral bonds are known as nonpolar mol-
ecules. As we shall see, the physical characteristics of
these two classes of molecules, especially their solu-
bility in water, are quite different.

Hydrogen Bonds

The electrical attraction between the hydrogen atom in
a polar bond in one molecule and an oxygen or nitro-
gen atom in a polar bond of another molecule—or
within the same molecule if the bonds are sufficiently
separated from each other—forms a hydrogen bond.
This type of bond is very weak, having only about 4
percent of the strength of the polar bonds linking the
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TABLE 2-3 Most Frequently Encountered lonic Forms of Elements

Chemical Chemical Electrons
Atom Symbol lon Symbol Gained or Lost

Hydrogen H Hydrogen ion H* 1 lost
Sodium Na Sodium ion Na* 1 lost
Potassium K Potassium ion K* 1 lost
Chlorine Cl Chloride ion - 1 gained
Magnesium Mg Magnesium ion Mg?* 2 lost
Calcium Ca Calcium ion Ca®* 2 lost

TABLE 2-4 Examples of Nonpolar and Polar Bonds, and lonized Chemical Groups

Nonpolar Bonds

Polar Bonds

lonized Groups

Carbon-hydrogen bond

Carbon-carbon bond

Hydroxyl group (R—OH)

Sulfhydryl group (R—SH)

Nitrogen-hydrogen bond

Carboxyl group (R—COO™)

Amino group (R—NHs™)

Phosphate group (R—PO4%")

hydrogen and oxygen within a water molecule (H,O).
Hydrogen bonds are represented in diagrams by
dashed or dotted lines to distinguish them from cova-
lent bonds (Figure 2-4). Hydrogen bonds between and
within molecules play an important role in molecular
interactions and in determining the shape of large
molecules.

Water

Hydrogen is the most numerous atom in the body, and
water is the most numerous molecule. Out of every 100
molecules, 99 are water. The covalent bonds linking

the two hydrogen atoms to the oxygen atom in a wa-
ter molecule are polar. Therefore, the oxygen in water
has a slight negative charge, and each hydrogen has a
slight positive charge. The positively polarized regions
near the hydrogen atoms of one water molecule are
electrically attracted to the negatively polarized re-
gions of the oxygen atoms in adjacent water molecules
by hydrogen bonds (Figure 2—-4).

At body temperature, water exists as a liquid
because the weak hydrogen bonds between water mol-
ecules are continuously being formed and broken. If
the temperature is increased, the hydrogen bonds are
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FIGURE 2-4

Five water molecules. Note that polarized covalent bonds
link the hydrogen and oxygen atoms within each molecule
and that hydrogen bonds occur between adjacent
molecules. Hydrogen bonds are represented in diagrams by
dashed or dotted lines, and covalent bonds by solid lines.

broken more readily, and molecules of water escape
into the gaseous state; however, if the temperature is
lowered, hydrogen bonds are broken less frequently so
that larger and larger clusters of water molecules are
formed until at 0° C water freezes into a continuous
crystalline matrix—ice.

Water molecules take part in many chemical reac-
tions of the general type:

R,—R, + H—O—H — R,—OH + H—R,

In this reaction the covalent bond between R; and R,
and the one between a hydrogen atom and oxygen
in water are broken, and the hydroxyl group and hy-
drogen atom are transferred to R; and R,, respectively.
Reactions of this type are known as hydrolytic reac-
tions, or hydrolysis. Many large molecules in the body
are broken down into smaller molecular units by
hydrolysis.

Solutions

Substances dissolved in a liquid are known as solutes,
and the liquid in which they are dissolved is the sol-
vent. Solutes dissolve in a solvent to form a solution.
Water is the most abundant solvent in the body, ac-
counting for 60 percent of the total body weight. A ma-
jority of the chemical reactions that occur in the body
involve molecules that are dissolved in water, either in
the intracellular or extracellular fluid. However, not all
molecules dissolve in water.

2. Chemical Composition of
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Molecular Solubility

In order to dissolve in water, a substance must be elec-
trically attracted to water molecules. For example,
table salt (NaCl) is a solid crystalline substance because
of the strong electrical attraction between positive
sodium ions and negative chloride ions. This strong at-
traction between two oppositely charged ions is
known as an ionic bond. When a crystal of sodium
chloride is placed in water, the polar water molecules
are attracted to the charged sodium and chloride ions
(Figure 2-5). The ions become surrounded by clusters
of water molecules, allowing the sodium and chloride
ions to separate from the salt crystal and enter the wa-
ter—that is, to dissolve.

Molecules having a number of polar bonds and/or
ionized groups will dissolve in water. Such molecules
are said to be hydrophilic, or “water-loving.” Thus,
the presence in a molecule of ionized groups, such as
carboxyl and amino groups, or of polar groups, such
as hydroxyl groups, promotes solubility in water. In
contrast, molecules composed predominantly of car-
bon and hydrogen are insoluble in water since their
electrically neutral covalent bonds are not attracted to
water molecules. These molecules are hydrophobic, or
“water-fearing.”

When nonpolar molecules are mixed with water,
two phases are formed, as occurs when oil is mixed
with water. The strong attraction between polar mol-
ecules “squeezes” the nonpolar molecules out of the
water phase. Such a separation is never 100 percent
complete, however, and very small amounts of non-
polar solutes remain dissolved in the water phase.

Molecules that have a polar or ionized region at
one end and a nonpolar region at the opposite end are
called amphipathic—consisting of two parts. When
mixed with water, amiphipathic molecules form clus-
ters, with their polar (hydrophilic) regions at the sur-
face of the cluster where they are attracted to the sur-
rounding water molecules. The nonpolar (hydrophobic)
ends are oriented toward the interior of the cluster
(Figure 2-6). Such an arrangement provides the max-
imal interaction between water molecules and the po-
lar ends of the amphipathic molecules. Nonpolar mol-
ecules can dissolve in the central nonpolar regions of
these clusters and thus exist in aqueous solutions in
far higher amounts than would otherwise be possible
based on their low solubility in water. As we shall see,
the orientation of amphipathic molecules plays an im-
portant role in the structure of cell membranes and in
both the absorption of nonpolar molecules from the
gastrointestinal tract and their transport in the blood.

Concentration

Solute concentration is defined as the amount of the
solute present in a unit volume of solution. One mea-
sure of the amount of a substance is its mass given in
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FIGURE 2-5
The ability of water to dissolve sodium chloride crystals depends upon the electrical attraction between the polar water
molecules and the charged sodium and chloride ions.
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FIGURE 2-6
In water, amphipathic molecules aggregate into spherical clusters. Their polar regions form hydrogen bonds with water
molecules at the surface of the cluster.
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grams. The unit of volume in the metric system is a
liter (L). (One liter equals 1.06 quarts. See Appendix C
for metric and English units.) Smaller units are the mil-
liliter (ml, or 0.001 liter) and the microliter (ul, or 0.001
ml). The concentration of a solute in a solution can then
be expressed as the number of grams of the substance
present in one liter of solution (g/L).

A comparison of the concentrations of two differ-
ent substances on the basis of the number of grams per
liter of solution does not directly indicate how many
molecules of each substance are present. For example,
10 g of compound X, whose molecules are heavier than
those of compound Y, will contain fewer molecules
than 10 g of compound Y. Concentrations in units of
grams per liter are most often used when the chemi-
cal structure of the solute is unknown. When the struc-
ture of a molecule is known, concentrations are usu-
ally expressed as moles per liter, which provides a unit
of concentration based upon the number of solute mol-
ecules in solution, as described next.

The molecular weight of a molecule is equal to the
sum of the atomic weights of all the atoms in the mol-
ecule. For example, glucose (CsH;1,04) has a molecu-
lar weight of 180 (6 X 12+ 12 X 1+ 6 X 16 = 180).
One mole (abbreviated mol) of a compound is the
amount of the compound in grams equal to its molec-
ular weight. A solution containing 180 g of glucose
(1 mol) in 1 L of solution is a 1 molar solution of glu-
cose (1 mol/L). If 90 g of glucose are dissolved in
enough water to produce 1 L of solution, the solution
will have a concentration of 0.5 mol/L. Just as 1 gram
atomic mass of any element contains the same num-
ber of atoms, 1 mol (1 gram molecular mass) of any
molecule will contain the same number of molecules—
6 X 10%. Thus, a 1 mol/L solution of glucose contains
the same number of solute molecules per liter as a
1 mol/L solution of urea or any other substance.

The concentrations of solutes dissolved in the body
fluids are much less than 1 mol/L. Many have con-
centrations in the range of millimoles per liter
(1 mmol/L = 0.001 mol/L), while others are present
in even smaller concentrations—micromoles per liter
(1 pmol/L = 0.000001 mol/L) or nanomoles per liter
(1 nmol/L = 0.000000001 mol/L).

Hydrogen lons and Acidity

As mentioned earlier, a hydrogen atom has a single
proton in its nucleus orbited by a single electron. A hy-
drogen ion (H™), formed by the loss of the electron, is
thus a single free proton. Hydrogen ions are formed
when the proton of a hydrogen atom in a molecule is
released, leaving behind its electron. Molecules that re-
lease protons (hydrogen ions) in solution are called
acids, for example:

2. Chemical Composition of
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HCl — H "+ -~
hydrochloric acid chloride
H,CO; =—H"+ HCO;
carbonic acid bicarbonate
(‘)H CRH
CHS—(‘:—COOH — H'+ CHS—(‘}COO*
H H
lactic acid lactate

Conversely, any substance that can accept a hy-
drogen ion (proton) is termed a base. In the reactions
above, bicarbonate and lactate are bases since they can
combine with hydrogen ion